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Abstract
We present an angular analysis of the B® — K*0u*u~ decay using the full data
sample collected by the LHCb experiment during Run I and corresponding to an
integrated luminosity of 3fb~1. We determine angular observables in two different
¢? binnings, using an unbinned maximum likelihood fit and the method of moments.
In addition, we determine the K*? helicity amplitudes in the ¢? range 1.1 < ¢* <
6 GeV?/c* using a ¢® dependent ansatz.
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. 0 Information on the review process

2

0.1 Version history
vl 12.11.2014 Initial release
v2  26.11.2014 WG approval

e Added two-dimensional likelihood scans for the angular observables in Sec. [6.2.5]

e S-wave pollution can be constrained using the my, distribution. The method is
described in Sec. [6.2.12]

e Added further discussion on accidental symmetry in Sec. [6.4.4]

e Completed list of 1D profile plots of amplitude coefficients in Sec. [6.4.11]

e Expanded discussion of how the mg, dependence of the amplitudes is treated in
Sec. [6.4.6]

v3 16.01.2015 1st comments

e Implemented 1st round of referee comments.

e Re-written description of the fits to the amplitudes in Sec. [6.4]

o Added section on expected sensitivity to model with C3'" = —1.5 for the amplitude
fits in Sec. [6.4.12

e Added systematic uncertainties related to acceptance correction, background
parametrisation and mg, dependence for amplitude fits.

e Added (almost) complete set of 2D profiles for amplitude fits.

e Evaluated additional systematic uncertainties for the observables fit: Peaking
backgrounds, angular background description, higher order acceptance model,
signal mass model

e Performed first blind fits of observables

e Improved description of simultaneous angular and mg, fit, the plots of allowed
parameter regions, table of previous B® — J/p K*Y results, profile likelihood scans
for the observables fit

v3c 22.01.2015 update

e Implemented referees’ comments in the method of moments sections

e Added B? — J/yK* validation with the method of moments

e Added S-wave studies with the method of moments

e Added blinded results for the method of moments

e Added first coverage corrected results from the observables fit

Added mg, systematics for the observables fit
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5

6

10

v4d  07.07.2015 update

e Added result for the method of moments. Including bootstrapping of the dataset
to determine the statistical uncertainty on the angular observables and fit to
m(K*7) to determine Fg.

Added systematic unertainties for the method of moments.

Added CP asymmetries A; and full PZ.(/) basis from the observables fit.

Added systematic uncertainties for CP asymmetries.

Increased FC statistics for the observables fit. Updated B®— J/i) K*° numbers.
Updated toy studies.

0.2 To-do list

Here we summarize the main ongoing open studies:
e General ongoing studies:
e Specific for the amplitude fit:

— Test the statistical coverage of the bootstraps.

— Complete zero crossing point studies.
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1 Introduction

The decay B — K**(— K*tn~)u*pu~ is a b — s flavour changing neutral current (FCNC)
process and in the Standard Model (SM) is therefore forbidden at tree-level and only
allowed at loop levelE] In extensions of the SM, new heavy particles can appear, potentially
both at tree- and loop level, and significantly change the branching fraction of this process,
as well as the angular distributions of the particles in the final state.

This note describes the analysis of the angular distribution of the final state particles
with the full Run I data sample, corresponding to an integrated luminosity of 3fb™! and
taken at center of mass energies of 7 and 8 TeV. Two previous angular analyses have
been performed of the decay [1,]2] using the data taken by LHCb in 2011, corresponding
to an integrated luminosity of 1fb™'. In the first publication, the CP-averaged angular
observables S; described in Ref. [3] have been determined, in the second paper, the less
form-factor dependent observables P, 5 ¢ ¢ proposed in Ref. [4] have been measured. The
angular observables show good agreement with the SM predictions, with the exception
of the observable P, which shows a local deviation corresponding to 3.7 ¢. Assuming no
correlations the p-value for such a deviation for four observables in six bins is 0.5%.

There is currently intense discussion in the theory community about the observed
discrepancy. Several publications studied possible New Physics (NP) scenarios that could
cause the observed shift using global fits of the underlying Wilson coefficients [5-8]. One
possible explanation, which was first proposed in Ref. [5] would be a Z" of O(1TeV). In
addition to possible NP explanations of the observed deviation, the uncertainty of the
SM prediction has been under scrutiny. In particular the influence of non-factorisable
corrections has been discussed [9,/10]. Recently, the influence of the c¢ resonances on
the SM prediction has come under question |11], following the publication of a precise
branching fraction measurement of the decay Bt — KTu*u~ [12]. This angular analysis
using LHCDb’s full Run I data sample is a central building block needed to clarify our
picture of b — sy~ transitions.

The analysis note is structured as follows: Section [2| introduces the analysis strategy,
Sec. |3| presents the samples of data and simulated events used for the analysis and Sec.
summarizes the selection. Section [5] details the modeling of the reconstructed B® mass
and Sec. [6] the different approaches to the analysis of the angular distributions. Section
discusses the angular acceptance effects and Sec. [9] gives the results for the angular
observables. Systematic uncertainties are determined in Sec. [10} Finally, conclusions are
presented in Sec. [12]

LCharge conjugation is implied throughout this note unless explicitly stated.
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2 Strategy

The decay B®— K*°(— KTm~)u™u~ is first selected using the cut-based Stripping and
preselection, after which a multivariate classifier, a BDT, is applied. Specific vetoes
are applied to reject peaking backgrounds. The ¢ = mfﬁu— regions [8.0,11.0] GeV?
and [12.5,15.0] GeV? that contain the J/) and 1(2S) resonances are removed from the
analysis since the tree-level decays B®— J/ K** and B°— 1(2S)K*° dominate in these
regions. The selection is detailed in Ref. [13], in this note only the most important
points are summarised. The reconstruction and selection results in a distortion of the
angular distributions of the final state particles. This angular acceptance effect needs to
be accounted for in the the angular analysis as described in Sec. [§]

There are three complementary methods for the angular analysis of the final state of
the signal decay.

e Mazimum likelihood method (main proponents: C. Langenbruch, T. Nikodem, M. De
Cian) The angular observables can also be determined using an unbinned maximum
likelihood fit. This method has been shown to be more sensitive than the method of
moments in larger bins of ¢2. However, for narrow ¢? bins, the method is affected by
the presence of physical boundaries for the parameters which lead to a non-Gaussian
behaviour of the likelihood function. The mazimum likelihood method is the preferred
method for larger ¢ bins. It is described in detail in Sec.

e Method of moments (main proponents: M. Chrzaszcz, N. Serra) Due to the orthog-
onality of the angular terms, it is possible to determine the angular observables
introduced in Sec. using a weighted counting approach, the method of moments.
The main advantage of this method is that it is very stable and robust and allows
to perform the angular analysis in narrow ¢ bins of 1 GeV?. This allows to better
resolve the ¢> dependency of the observables, which is of interest in theory. The
method of moments is described in Sec. [6.3]

o Amplitude fit (main proponents: U. Egede, M. Patel, K. Petridis, T. Blake) Instead
of the angular observables it is also possible to determine the decay amplitudes.
The ¢*> dependent unbinned amplitude fit in the 1.1 < ¢* < 6 GeV?/¢! region is
interesting since the observables vary strongly here. This method allows to obtain
the p-value of the SM in the most precise manner and provide the zero-crossing
point of many observables. The presence of resonances outside this region make this
method only applicable within 1.1 < ¢®> < 6 GeV?/c*. The added benefit of fitting
for the amplitudes is that the angular distribution remains positive irrespective of
the values of the amplitudes. The amplitude fit is detailed in Sec. [6.4]

The availability of the three different approaches allows to thoroughly crosscheck the
results. All methods of angular analysis provide also the linear correlations between
the determined observables. This is a major improvements compared to the previous
publications [1},2], where, due to different angular foldings, no correlation matrix could be
quoted.
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Throughout the analysis, the tree-level decay B®— J/i K* is used as control-channel.
The decay is used for the training of the multivariate selection and to ensure good agreement
of simulation with data as detailed in Ref. [13]. It also allows an important cross-check for
the description of the angular acceptance as discussed in Sec. [6.2.11]

As a further cross-check, at least two separate implementations have been prepared
for each of the fit strategies described above and for the determination of the angular
acceptance. Results from the different implementations are fully consistent.

To conclude the discussion of our analysis strategy, we give a specific list of the results
we aim to provide in the paper.

Figures showing the 8 CP-averaged observables F,, Apg and Ss45759 as well as the
7 CP-asymmetries Az 456789. We will present the observables in the 2 GeV?/c? bins,
as well as the two large bins 1.1 — 6 GeV?%/ ¢! and 15 — 19 GeV?/c?, for the observables
fit and in the narrow 1 GeV?/¢* bins for the method of moments. The results from
the ¢ dependent amplitudes in the 1.1 — 6 GeV?/¢* bin will be overlaid.

Tables showing the CP-averaged observables and the CP-asymmetries in the 2 GeV?/¢*
and 1 GeV?/c* bins and the observables in the 1.1 — 6 GeV?/c¢* and 15 — 19 GeV?/¢!

bins. The covariance matrices should be additional information.

Tables showing the amplitude fit parameters for the amplitude fit in the 1.1—6 GeV?/¢*
bin. The covariance matrices should be additional information.

The zero crossing points for the different observables extracted from the amplitude
fit, with their uncertainties.

The observables Pi(') etc. should appear as additional information, derived from the
S; results, unless we find something very non-SM like after unblinding.
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3 Data and simulation

3.1 Data

The angular analysis described in this note is based on data corresponding to an integrated
luminosity of 3fb™!, collected by the LHCb experiment in pp collisions. The dataset
comprises 1fb™! of integrated luminosity collected at /s = 7TeV in 2011 and 2fb~!
collected at /s = 8 TeV in 2012. Described extensively in Ref. |13], the data have been
reconstructed with Reco14 and stripped with Stripping 20r0O and Stripping 20r1.

3.2 Simulated events

Fully Monte Carlo simulated B®— K*Ou* i~ events generated according to a phase-space
model are used to determine the acceptance effect of the selection and reconstruction. This
sample was filtered on the StrippingB2XMuMu stripping line (the same as the Stripping
20r0 and Stripping 20r1 data) allowing for a relatively large sample to be generated.
The acceptance of the full selection on the decay angles is accounted for in the analyses
as described in Sec. [6.2.3] The systematic uncertainty due to the determination of the
acceptance using simulation is determined as described in Sec.[I0.1} Possible pollution from
peaking backgrounds are estimated using several exclusive b-hadron decays. Fully simulated
samples are generated for these backgrounds with MC12 settings and reconstructed using
Recold4a. They are combinations of Sim08b and Sim08e with an approximately equal
mix of events generated using PYTHIA 6 and 8. The samples used in this analysis are
summarised in Tab. [

In addition to fully simulated events, the analysis uses simulated signal events generated
according to an updated full theory calculation of the decay B®— K*u*pu~ [14,/15] to
validate the angular analysis methods used. The calculation is implemented in the publicly
available EOS software package [16]. Two different sets of Wilson coefficients are used
for the generation, the SM setting (C; = —0.331, Cg = 4.27, C19 = —4.173) and the NP
setting (C; = —0.331, Cg = 4.27 — 1.5, Cyg = —4.173). The choice of Cy = 4.27 — 1.5 in
the NP setting is motivated by the best fit point of the Wilson coefficients in Ref. [5].
The EOS software package also is able to calculate the angular observables for the given
parameters, so the simulated samples are useful to validate the methods of angular analysis.
Tables [2] and [3] give the angular observables which will be introduced in Sec. for
two ¢? binnings. The reconstructed BY mass is modelled by the sum of two crystal ball
functions generated using the parameters in Tab. [l Background is modelled to be flat
in the angles, exponential in the mass and parabolic in ¢>. The ¢*> dependence of the
background fraction is taken from an extended maximum likelihood fit of the background
yields in data, as shown in Fig. [I] The four dimensional acceptance described in Sec. [8.2
is applied using an accept-reject method. In addition, samples without acceptance are
also generated.



Table 1: Simulated samples used in the analysis. Sample (a) is used for deriving the
acceptance correction. It is filtered on the StrippingB2XMuMu line, number of events
in this case corresponds to the statistics after stripping. Sample (b) is used to derive
data-simulation corrections. Samples (b-c) are used to assess background levels. Samples
(d) are used for validation of fitters and comparison of fit techniques.

Decay DecFile event type Number of events
(a) BY'— K*u*pu~ (phase-space) 11114005  5.5M (stripped)
b) B°— Jhy K*O (physics 11144001 2M

Y

(c) B°— K*9u*u~ (physics) 11114001 1M
(c) AY— A(1530)ptp~ 15114000 1M
(c) AV)— pK—putp~ 15114011 2M
(c) BY— gutu~ 13114002 0.6M
(c) BT— Ktutu~ 12113001 1M
(d) EOS SM Wilson coefficients, no acceptance - 10M
(d) EOS SM Wilson coefficients, with acceptance - 10M
(d) EO0S NP Wilson coefficients, no acceptance - 10M
(d) EOS NP Wilson coefficients, with acceptance - 10M

Table 2: Observables

predicted by EOS using the 1 GeV? binning and the SM Wilson

coeflicients.

qZ[GCVZ] Sl’ Si SE S& Sg S4 S,r; Sg S(() 57 Sg Sg
[0.1,0.98] 0.5599 0.2450 0.1448 —0.1953 0.0003 —0.0885 0.2251 0.1210 0.0000 0.0215 —0.0039 0.0001
[1.1,2.0] 0.2580 0.6641 0.0832 —0.6258 0.0000 —0.0483 0.1651 0.2664 0.0000 0.0389 —0.0108 0.0002
[2.0,3.0] 0.1648 0.7870 0.0544 —0.7591 —0.0016 0.0479 —0.0287 0.1995 0.0000 0.0382 —0.0124 0.0003
[3.0,4.0] 0.1547 0.7988 0.0515 —0.7787 —0.0038 0.1254 —0.1896 0.0763  0.0000 0.0343 —0.0122 0.0003
[4.0,5.0] 0.1800 0.7637 0.0600 —0.7488 —0.0062  0.1764 —0.2969 —0.0459 0.0000  0.0308 —0.0115 0.0003
[5.0,6.0] 0.2159 0.7150 0.0719 —0.7037 —0.0088 0.2088 —0.3653 —0.1515 0.0000 0.0285 —0.0110 0.0003
[6.0,7.0] 0.2526 0.6654 0.0841 —0.6565 —0.0117 0.2294 —0.4083 —0.2397 0.0000 0.0278 —0.0110 0.0003
[7.0,8.0] 0.2869 0.6192 0.0955 —0.6120 —0.0150 0.2425 —0.4350 —0.3129 0.0000 0.0293 —0.0118 0.0003
[15.0,16.0] 0.4825 0.3570 0.1606 —0.3553 —0.1273 0.2822 —0.3654 —0.5805 0.0000 —0.0000 —0.0002 0.0003
[16.0,17.0] 0.4915 0.3450 0.1636 —0.3435 —0.1587 0.2888 —0.3356 —0.5641 0.0000 —0.0000 —0.0002 0.0003
[17.0,18.0] 0.4981 0.3360 0.1658 —0.3347 —0.2016 0.2987 —0.2911 —0.5191 0.0000 —0.0000 —0.0001 0.0002
[18.0,19.0] 0.5012 0.3318 0.1668 —0.3308 —0.2621 0.3139 —0.2124 —0.4018 0.0000 0.0000 —0.0001 0.0002

Table 3: Observables predicted by E0S

using the 2GeV? binning

and the SM Wilson

coeflicients.

qz[ GCVZ] Sl’ Si SE S& Sg S4 Ss Sg S(() 57 Sg Sg
[0.1,0.98] 0.5599 0.2450 0.1448 —0.1953 0.0003 —0.0885 0.2251 0.1210 0.0000 0.0215 —0.0039 0.0001
[1.1,2.5] 0.2312 0.6996 0.0749 —0.6639 —0.0003 —0.0245 0.1175 0.2537 0.0000 0.0390 —0.0113 0.0002
[2.5,4.0] 0.1546 0.7993 0.0514 —0.7774 —0.0032 0.1074 —0.1521 0.1078  0.0000 0.0354 —0.0123 0.0003
[4.0,6.0] 0.1986 0.7384 0.0662 —0.7254 —0.0076 0.1932 —0.3323 —0.1006 0.0000 0.0296 —0.0112 0.0003
[6.0,8.0] 0.2704 0.6414 0.0900 —0.6334 —0.0134  0.2362 —0.4221 —0.2776 0.0000  0.0286 —0.0114 0.0003
[15.0,17.0] 0.4867 0.3513 0.1620 —0.3497 —0.1422 0.2853 —0.3513 —0.5727 0.0000 —0.0000 —0.0002 0.0003
(17.0,19.0] 0.4994 0.3344 0.1662 —0.3332 —0.2253 0.3046 —0.2603 —0.4732 0.0000 —0.0000 —0.0001 0.0002




Table 4: Parameters used to describe the massmodel for the generation of simulated events
using EOS. These parameters are determined from a fit integrated over the full ¢? range,
which is dominated by B® — J/) K*Y events.

Parameter value
mb, 5279.6
o 0.73
Om,1 15.5
Om,2 27.0
QCB 1.5
nee 5.6
O 6.6 x 1072

Figure 1: The background yield in bins of ¢? as seen in data. The fitted quadratic
polynomial is used to describe the ¢ dependence of the background contribution for events
simulated using EOS.
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4 Selection

The selection is described in detail in Ref. [13]. Therefore only a short overview of the
main parts of the selection is given below.

4.1 Stripping and preselection

Reconstructed BY candidates are selected from the StrippingB2XMuMu stripping line in
Stripping-20r0 and Stripping-20ri. The Stripping cuts are summarised in Tab. 5 In
addition the preselection cuts given in Tab. [6] are applied. The my, mass window used for
the analysis is given by (795.9 < my, < 995.9) MeV/c?.

4.2 Peaking backgrounds

Several cuts are applied to reject peaking backgrounds from AY — pK ~ptu~, BY— ¢utpu,
and B°— Jhp K*0 decays, as well as B — K*u* ™ signal swaps. The most significant
of these is a requirement that

DLLy(K) > DLLjc, ()

to remove K — 7 and @ — K double misidentification and backgrounds from A9 —
pK~pp~ where the proton is misidentified as a pion. Unless the contributions of the
peaking backgrounds are found to be negligible, systematic uncertainties are evaluated

Table 5: Stripping selection criteria in StrippingB2XMuMu for Stripping20 and Strip-
ping 20r1.

Candidate Selection
B meson IP x? < 16 (best PV)
B meson 4600 MeV/c* < M < 7000 MeV/c?
B meson DIRA angle < 14mrad
B meson flight distance x? > 121
B meson vertex x?/ndf < 8
wrp m(utp) < 7100 MeV/c?
ptp vertex x2/ndf < 9
K*Y m(KTm™) < 6200 MeV/c?
K*0 vertex x?/ndf < 9
K0 flight distance x? > 9
tracks ghost Prob < 0.4
tracks min IP x? > 9
muon IsMuon
muon DLL,, > -3
GEC SPD Mult. < 600

10
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Table 6: Pre-selection cuts applied to stripped candidates. In this table only: 6 is the
opening angle from the beam; 6,4, is the opening angle between two track pairs.

Candidates Selection
Track 0 < 0 <400 mrad
Track Pairs Opair > 1 mrad
T IsMuon True
K hasRich True
K DLLg, > -5
T hasRich True
T DLLgk, < 25

PV | X—<X>]|<5mm
PV |[Y-<Y >|<5mm
PV |Z—-<Z>]<200mm

using toy studies. The largest source of peaking background is A) — pK~utpu~ at the
level of 1% of the signal.

4.3 Trigger

The analysis relies on the LOmuon trigger at LO. At H1t1 candidates are selected using the
Hlt1TrackMuon and H1t1TrackA1l1lLO trigger lines. The main H1t2 trigger lines are the
H1t2Topo (Mu) [2,3,4]1BodyBBDT topological trigger lines. Only signal candidates that are
triggered on (TOS) are accepted. Table [7| gives the fraction of stripped data triggered by
the different TCKs used during data taking. The trigger efficiency in simulation is checked
using the TISTOS method on the B®— J/i) K*O control channel, see e.g. Fig |2 and Fig. .
Table [§] gives the fraction of events passing through each trigger lines.

4.4 Multivariate selection

The majority of the combinatorial background is rejected using a BDT. In comparison to
the previous angular analysis [17] the new BDT contains uses fewer input variables and is
trained on a larger data sample. The variables used in the BDT are:

e the B° candidate lifetime;

e the B® momentum and pr;

the BY direction angle (DIRA);

the Kt~ ™~ vertex x?;

the DLLg, of the kaon and pion;

11
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e the DLL,, of the muons;

e the isolation of the four final state particles.

The B variables are be only weakly correlated to ¢? and the angular distribution of the
final state particles. No correlation is observed with the K7~ p* ™ invariant mass.

Table 7: Fraction of Stripped data sample selected by different LO and HLT TCKs. Only
TCKs selecting more than 1% of the data sample are shown. Data taking conditions were
stable for LOMuon, H1t1Track and H1t2Topo for the majority of the data taken in 2011

and 2012.

LO TCK % HLT TCK %
42 19.1 990042 19.1
3d 19.0 a30044 10.7
44 16.5 790038 10.1
37 102 97003d 9.6
38 10.1 94003d 9.4
46 8.8 760037 9.1
35 2.6 730035 2.5
32 4.6 990044 4.9
45 3.4 ac0046 3.8
40 24 640032 2.9

al0045 2.5
8c0040 2.2
290046 2.2
ab0046 1.8
520032 1.6
a30046 1.1
790037 1.1

Table 8: Fraction of events passing through each trigger lines in BY — J/i) K** data (

B°— Jhp K*° MC).

LOMuon and Hlt1TrackAllLO LOMuon and Hlt1TrackMuon

Hlt2TopoMu2BodyBBDT
Hlt2TopoMu3BodyBBDT
Hlt2TopoMu4BodyBBDT
Hlt2Topo2BodyBBDT
Hlt2Topo3BodyBBDT
Hlt2Topo4BodyBBDT
Hlt2SingleMuon
Hlt2DiMuon

78.06 (79.95)
72.29 (77.10)
39.97 (46.02)
68.65 (71.01)
68.34 (73.52)
39.21 (45.29)
23.92 (49.41)

0.08 (0)

%

%
%0
%0
%o
%
%
%0

85.13 (87.08)%
79.32 (84.32)%
43.27 (49.64)%
73.97 (76.54)%
74.41 (79.89)%
42.34 (48.75)%
27.60 (55.91)%

0.09 (0)%

12
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Figure 2: Trigger efficiency of LOMuon as a function of the maximum pr of the u* or pu~
for offline selected B®— J/i) K*O candidates that are TOS in H1t 1 and H1t 2. The MC is

filtered according to the 2012 TCK 0x409F0045.
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Figure 3: Distribution of the maximum pr of the u* or = for offline selected B® — J/i) K*°

candidates.

4.5 ¢° binnings

As will be discussed in Sec. [6] the different methods of angular analysis have different
strength and weaknesses that determine where they are most useful. Table [J] gives

two binnings with ¢? bin widths of 1GeV?/¢?

and 2GeV?/c?, respectively. They will

henceforth be known as the 1GeV? and 2GeV? binnings. In addition, the two larger

13
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Table 9: ¢ binnings with (left) 1 GeV* and (right) 2 GeV? bins.

Bin *[ GeV?] Bin  ¢*[GeV?]
T [0.1,0.98 T [0.1,0.98]
> [L1,2.0] 2 [1.1,2.5]
3 [20,3.0] 3 [2.5,4.0]
4 [3.0,4.0 4 [4.0,6.0]
5 [4.0,5.0] 5 [6.0,8.0]
6 [5.0,6.0] 6 [11.0,12.5]
7 [6.0,7.0 7 [15.0,17.0]
8 [7.0,80] 8 [17.0,19.0]
9 [11.0,11.75)

10 [11.75,12.5]

11 [15.0,16.0]

12 [16.0,17.0]

13 [17.0,18.0]

14 [18.0,19.0)

¢®> bins 1 < ¢ < 6GeV?/c? and 15 < ¢* < 19GeV?/¢* are used which are preferred by
some theory groups. The region between 8 GeV?/c! and 11 GeV?/c! as well as between
12.5 GeV?/c* and 15 GeV¥ ¢! contain the charmonium resonances and are therefore vetoed.
In the low ¢? region additionally the range [0.98, 1.1] GeV?/c? is vetoed to protect against
possible pollution from ¢ — p*u~ decays.
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5 Mass fits

5.1 K7 ptp~ invariant mass distribution

The strategy for modeling the K7~ "~ invariant mass shape of the B® — K*0u*p~
candidates is to exploit the large sample of B® — J/i K* in data. Monte Carlo simulated
BY — K*u* = and B — J/ K*° events are then used to study (and correct for) possible
¢* dependence of the mass shape parameters.

The Kt7~ ptp~ invariant mass, m, of the signal is described by the sum of two Crystal
Ball functions with common mean (i) and tail parameters (o and n) but different widths.
Explicitly, the reconstructed B° mass is parameterised as

Psig<m’X) = fcorePCB(m‘Ma 01, Q, 77,) + (1 - fcore)’PCB(m|ﬂ7 02, (0, n) (1)

The shape of the Crystal Ball is given by

6_%(7”’;“)2 M > a
PCB<m|/'I’7 a, Oé,TL) - a mo—-u <a’ (2>
(e-(=52))"

o

i.e. a Gaussian distribution above o and a power law tail below, where
n
a = (ﬁ) 6_%052
af (3)

The invariant distribution of the background is described by an exponential distribution.
For the BY — J/i) K** decay a second signal component is included for the B? — J/i) K*°
decay, it is expressed with the same signal parametrisation with a shift on the mean (u)
by Am = m(B?) — m(B").

The parameters to describe the BY — K*°u* 1~ signal mass shape, are determined
from a fit to the control decay B®— J/y K*°, which is shown in Fig. [l The resulting
mass parameters for the angular analysis of the signal decay BY — K*°u* ™ are given in
Tab. . To account for possible changes of the signal mass shape with ¢? we include a
single scaling factor s, for every ¢® bin which is applied to both widths o; and o,. This
scaling factor is determined from a fit to MC simulated B®— K*9u*pu~ signal events. The
scaling factor for the two q? binnings can been see in Fig. [5| the numerical values are given
in the Tab. [[1]

5.2 Event yields

The K*n~p*p~ invariant mass distribution of B® — K*°u* ;= candidates for the different
¢* bins are shown in Fig. [6] Fig.[7] and Fig.[§| Table.[12]lists the signal and background
yield in each ¢? bin for the two binning schemes. In total, 2390 signal candidates are seen
within the range 0.1 < ¢* < 19 GeV?%/c*.
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Figure 4: Fit to the control channel B — J/i) K*°. The full line is the overall PDF, the
dashed red line is the PDF of the B} — Ji) K*O decay, the dashed-dotted red line is
the PDF of the B? — J/i) K*° decay, and the dashed blue line represent the exponential
background.

Parameter Value
acB 1.533 £ 0.033
n 4.23+0.6
o1 15.36 £0.19
0P} 25.85 4+ 0.82
Jeore 0.704 4 0.031
By mass (u) 5284.339 £ 0.043
Am 87.21 +0.83
exp. slope —0.006319 £ 0.0001
Nsig 343763 4+ 822
Npo 4199 + 162
Nikg 26877 £+ 649

Table 10: Mass model parameters determined from a fit of the control channel B° —

T K.
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/psi(2S)bins, fitted in the MC simulated B®— K*°u* i~ signal events.
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*[GeV?] Scaling factor *[GeV?]  Scaling factor

[0.1,0.98] 0.982 [0.1,0.98] 0.982
[1.1,2.0] 0.997 [1.1,2.5] 0.996
[2.0,3.0] 0.989 [2.5,4.0] 0.992
3.0, 4.0] 0.996 [4.0,6.0] 0.996
[4.0,5.0] 0.999 [6.0,8.0] 1.000
[5.0,6.0] 0.992 [11.0, 12.5] 1.007
[6.0,7.0] 0.998 [15.0,17.0] 1.049
[7.0,8.0] 1.003 [17.0,19.0] 1.074
[11.0,11.75) 1.002
[11.75,12.5] 1.001
[15.0, 16.0] 1.050
[16.0,17.0] 1.050
[17.0,18.0] 1.074
[18.0,19.0] 1.049

Table 11: Scaling factor s, for the two ¢® binnings: (left) 1 GeV? and (right) 2 GeV? bins.
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¢*[ GeV?

signal yield background yield

]
[0.1,0.98]
[1.1,2.0]
[2.0,3.0]
[3.0,4.0]
[4.0,5.0]
[5.0,6.0]
[6.0,7.0]
[7.0,8.0]
[11.0, 11.75]
[11.75,12.5]
[15.0,16.0]
[16.0,17.0]
[17.0,18.0]
[18.0,19.0]

339.1 £19.6
113.0 £12.2
126.3 £ 13.3
106.4 £+ 12.8
123.1£13.9
156.6 £ 14.6
150.3 £14.5
194.2 £16.7
162.5 £ 14.7
166.9 £ 15.0
219.5 £ 16.7
229.8 £16.9
184.1£154
114.9 £ 12.2

58.9 = 10.3
82.0 £ 10.9
103.7 £ 124
144.6 & 14.2
169.9 £15.5
130.4 £13.7
146.7 £ 14.4
197.8 £16.8
96.5 £ 12.2
116.1 £13.2
102.5 = 12.8
87.1£12.0
75.9+£11.5
69.1 +£10.2

[ GeV?

signal yield background yield

]
[0.1,0.98]
[1.1,2.5]
[2.5,4.0]
[4.0,6.0]
[6.0, 8.0]
[11.0,12.5]
[15.0,17.0]
[17.0,19.0]

339.1 £19.6
179.7+ 154
165.4 £ 15.9
279.5 £20.2
344.3 £22.1
329.8 £21.0
449.2 £ 23.8
299.9 £19.8

58.9 £ 10.3
124.4 £ 13.5
206.6 £17.1
300.4 £+ 20.7
344.8 £22.1
212.1 £18.0
189.8 £17.5
144.1 £ 15.3

Table 12: Signal and background yields with the two ¢* binnings: (top) 1GeV?/¢* and

(bottom) 2 GeV?/c! bins.
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6 Methods

6.1 Angular description of the decay B — K*u* ;-
6.1.1 The angular basis

The decay angles are defined differently by experimentalists and theorists. Details on the
differences between the convention chosen by a majority of the theory publications [3,/18]
and the convention adopted by LHCD for this analysis and the previous publications |1} 2]
are given in Ref. [19].

The angular basis used in this paper is illustrated in Fig.[9] The angle 6, is defined as
the angle between the direction of the u* (1) in the dimuon rest frame and the direction
of the dimuon in the B® (B°) rest frame. The angle 0 is defined as the angle between
the direction of the kaon in the K** (K*°) rest frame and the direction of the K*0 (K*°)
in the BY (B°) rest frame. The angle ¢ is the angle between the plane containing the p*
and p~ and the plane containing the kaon and pion from the K*°. Explicitly, cos 8, and
cos 0 are defined as

Autu— (B° Autu— At
cosb, = (pi’i a )> . (pfﬁu)f) = (Pl(fi g )> : (—pgo : )> ) (4)
*0 0 *0 *0
= () (42) - (1) (557 g
for the B® and
Autu— (B° ~Nutu—
cos by = (pl(f, a )> - (p;(ﬁu)*> = <pff g )> ( Pgo g )> ) (6)
R *0 (B° R *0 N *0
COSQK = (p%(_ )> : (pgio)> = (pg(— )> ’ <_pg§ )> <7>
for the B® decay. The definition of the angle ¢ is given by
(B° (BO° 0 0
cos ¢ = (pfﬁ) X p,(f )> (Pﬁfﬁ x 7 )) : (8)
) 0 (BO
sin ¢ = [( ~(BY) ><p(_ )) (p%+> x P ))] Y 9)
for the BY and
50 0 (BO
cos ¢ = ( L ) Xpiﬁ )> (pﬁf,) pfﬁ )) ) (10)
. . BO (BO (BO (B°
sing = — [(p(, ) x pﬁﬁ )) X (pff) X pfﬁ )ﬂ -pgo) (11)

for the BY decay. The ﬁg) are unit vectors describing the direction of a particle X in
the rest frame of the system Y. In every case the particle momenta are first boosted to
the B (or B) rest frame. In this basis, the angular definition for the B® decay is a CP
transformation of that for the B° decay.
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(c) ¢ definition for the B° decay

Figure 9: Graphical representation of the angular basis used for B — K*0u*p~ and
B — K*0u* i~ decays in this paper. The notation 74, is used to represent the normal to
the plane containing particles a and b in the BY (or B®) rest frame. An explicit description of
the angular basis is given in the text.
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22 6.1.2 The differential decay rate

23 The four-differential decay rate, for a K7 system in a P-wave configuration and ignoring
244 scalarﬂ contributions, is given by

d4F[EO—> [?*OM+/L_] B
dcosfydcosfx dpdg®

s 2 M) o505 5c.) (12)

=— [ Jisin? 0y + Jf cos? Ok +
327
J5 sin® Oy cos 20, + JS cos® O cos 20, +
Js sin? O sin® 6, cos 2¢ + J, sin 20 sin 26, cos ¢ +
J5sin 20 sin 6, cos ¢ + Jg sin? 0 cos O, +

J7sin 20k sin 0y sin ¢ + Jg sin 20 sin 26, sin ¢ +

Josin? Ok sin® @y sin2¢ | .

x5 Here, the ¢? dependent angular observables J;(¢?) are given by

2This refers to a scalar configuration of the dimuon system, not to be confused with an S-wave
contribution to the K7 system as will be discussed later
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2+62) 4m i} .
i L [1AY \2+|A ?+ (L — R)] —i—?M%G(AJL_AE +AﬁA{f)

J; =
c L2 R2 4mu 2 L AR«
Ji = |Ag|" + |Ag]| +?[|At| + 2Re(Ay Ag )}
S 62 2 2
Jy = ]A | +|A I+ (L — R)
Ji = —/33 1452 + (L 1)
Js = 52 AL — AP+ (L

|AT]" = A"+ (L — R)
/32
V2
Js = V28, [%e(AgAﬁ*) — (L — R)]

Jy = {éﬁ (AFAE) + (L — R)] (13)

Ji =28, [éree(ALAﬁ*) — (L — R)}

Jr =28, {%m(AOLAf*) — (L — R)]

/32
V2
Jo =52 [%m(Aﬁ*Aﬁ) + (L — R)}

Jg = [sm(AgAﬁ*) + (L — R)]

with 37 = (1 —4m(u)?/q*). The angular distribution therefore depends on 7 ¢* dependent
complex amplitudes (Ag R Aﬁ’R, Ai’R and A;) corresponding to different polarisation
states of the B — K*V* decay. The K** is on-shell and has three polarisation states,
€(+,—,0). The V* is off-shell and has 4 possible states, ¢(+, —,0,¢). The amplitude
A, corresponds to a longitudinal polarisation of the K*° and time-like polarisation of
the dimuon system. It is suppressed and can be safely neglected, leaving six complex
amplitudes.

The labels L and R refer to the chirality of the dimuon system. In the limit that the
decay is dominated by a vector current Aﬁ, 10= Afj 1o Which implies J567 = 0 and the

angular expression collapses to the familiar expression for B®— J/) K*.
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ErB*— JW K 9
dcos@ydcosfxde 32w

2| Ao|? cos? O sin* 0, +

N =

(|A||]2 + A1 |?) sin® O (1 + cos” 6,) +

5 (|Al\2 — | Ay ) sin® O sin® 0, cos 2¢ +
V2Re(AgAf) sin 20 sin 20, cos ¢ +

(14)

1

—G(Ap A" ) sin 20, sin 20, sin ¢ +
\/5\5( 0 L) K 14 ¢
(A AY) sin® O sin® 0, sin 2¢]

6 which in terms of helicity amplitudes Hy, H, and H_ is identical to

257

258

259

260

261

262

d*r[B*— JW K™
dcos@ydcosOxdp

N}

| Ho|? cos® O sin” 6, +

—_
=)
N

(|HL > + H_|?) sin® O (1 + cos® ;) —
R(H,H*)sin® O sin® 6, cos 2¢ +

(15)
S(H, H*) sin? O sin® 0, sin 2¢ +

R((Hy + H_)H{) sin 20 sin 20, cos ¢ —

N R NP RN R =

S((Hy + H_)H{) sin 20 sin 26, sin ¢

In the limit of ¢* > 4m(u)? the factor 87 — 1 and

dr

dq?
In this limit, J§ = —Jf and J; = J7/3. While the differential decay rate in Eq. [12] is
defined for the the decay of the B meson, the decay of the the B is given in complete
analogy by

= AL+ [AfP + [AGP + (L = R)

d4F[BO K*OM+M
- J (2 0 bl 0 9 16
dcosf,dcosfx dpdg?  32n Z ?) fi(cos O¢, cos O, ¢). (16)

The identical form of this equation compared to Eq. [12]is a consequence of our angular
definition described in Sec.[6.1.1} vcFollowing Ref. [3], it is customary to define CP-averaged
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observables S; and CP-violating observables A; according to

Ji 4 J;

(dT + dI) /dg?
Ji — Ji

(A0 + dT) /dg®”

(17)

i =

(18)

i =

The normalisation condition implies 2 (255 + S5) — § (255 +55) = 1. In the limit of
massless leptons, the CP-averaged observables are related by S§ = —S§ and S5 = S5/3 as
discussed above.

Often, the forward-backward asymmetry Agg, and the longitudinal (transverse) polari-
sation fraction Fy, (Fr) are referred to in the literature. These quantities are related to
the CP-averaged observables S; according to

3 s

AFB - 156
F, =5 =—55

Fr = 4S5,

6.1.3 Interference with other K7~ states

Eq. is valid if the KT7n~ system is in a P-wave configuration, as is the case for
the K*°(892) vector meson. If the K7~ system is in an S-wave configuration or in a
configuration with higher angular momentum up to Jy.x the replacements

Jmax

AT =1)5" - Y0k, 0) = ZALR ) - Y(0x,0) and (19)
JmaX

A(J = 1) Y0k, 0) — ZALR YN0k, 0) (20)

need to be made, where the Y;"(f) are spherical harmonics. The relevant spherical
harmonics for S, P and D-wave are
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76 6.1.4 S-wave interference

> > > <
= = = =

>
=
N = NI~ &= N~ N

‘ -

VT
§cos O
T
\/E(S cos? Ok — 1)
3
%sin O
% sin O cos O

o7 For the decay B®— J/i K* the S-wave fraction was determined to be (6.4 4+ 0.3 + 1.0)%
25 in a mass window of 70 MeV around the known K*° mass using 1fb™" of LHCb data [20].
20 In the previous publications [1,2] the presence of an S-wave contribution was accounted
0 for by assigning a systematic uncertainty. In this analysis, the S-wave parameters are
21 determined in the full angular analysis. Therefore, Eq. (12| needs to be modified according

282 toO

283 with

d‘r

dcosf,dcosfg do dg? -

dcosf,dcosfg do dg?

9

+ o [J'i + J"{ cos O +

J'5 cos 20, + J"5 cos O cos 20, +

J' 4 sin 20, sin O cos ¢ + (21)
J's5sin 0, sin O cos ¢ +

J'7sin 0, sin O sin ¢ +

J'g sin 20, sin O sin ¢
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c 1 1
Jll = §]A§:0]2 + §]A§:0]2

11c 2 *
= [éﬁe(AgzoAg )+ (L — R)}

5= = ghSeal + 1AL

J" = —% [%e(AgzoAg*) + (L — R)}
Jy= \/g |:§R€(A§'OAL*) + (L — R)]
J's = 2\/2 {S%e(AﬁoAﬁ*) — (L — R)]
J' = \/g {%m(AﬁzoAﬁ*) — (L — R)]

J's = \/g {%m(AﬁzoAﬁ*) + (L= R)}

284 and
dl  dl'p dI'g
a2 - a2 T A
dg dg dg (23)
= Aol + [Ao ol + ATy [P + Ao P+ (L= R)
285 The fraction of longitudinal polarisation is given by
Fs = |A% |2.; (24)
5T =0l T4 Jdg?

6 6.1.5 Less form-factor dependent observables

27 The angular observables can be reparametrized such that leading form-factor uncertainties
23 cancel to first order. The authors of Ref. [4] propose the basis consisting of Fy, (or App)
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and the observables PZ-(') that can be calculated from the observables S; according to

S3
P =2
TR
1S3 2 Arp
P2:— p——_
21— F, 31-F
Sy
Py=—
5 1-F,
S
| —
F.(1—-F)
P9
F.(1-F)
S
Pl=—
F.(1—F)
S
Pl=—=__
F.(1—F)

It should be noted that P53 are related to the previously proposed observables AR°,
A 21] and A% [22] according to

P, = A%
]' e
P2:§A¥
1 m
P3:—§AIT

The PDF used to fit the angular observables can be reparametrised to use the basis
(FL, P123, Py 565). The shapes of the allowed parameter regions simplify compared to the
between observables since the PDF is no longer linear in the parameters. For this analysis,
the CP-averaged observables S; and the CP-asymmetries A; will be considered the nominal
observables. However, we aim to provide also the less form-factor dependent observables,
which can be either fit directly or constructed from the observables S; and A;.

We would like to note that theorists use a different convention of the P; definitions.
For completeness we give the definition for the P; which are different:

/ — 2 84
4,theory FL(l — FL)
/ 57

6,theory — _m
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6.2 Fitting for angular observables

This method of angular analysis of the decay B — K*°u* i~ determines the angular
observables S; (or 4;) in bins of ¢? using an unbinned maximum likelihood fit of the
reconstructed BY mass and the decay angles 0= (cos @, cosl, @).

The analysis needs to describe the the signal and background components using
probability density functions (PDFs) depending on the the angular observables and
nuisance parameters. The total PDF is given by

Ptot = fsigpsig(ﬁu TTI,) + (1 - fsig)lpbkg(ﬁa TTI,) (25>

Both signal and background component are assumed to factorise in the decay angles O
and the reconstructed B° mass m (see appendix [H))

—

) = 7)sig( X 7Dsig(m) (26)

Psig((i? )
Q,m) = Poig() X Poig(m). (27)

m
Prokg(£2, m
To determine the angular observables, the negative logarithmic likelihood

- log 'C = - Z log Ptot(ﬁea melxphysa Xnuisance) (28)

events e

is minimised with respect to the physics parameters Xphys and the nuisance parameters

Xnuisance. The minimisation is performed using the MINUIT software package. Uncertainties
on the parameters can be either determined using the second derivative matrix (HESSE)
or the —2Alog £ = 1 rule (MINOS), which allows asymmetric uncertainties.

6.2.1 Angular distributions

The angular description of the signal component of the PDF is given by the differential
decay rate given by Eq. . The data are binned in ¢2, thereby effectively averaging the
observables over the width of the ¢? bins. The resulting three-differential decay rate is
given by

1 d(T +71) e

_ = s (a{L = Fi) s 29
d(I' 4+ I') /dg? dcost; dcostk do | 507 L1 ( L) sin® Ok (20)

+ F} cos® Oy + i(l — F1) sin? Ok cos 26,

— F}, cos? Ok cos 20; + Ss sin? O sin® 6, cos 2¢

+ Sy sin 20k sin 20, cos ¢ + Sy sin 20 sin 0; cos ¢
+ %AFB sin? O cos 0 + Sy sin 20 sin 6, sin ¢

+ S sin 20 sin 26, sin ¢ + Sy sin® O sin’ 4 sin 2gz5] .

As discussed in Sec. [6.1.4, the inclusion of an S-wave contribution, where the K7~ system
is in a spin 0 configuration, leads to additional angular terms. The PDF needs to be
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changed to include both the S-wave and interference between S- and P-wave resulting in
1 d(T+71) (- Fy) 1 dT+7T)
d(I’ +T)/dg? dcost; dcosfx do |y, d(I' 4+ I') /dg? dcost; dcostk do |p
—i—lﬁiﬂ [Fs sin? 6, + Sg1 sin? 6, cos O
+ Sg9 8in 26, sin O cos ¢
+ Sg3sin 6, sin Ok cos ¢

(30)

+ 554 sin ‘9[ sin QK sin ¢
+ Sgs sin 26, sin f sin ¢].

The background component in the maximum likelihood fit is modelled using Chebyshev
polynomials. The angular parametrisation of the background is assumed to factorise, For
the angular parametrisation of the background using Chebyshev polynomials 7; of second
order and lower, the PDF is given by

Zc cos@l] [Z c;T; COSQK] X [Z crTi(9)

Proxg(cos by, cos b, ¢) = (31)

6.2.2 Mass modeling

The reconstructed B° mass of the signal is modelled using the sum of two Crystal Ball
functions with common tail parameters for the low mass side, as described in Sec. [5] The
parameters describing the signal mass shape are determined from a fit to the control-decay
B® — Jjp K*° and the ¢* dependency is accounted for by a ¢* dependent scale factor
determined from Monte Carlo simulation. The mass distribution of the background is
modelled using an exponential function. For the fits of the B — K*Ou* = signal only 7,,,
the inverse of the exponential decay constant as well as the signal fraction fg, are floated.
The other mass parameters are taken from the control decay and fixed in the fit of the
signal decay.

6.2.3 Acceptance effect

The reconstruction and selection of the signal decay distorts the angular distributions and
needs to be accounted for when determining the angular observables. This acceptance
effect, depending on ¢? and the decay angles can be parameterised using multidimensional
polynomials

e(q®, cos O, cos O, ¢) = Zchijk x (3" x (cos ;)" x (cos k) x (o)*. (32)
hijk

The determination of the polynomial coefficients and the resulting angular description
is discussed in Sec. This efficiency can be included in the fit in two ways, either by
performing a weighted fit in which the events are weighted by 1/¢, of by including the
effect in the signal PDF.
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In the first option, the distributions are effectively unfolded, therfore the original signal
PDF without acceptance can be used. It should be noted that the background component
will be weighted in the same way. The per-event weight is included in the likelihood as
follows

L=— Z W, X logP(ﬁe,me)

event e

==y —— i x log P(Qe, me).

event e qe )

Special care needs to be taken for the estimation of the parameter uncertainties, since
weighted fits in general are not guaranteed correct coverage. However, an approximate
methods exists. The corrected covariance matrix V' for the weighted fit can be calculated
according to

Vi =voTly,

where V' is the covariance matrix calculated with the weights w, and C' the covariance
matrix calculated using the squared weights w? [23]. The unfolding using acceptance
weights is the preferred approach for the large ¢ bins 1.1 < ¢®> < 6 and 15.0 < ¢* < 19.0,
since the method can account for possible variation of the acceptance with ¢2. Furthermore
the expected signal yield in these bins is sufficiently large to reduce possible fluctuations
from the weighting procedure.

The second option requires to include the efficiency in the signal PDF. The main
difficulty with this approach is the correct determination of the norm of the signal
component which will be affected by the acceptanc&ﬂ The norm N, is given by

-A/;lg / q27 51g )dﬁ

= /e(qQ, Q)?)Q_w Z Si f(§2)dS)
9

= sl (33)

with & = [ (¢, Q) £:(€)d(, and where the angular terms fz( }) are defined by the Egs.
and This is the preferred approach for the 2GeV?/¢* ¢* bins, where the acceptance
does not vary significantly over the (narrow) ¢ bin.

6.2.4 Physical boundaries of the observables

Eqgs. 29 and [30] imply certain boundaries for the angular observables since the PDF is not
allowed to become negative for any combination of angles. If the values of the angular

3Note that the factor €(q2,}) in the numerator can be omitted when determining — log £.
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observables lie close to these constraints the likelihood function becomes non-Gaussian.
Technically, a large penalty term is added in the fit for every event for which Ptot(fle, me)
becomes negative. It is instructive to explore the particular shape of the allowed parameter
regions by performing parameter scans and using toys to find wether the PDF can become
negative for a certain parameter set. Figures [10| and [11{ show the allowed parameter range
for different combinations of angular observables in dark gray. The red points are the
SM values for the seven bins of the 2GeV?/c? ¢* binning. Particularly striking are the
constraints on combinations of F;, with the other observables, that can be expressed by
the following relations

|S5] < %(1_FL) (34)
Avs] < 51— Fy) (35)
S0l < 51— ). (30)

Due to the large dependence of the allowed parameter range on Fp, the allowed regions for
parameter combinations not containing F, are integrated over all possible F}, values (we
iterate over the full available F, range from zero to one in 40 steps). The other parameters
not shown are either assumed to be zero or equal to one of the seven SM points of the
2 GeV?/c* ¢ binning. If the studied point is allowed for one of these eight possibilities it
is marked as allowed. The parameter boundaries can affect the coverage negatively. To
ensure correct coverage we therefore rely on the Feldman-Cousins method described in

Sec. [6.2.10

6.2.5 Likelihood scans

The effects of the physical boundaries on the observables discussed in Sec. [6.2.4] can
also be seen when performing two-dimensional profile likelihood scans for EOS toy data.
Figs. [113}{116] give two-dimensional profile likelihood scans for combinations of Fj with all
other observables for all ¢* bins. The 68.3% and 90% confidence level regions are given
by the solid black lines. It should be noted that the given likelihood scans are of course
dependending on the specific toy that is being studied, different toys will exhibit different
shapes due to statistical fluctuations. The profile likelihood scans can be used to determine
correlations between the observables according to the method described in Sec. [7.1]

6.2.6 CP-asymmetries A;

There is significant theoretical interest in the CP-asymmetries A; defined in Eq. [18]
particularly the T-odd asymmetries A7 g9, where significants effects of new weak phases
could be seen. To determine the angular observables, Eq. [29 needs to be modified, replacing
SP(::S.).‘,S) by As. . g for the B° decay and —Ajz g for the BY decay flavour. The CP-asymmetry
corresponding to F}, cannot be determined in this way, since this would require both
the angular signal PDF Psig(ﬁ) as well as —Psig(ﬁ) to be positive. F], (or equivalently
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Sls/ ) is therefore treated as a nuisance parameter in these fits. Since the SM values of
all asymmetries are close to zero as shown in Fig. and the CP-asymmetries are
expected to be less affected by the physical boundaries.

6.2.7 The Pi(/) basis
The PDF can also be expressed in the P" Dasis detailed in Sec. . The varied

(2
. . . . / .
signal parameters in this case are Fy,, Pio3 and Pj 4. Since the P’ are nonlinear
combinations of the angular coefficients S;, the uncertainties are expected to be generally
more asymmetric.

6.2.8 Fit validation using EOS toys

The fit is validated using simulated events generated according to an updated theory
calculation as described in Sec. [3.2] Pull studies are performed to ensure the fit is
unbiased and estimates the uncertainties correctly. The pull of the observable p is defined
as (Phtted — Peenerated ) /0 (D)sitted- In the ideal case the pull is distributed according to a
Gaussian distribution with mean compatible with 0 and width compatible with 1. For
low statistics and non-Gaussian PDF's this is not necessarily the case and can lead to
incorrect coverage. For the toy studies, the P-wave observables .S;, the signal fraction f,,
the parameter 7, describing the exponential shape of the combinatorial background, and
six coefficients describing the angular distribution of the combinatorial background as
detailed in Sec. are floated. The EOS toys do not contain an S-wave component.

Tables and give toy studies for the 2GeV? binning. For every ¢ bin 1000
toys are performed. It should be noted that the fit converges successfully for all toys
(M1GRAD status 0, HESSE status 3). Generally the toys behave well, however there are
some observables where sizeable biases larger than 0.1 are seen, which are shaded in gray.
A particularly large deviation from the EOS value is observed for the first bin for S7. This
deviation is understood since the fit assumes that the lepton masses can be neglected,
which is not the case close to ¢> = 0 GeVZ2. All other deviations seen are smaller than 0.20.
To ensure correct coverage for the 2 GeV? binning, the Feldman-Cousins method will be
used for the determination of the confidence intervals.

The corresponding CP-asymmetries A; have been determined from the EOS toy MC as
well. The results are given in Tab. [[16] No CP-asymmetries are showing significant biases.
As discussed in Sec. this is due to the SM values being further away from physical
parameter boundaries.

6.2.9 Fit validation using toy studies

It is also possible to validate the fitter using events that are generated by the PDFs
themselves. This is particularly useful for validating the determination of the S-wave
parameters since EOS does not generate the S-wave amplitude Ag out of the box. For these
toy studies, we do include the S-wave component according to Eq. Parameters floating
in the fits are the P-wave observables S;, the signal fraction fg, the S-wave fraction Fg
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Table 13: Results from pull studies on EOS toys in bins of ¢2. A background component is
included. The acceptance effect is included and assumed to be constant over the ¢ bins.
Observables that show biases larger than 0.1 are shaded gray. Nuisance parameters are

omitted.
0.1 <¢®><1.0GeV? 1.1 < ¢® < 2.5GeV?
sensitivity pull mean  pull width sensitivity pull mean  pull width
Sy 0.028+0.001  0.80+0.03 1.00 % 0.03 S¢0.047£0.001  0.01+0.03 1.05+0.03

Sz 0.053+£0.001 —0.01+0.03 0.99+£0.02 Sz 0.074£0.002 —0.07+0.03 1.10£0.03
Sy 0.065+£0.002 —0.04£0.03 1.02+£0.02 Sy 0.097£0.003 —0.02+0.03 1.02£0.03
S5 0.051 £0.001 0.06 £0.03 1.03+0.03 S5 0.085+£0.002  0.01+0.03 1.03£0.03
Sg 0.071+0.002 0.02£0.03 0.98+0.03 S 0.082+£0.002 —0.164+0.03 1.00 £ 0.03
Sz 0.056140.001 —0.01+0.03 0.99+0.03 Sz 0.084+0.002 —0.014+0.03 0.99£0.03

Sg 0.067+£0.002  0.02£0.03 1.05+0.03 Ss 0.105+£0.003  0.02+0.04 1.10=£0.03
Syg 0.057+£0.001 —0.00£0.03 1.02+£0.03 Sg  0.071£0.002  0.024+0.03 1.08£0.03
2.5 < ¢® < 4.0GeV? 4.0 < ¢* < 6.0GeV?

sensitivity pull mean  pull width sensitivity pull mean  pull width
S; 0.045+£0.001 —0.06 £0.03 1.01+£0.03 S:0.033+£0.001  0.03+0.03 0.96 £ 0.03
S; 0.072+£0.002 0.02+0.04 1.10+£0.03 Sz 0.059 £0.002 —0.01+0.03 1.03£0.03

Sy 0.096 = 0.003 0.06 £0.03 1.04+0.03 Sy 0.074£0.002  0.07£0.03 1.05=+0.03
S5 0.089 = 0.002 0.03£0.03 1.05+0.03 S5 0.067£0.002  0.1140.03 0.99 £0.03

¢ 0.072£0.002 —0.13+0.03 0.98£0.03 S 0.057£0.001 —0.0440.03 1.05+£0.03
Sz 0.088 +0.002 0.06 £0.03 1.04+0.03 Sz 0.065+0.002 —0.1040.03 0.96 £ 0.02
Sg 0.10340.002 —0.08+0.03 1.08+0.03 Sg 0.074£0.002  0.004+0.03 1.02+£0.03
Sy 0.072 4+ 0.002 0.09+£0.03 1.06+0.03 Sy 0.057+£0.001 —0.044+0.03 1.03+£0.03

a0 and the five angular terms Ss;. As before, we also float the parameter 7, describing the
w1 exponential shape of the combinatorial background, and six coefficients describing the

Table 14: Results from pull studies on EOS toys in bins of ¢?. A background component is
included. The acceptance effect is included and is assumed to be constant over the ¢? bins.
Observables that show biases larger than 0.1 are shaded gray. Nuisance parameters are

omitted.
6.0 < > < 8.0GeV? 15.0 < ¢* < 17.0GeV?
sensitivity pull mean  pull width sensitivity pull mean  pull width
S 0.032 £0.001 0.01£0.03 1.05+0.03 S70.029£0.001 —0.03+0.03 1.04 £0.03
S3  0.051£0.001 —0.02+0.03 1.00+£0.03 S3  0.048 £0.001 —0.10+0.03 1.04 £0.03

Sy 0.062 % 0.002 0.10£0.03 1.07+0.03 Sy 0.053 £0.001 0.13£0.04 1.14+£0.03
S5 0.056 £ 0.001 0.07+0.03 1.00+0.03 S5 0.044 £0.001 —0.00£0.03 1.02£0.03
Sg 0.047 £0.001 0.02+0.03 1.02+0.03 Sg 0.045 £ 0.001 0.03+£0.03 1.03+£0.03
Sz 0.06340.002 —0.05+0.03 0.98+0.03 Sz 0.056 £0.002 —0.02+0.03 1.00£0.03
Sg 0.06340.002 —0.03+0.03 0.99 +0.03 S 0.068 £0.002 —0.0040.03 1.02+£0.03
Sy 0.05240.001 —0.01+0.03 1.0240.03 Sy 0.048+0.001 —0.014+0.04 1.09+0.03

17.0 < ¢* < 19.0 GeV?

sensitivity pull mean  pull width

S; 0.039 £0.001 0.094+0.04 1.1140.03
S3 0.0714+0.002 —-0.13+0.03 1.10£0.03
Sy 0.073 £ 0.002 0.19+0.04 1.15+0.03
Ss  0.065 £ 0.002 0.09+0.03 1.10 £0.03
¢ 0.065 £ 0.002 0.18 £ 0.03 1.00 £ 0.02
S;  0.075 4 0.002 0.024+0.03 1.014+0.03
Ss 0.073£0.002 —0.014+0.03 1.00=+0.03
So  0.070 £ 0.002 0.08+0.04 1.13+£0.03
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angular distribution of the combinatorial background as detailed in Sec. [6.2.1]

Tables (15 and [16| give the results of the toy studies including 10% S-wave contribution.
For every ¢? bin 1000 toys are performed. As expected, the sensitivities to the observables
decreases, however the fit does successfully converge (MIGRAD returns 0 and HESSE
returns 3) for all toys, even with the six additional observables Fg and Sg;_5. Biases on
the angular observables larger than 0.1 are shaded gray. All biases seen are smaller than
0.3. The parameter Fg exhibits a bias in all bins. This is due to the asymmetric pull
distribution from the requirement Fs > 0. In addition, results of toy studies for the the
two large ¢? bins [1,6] GeV? and [15,19] GeV? are given in Tab. [17/and . In Tab. , the
toy study is performed including the acceptance in the fit, for the results in Tab. [18| event
weights were used to unfold the distribution. No large biases are seen in either case due to
the larger statistics compared to the smaller 2 GeV? bins.

The results from the toy studies for the CP-asymmetries A;, including the S-wave
component, are given in Tab. and [118] Again the toy studies for the CP-asymmetries
behave better than the toy studies for the CP-averaged observables.

6.2.10 Coverage correction

To guarantee correct coverage, even for non-Gaussian PDFs, the Feldman-Cousins
method [24] is employed. This method is a specific Neyman construction using like-
lihood ratios as ordering principle. The nuisance parameters are included using the plugin
method [25].

Technically the parameter of interest is scanned at a number of equidistant points. For
every point the likelihood ratio on data, Alog Lyas. = log £33 —log L4988 . "is determined,
where the parameter of interest is fixed at the point for log £32%  but allowed to float
for log £32% . Then Nyuys toys are thrown for the point, determining Nyoys toy likelihood
ratios Alog Ly, ; = log Etﬁiﬁd , — log ﬁng;ted ;- The confidence level of the point under
study is then given by the fraction of toys for which Alog Ly, i > Alog Lyata-

Fig. [12| shows the results for a single toy, generated with EOS as described in Sec.
with signal and background yields corresponding to the 3fb~* data sample. The observable
S5 is determined in seven bins of ¢2. For every bin, 500 toys are generated for 100
equidistant points of the observable of interest. The resulting coverage-corrected 68.3%
confidence interval is given in red. The blue line denotes the coverage from the likelihood
method, the 68.3% confidence interval from the likelihood is given by the blue vertical
line. As is apparent for bins three and seven, for certain parameter configurations the

likelihood method undercovers.

6.2.11 Fit validation on data using B’ — J/) K*Y

The angular distributions of the tree-level decay B°— J/) K*O was studied previously by
BaBar [26], Belle [27] and CDF [28] experiment. Most recently, LHCb analysed the decay
using 1fb~" of data recorded in 2011 [20]. The decay B° — Jj) K*0 is selected using the
full selection for the B®— K*9uT 1~ signal decay and requiring that the invariant mass of
the dimuon system is +60 MeV around the known J/i) mass. The parameter ncg is fixed
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Table 15: Results from pull studies on toys including S-wave constribution in bins of ¢2.
A background component is included as well. The acceptance effect is included and is
assumed to be constant over the ¢ bins. Observables that show biases larger than 0.1 are
shaded gray. Nuisance parameters are omitted.

0.1 <¢®><1.0GeV? 1.1 < ¢® <2.5GeV?
sensitivity pull mean  pull width sensitivity pull mean  pull width
S 0.036 £0.001 0.03£0.03 0.97£0.03 S7 0.069£0.002 —0.28+£0.03 0.98 +0.03
Sz 0.066 & 0.002 0.04 £0.03 0.97 £0.03 S3 0.102+0.003 —0.02+0.03 1.05+0.03
Sy 0.068 4 0.002 0.03 £0.03 0.95+0.02 Sy 0.139+0.004 —0.12+0.03 1.08+0.03
S5 0.072+£0.002 —0.07+0.03 0.92+0.03 S5 0.113+0.003 —0.13+0.03 1.03+0.03
Sg 0.083 £0.002 0.01 £0.03 1.07£0.03 Sg 0.114£0.003 —0.15+0.03 1.00 =+ 0.02

Sz 0.061 £0.002 —0.01+0.03 0.96 £ 0.03 Sz 0.116 £0.003 —0.09+£0.03 1.0140.02
Sg 0.071£0.002 —0.05+0.03 0.98=+0.03 Ss 0.133+£0.004  0.02+0.03 1.07+0.03
Sy 0.063£0.002  0.084+0.03 0.95+0.02 Sy 0.106 £0.003 —0.03+0.03 1.04+0.03
Fg 0.166+0.007  0.24+£0.03 0.89+0.02 Fs 0.216+0.009 0.20£0.03 1.0540.03

Ss1 0.093 £ 0.003 0.06 £0.03 1.01+0.03 Ss1 0.170 £0.004 —0.05+0.03 1.03+0.03

Ssa 0.091 £ 0.002 0.024+0.03 1.06+0.03 Sso  0.1394+0.004 —0.03+£0.04 1.174+0.03

Sgz 0.070+£0.002 —0.09£0.03 0.99 £0.03 Ssz 0.104+£0.002 —0.00£0.03 1.05+0.03

Sgq 0.075 4 0.002 0.024+0.03 1.03+0.03 Ssq 0.1114+£0.003 —0.03£0.04 1.14+0.03

Sgs  0.0874+0.002 —0.10£0.03 0.97 £0.02 Sgs  0.130+£0.003 —0.02+£0.03 1.11+0.03
25 < ¢® < 4.0GeV? 4.0 < ¢* < 6.0 GeV?

sensitivity pull mean  pull width sensitivity pull mean  pull width

T 0.073£0.002 —0.234+0.03 1.0540.03 S; 0.047£0.001 —0.11+£0.03 0.99 £ 0.03
Sy 0.095+0.002 —0.044+0.03 1.07+0.03 S3  0.072£0.002  0.04+0.03 0.97+0.03
Sy 0.133+£0.004  0.0940.03 1.10£0.03 Sy 0.093£0.002  0.06+0.03 1.06=+0.03

S5 0.110 £ 0.003 0.09£0.03 0.94+0.02 S5 0.095+£0.003  0.04+0.03 1.02+0.03
Sg 0.099 £0.003 —0.11+£0.03 1.0540.03 Sg 0.063£0.002  0.06+0.03 0.98+0.02
Sz 0.121£0.003 —0.024+0.04 1.0740.03 Sz 0.085+0.002 —0.01£0.03 0.9840.03

Sg 0.129£0.003 —0.11+£0.04 1.10£0.03 Ss 0.09240.002 —0.07+0.03 1.0540.03
Sy 0.101£0.003  0.04+0.03 1.0340.02 Sg  0.073£0.002  0.04£0.03 1.0240.03
Fg  0.187£0.008 0.24+£0.03 1.0340.03 Fs 0128 £0.005 0.24+0.02 0.84£0.03
Sg1 0.176 £0.005  0.044+0.03 1.05+0.03 Sg1 0.135£0.003 —0.08+0.03 1.03+0.03
Sso 0.134£0.003  0.08+0.04 1.17+0.03 Sgo 0.101 £0.003  0.06+0.04 1.15+0.03

Ssz  0.114 £ 0.003 0.04 +£0.03 1.09+0.03 Sgg 0.087£0.002  0.02+0.03 1.09£0.03
Ssq 0.115 £ 0.003 0.07+0.03 1.09+0.03 Sss 0.088£0.002  0.07£0.03 1.07+0.03
Sgs  0.132£0.003 —0.014+0.04 1.174+0.03 Sgs  0.09240.002 —0.04+0.03 1.0540.03

to 4.23, determined from a fit in the ¢? region [8.0,11.0] GeV? where the fit is more stable.
In contrast to the fit of the signal decay B — K*°u™u~, the contribution from the B?
decay B?— J/ip K*°, which is suppressed by fs/ fa|Vea/Ves|?, is modelled in the fit as well.
Its angular and mass distribution are assumed to be identical to B®— J/ip K*°, with the
mass distribution of the B? shifted by Am. As angular acceptance the parametrisation
described in Sec. is used, included in the fit as discussed in Sec. [6.2.3] Figure [L3] gives
the projections for the fit of B® — JA) K*O in the myg, mass range [795.9,995.9] MeV.
Table [19 gives the result of a full anguar fit in different bins of mg,. For comparison,
Tab. [20] gives the angular terms that were previously measured by LHCb [20]. Since
Ref. [20] gives the magnitudes of the amplitudes |Ag 1 s| and the strong phases 0 | g as
results, they are converted to the angular observables according to Eqgs. [I3] and 221 The
observables are found to be consistent with the previous measurement of B® — J/jip K*0.
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Table 16: Results from pull studies on toys including S-wave constribution in bins of ¢2.
A background component is included as well. The acceptance effect is included and is
assumed to be constant over the ¢ bins. Observables that show biases larger than 0.1 are
shaded gray. Nuisance parameters are omitted.

6.0 < > < 8.0GeV? 15.0 < ¢* < 17.0GeV?
sensitivity pull mean  pull width sensitivity pull mean  pull width
S; 0.038£0.001 —0.0440.03 0.98+0.03 S70.033+£0.001 —0.05+£0.03 0.95+0.02
S3 0.067 £0.002 —0.034+0.03 1.03+0.03 S3  0.060 £0.001 —0.17+0.03 1.02£0.03
Sy 0.074£0.002 0.11+£0.03 1.0440.03 Sy 0.065+0.002  0.07£0.03 1.04+0.03

S5 0.087 £0.002 0.07+0.03 0.94+0.03 S5 0.063+0.002 —0.00£0.03 0.9740.03
Sg 0.057 £0.001 0.11+£0.03 1.00£0.03 S¢  0.064+0.002  0.07£0.03 1.0140.03
Sz 0.073 £0.002 0.024+0.03 1.02+0.03 Sz 0.064£0.002 —0.03+0.03 0.9840.02
Ss 0.076 £ 0.002 0.104£0.03 1.05+0.03 Ss 0.065+0.002  0.06+£0.03 1.03+0.03

Sy 0.068 £0.002 —0.014+0.03 1.01£0.03 Sy 0.060 £0.001 —0.03+0.03 1.05+0.03
Fg 0.1164+0.005 0.27£0.02 0.79+0.02 Fs 0.105+0.004 0.26+0.03 0.7940.02

Ss1 0.119 £ 0.003 0.06 £0.03 1.04+0.03 Ss1 0.092£0.002 —0.04+0.03 0.99 £ 0.02
Sso 0.081£0.002 —0.06+0.04 1.11+£0.03 Sso 0.068 £0.002 —0.06+0.03 1.09 £ 0.03
Sgs  0.075 £ 0.002 0.06 0.03 1.05+0.03 Ssz 0.063+0.002 —0.06+0.03 1.0340.03
Sgs 0.075 £ 0.002 0.01£0.03 1.01+0.03 Ssa 0.077 £ 0.002 0.04+£0.03 1.01£0.03
Sgs  0.082 £ 0.002 0.014+0.03 1.08+0.03 Sgs  0.0744+0.002 —0.00+0.03 1.0440.03

17.0 < ¢* < 19.0 GeV?

sensitivity pull mean  pull width
S; 0.044 £ 0.001 0.03+£0.03 0.99 £0.03
Sz 0.091+0.002 —0.24£0.03 0.99 +0.03
Sy 0.102 4+ 0.003 0.24+£0.04 1.09+£0.03
S5 0.082 £ 0.002 0.03+£0.03 1.02+£0.03
Sg 0.085 £ 0.003 0.19+0.03 0.96 £ 0.02
Sz 0.088+£0.002 —0.01£0.03 1.03+0.03
Ss 0.088+£0.002 —0.02+£0.03 1.03+0.03
So  0.086 £ 0.002 0.01+£0.03 1.02+0.02
Fs  0.152 £ 0.006 0.24+0.03 0.93 £0.02
Sg1 0.119 4+ 0.003 0.04+£0.03 1.03£0.03
Ssa 0.099 £ 0.003 0.04+£0.04 1.13£0.03
Sss 0.087£0.002 —0.04+0.04 1.11+0.03
Ssa 0.102 £ 0.003 0.01+£0.03 1.04£0.03
Sgs  0.107£0.003 —0.06£0.03 1.06+0.03

6.2.12 Constraining the S-wave using the mg, distribution

As mentioned in Sec. [6.2.9 including the S-wave contribution results in a reduction of
sensitivity to the physically interesting P-wave observables. This is because, according to
Eq. , all P-wave parameters are scaled by the factor (1 — Fis) which is not known a priori.
Neglecting the S-wave in the fit and correcting the P-wave parameters using Fs from the
dedicated S-wave analysis which is in preparation is problematic since it partially uses the
same data distributions (mgn,, and cosfk). A possibility to circumvent these difficulties
is to include the my, projection in a simultaneous fit. Since the P-wave is peaking in
Mg, while the S-wave contribution is relatively flat this gives an additional constraint on
Fg and therefore also allows a better determination of the P-wave observables. Ref. [29]
gives details on the dependence of the decay amplitudes on mg,. To parameterize the
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Table 17: Results from pull studies on toys including S-wave constribution in bins of ¢2.
A background component is included as well. The acceptance effect is included and is
assumed to be constant over the ¢ bins. Observables that show biases larger than 0.1 are
shaded gray. Nuisance parameters are omitted.

1.0 < ¢ < 6.0GeV? 15.0 < ¢* < 19.0 GeV?

sensitivity pull mean  pull width sensitivity pull mean  pull width
S; 0.033£0.001 —0.03+0.03 1.01+0.02 S70.028 £0.001 0.01 £0.03 1.0240.02
Sz 0.0474+0.001 —0.02+0.03 1.02+0.02 S3  0.053+0.001 0.034+£0.03 1.03£0.02
Sy 0.0574+0.001 0.03 £0.03 1.00+£0.02 Si: 0.052+0.001 0.07+0.03 1.04+0.02
S5 0.056 £ 0.001 0.05£0.03 1.01£0.02 S5 0.049 £+ 0.001 0.074+£0.03 0.98 £+ 0.02
Sg 0.044 £0.001 0.08 £0.03 0.99 £0.02 S¢ 0.053 £0.001 0.00 +£0.03 1.01 £0.02
S;  0.055+£0.001 —0.06=+0.03 1.02+0.02 Sz 0.054 £0.001 —0.014+0.03 1.03 4 0.02
Ss 0.058£0.001 —0.02+0.03 1.01+£0.02 Ss 0.052+0.001 —0.034+0.03 1.0240.02

Sy 0.046 £0.001  —0.0040.03 1.00 £ 0.02 Sy 0.047£0.001 —0.03+0.03 0.99 £ 0.02
Fg 0.0734£0.002  0.07£0.03 1.00=+0.02 Fg 0.072£0.002  0.07£0.03 1.0040.02

Ss1 0.088£0.002 —0.034+0.03 0.99 £0.02 Ss1 0.075£0.002 —0.05+0.03 1.04 £0.02
Sso 0.057 £ 0.001 0.014+£0.03 1.0240.02 Sso 0.053£0.001 —0.03+0.03 1.06 £ 0.02
Sgs 0.051 £0.001 0.03+0.03 0.98 +£0.02 Ssz 0.049+£0.001 —0.02+£0.03 1.02£0.02
Sgs 0.053£0.001 —0.014+0.03 1.0240.02 Ssa 0.060 £ 0.001 0.03+£0.03 1.02+£0.02
Sgs  0.057 £0.001 0.014+0.03 1.00=+0.02 Sgs  0.060 £ 0.001 0.01+£0.03 1.04+£0.02

Table 18: Results from pull studies on toys including S-wave contribution for two large ¢?
bins using event weights. A background component is included. Observables that show
biases larger than 0.1 are shaded gray. Nuisance parameters are omitted.

1.0 < ¢*> < 6.0GeV? 15.0 < ¢* < 19.0 GeV?
sensitivity pull mean  pull width sensitivity pull mean  pull width
S 0.034 £0.001 0.06 +0.03 0.82+0.02 S?0.026 £ 0.001 0.04+0.04 1.18£0.03
Sz 0.048 +0.001 0.03+0.03 1.01 +0.02 Ss 0.052+0.001 0.06 +0.03 0.96 + 0.02
Sy 0.060 & 0.001 0.04 +£0.03 1.01 +0.02 S; 0.052+0.001 0.03+0.03 1.08 £0.02
S5 0.0544+0.001 —0.01+0.03 0.93£0.02 S5 0.055+0.001 —0.06+0.03 1.06+0.02
S 0.046 £ 0.001 0.04 +£0.03 1.00 +0.02 Sg 0.056 £0.001 0.01 +£0.04 1.22+0.03

Sz 0.055 % 0.001 0.03£0.03 0.97+0.02 Sz 0.053£0.001  0.02+0.03 1.02£0.02
S 0.058 £0.001 —0.0240.03 0.95+£0.02 Sg 0.053£0.001  0.00+0.03 1.04=£0.02

So  0.047 £ 0.001 0.05+£0.03 0.97+0.02 Sy 0.045£0.001 —0.01+0.03 0.94+0.02
Fs 0.080£0.002 —0.004+0.02 0.7440.02 Fs  0.077 £0.002 0.03+£0.03 1.09 £0.02
Sg1 0.094 £0.002 —0.024+0.03 1.0240.02 Ss1 0.073+£0.002 —0.04+0.03 1.0040.02
Sga 0.058 £0.001 0.02£0.03 1.01+0.02 Sg2  0.054 £ 0.001 0.024+£0.03 1.07£0.02
Sz 0.056 £ 0.001 0.01£0.03 1.05+0.02 Ssz 0.052 £ 0.001 0.04+0.03 1.04£0.02
Sss 0.053 £0.001 —0.04+0.03 1.00=£0.02 Ssa 0.060 £ 0.001 0.08+0.03 1.01£0.02

Sgs  0.058 £ 0.001 0.04+£0.03 1.00=+0.02 Sss  0.061 £ 0.001 0.00+£0.03 1.02+£0.02

sos My, dependence of the P-wave a Breit-Wigner distribution is used

Lp Lys
p
AP(mKﬂ') = \/p_q X B}/B (pap()vd) m_B X B}/K* (q7 q07d) Micn
1
X3 2 ) (37)

M. — My — impeL(Mpyr)

oo where p (q) denote the K** (K') momentum in the B® (K*?) rest frame, py (qo) are
sov the corresponding quantities at the resonance peak. Lp (Lg+) are the orbital angular
ss. momenta and By (By, ) the Blatt-Weisskopf functions given in Ref. [30]. For the S-wave
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Table 19: Results of the angular fit of the decay B°— J/i K** in different bins of mg,
using the full available data set corresponding to 3fb~'. The angular terms that have
been previously determined in Ref. [20] are given in Tab. [20]

My Tange in MeV/c?
parameter  [795.9,995.9]  [825.9,965.9]  [826.0,861.0]  [861.0,806.0]  [896.0,931.0]  [931.0,966.0]

Sis 0.331 £ 0.001 0.329 £ 0.001 0.326 £0.004  0.324 £0.002 0.333£0.002  0.334 +£0.003
Ss —0.000 £ 0.002 0.000 £0.002 —0.00940.006  0.000 & 0.003 0.000 £0.003  0.004 & 0.006
Sy —0.255 £0.002 —0.2554+0.002 —0.258 £ 0.007 —0.258 £0.003 —0.254 £0.003 —0.251 & 0.006
Ss —0.001 £0.002 —0.00240.002 —0.002 £ 0.007  0.000 £0.003 —0.007 £0.003  0.002 £+ 0.006
S¢ 0.000 £ 0.002 0.000 £0.002 —0.005+0.006 —0.000 % 0.003 0.001 £0.003  0.004 £ 0.005
Sz 0.001 £ 0.002 0.001 £0.002 —0.000+0.007  0.001 & 0.003 0.002 £0.003  0.002 £+ 0.006
Ss —0.053 £0.002 —0.052 £0.002 —0.064 £0.007 —0.055+0.003 —0.05140.003 —0.045 =+ 0.006
S —0.089+£0.002 —0.0894+0.002 —0.088 £+ 0.007 —0.084=£0.003 —0.094+0.003 —0.090 % 0.006
Fg 0.087 £ 0.003 0.072 £ 0.003 0.12+£0.01 0.051 £ 0.005 0.061 £0.005  0.119 4 0.009
Ss1 —0.234 £0.003 —0.233 +£0.004 —0.75+£0.01 —0.363 £0.006 —0.091 £ 0.006 0.15£0.01
Sso 0.023 £ 0.002 0.027£0.002  0.159+0.007  0.065 4 0.004 —0.006 £ 0.004 —0.091 £ 0.007
Sss 0.003 £ 0.002 0.003 £0.002 —0.004 +£0.007  0.003 & 0.003 0.004 £0.004  0.009 £ 0.006
Ssa 0.001 £ 0.002 0.001 £0.002  0.015+0.007 —0.003 & 0.003 0.000 £0.004  0.007 £ 0.006
Sss —0.068 £0.002 —0.064 £0.002  0.037 £0.008 —0.031£0.004 —0.09140.004 —0.166 £ 0.007

Table 20: Results of the full angular fit of the decay B°— J/i K*¥ in Ref. [20], translated
to the angular observables.

My, range in MeV/c?
parameter  [825.9,965.9]  [826.0,861.0]  [861.0,806.0]  [896.0,931.0]  [931.0,966.0]

53 0.321 £0.006 0321 £0.006  0.321 £0.006  0.321 £0.006  0.321 % 0.006
Sy —0.0134£0.010 —0.0134+0.010 —0.013+0.010 —0.013+0.010 —0.013 = 0.010
S, —0.250 £ 0.006 —0.250 £ 0.006 —0.250 £ 0.005 —0.250 £ 0.006 —0.250 = 0.006
Ss 0 0 0 0 0
Se 0 0 0 0 0
Sy 0 0 0 0 0
Ss —0.048 £ 0.007 —0.048 +0.007 —0.048 +0.007 —0.048 +0.007 —0.048 + 0.007
Sy 0.084£0.006  0.08440.006  0.0844+0.006  0.084+0.006  0.084 % 0.006
Fs 0.064£0.010  0.1154+0.021  0.0494£0.008  0.0524+0.011  0.105 % 0.016
Ss1 - —0.8874£0.082 —0.51440.030 —0.2164+0.044  0.035 % 0.096
Ssa - 019240018 0.1004£0.007  0.022+0.012 —0.045 £+ 0.021
Ses . 0 0 0 0
Sss . 0 0 0 0
Sss - 0.02840.023 —0.0344+0.012 —0.105+0.015 —0.176 + 0.013

so0 component the LASS parameterisation [31] is used

p Lp q LKS
As(mgx) = /pq X By, (p, po,d) <m—> X BILKS (¢, 90,d) (mkw>

B

1 2i6p 1
—_— WB 38
X(Cot53—i+6 CotéR—i)7 (38)
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s where cotdp = .-+ 37q and cotdg = (mi, — mi,)/(mw;To(mix)). Accounting for

su the mg, dependence Eq B0 integrated over the three decay angles cos 8, cosfx and ¢,
s12 becomes

1 dT+71)
d(T +T)/dg®> dmg,

9
(1~ Fs) Z 268 Al (mcr) 2

S4P
+ie {FS§FS|«4§(mK7r)|2
+ (Ss1€s1 + Ss2€s2 + Ss3€sz) R (Ag(mpr) Ap(mgr))

+ (Ssa€sa + Ss5€s5) S (Ag(mpcr) Ap(mix)))
(39)

s13 where (g); denote the angular integrals £sy; = [ €(cos 0y, cos O, @) f(s)i(cos 0, cos O, gb)dﬁ
s and the amplitudes are appropriately normalized according to

A/ mK _ AP (mKﬂ-)
T 995.9 MeV/ 2 ’
\/ 95 9 Mev/c2 |Ap(mgq) > dmgx
A/ mK _ AS (mKW)

2
\/ %955991314;37;2 | As(mcr)|2dm g
si5 In the case of flat acceptance the integrated terms g1 5 evaluate to £g1..5 = 0 such that
si6  the interference terms drop out. For the nominal acceptance these terms are of the order
si7 of a few percent and are included for completeness.
518 The simultaneous fit of the angles and the myg, projection is tested using the control
s decay BY — Jhp K*0. Table [21] gives the results of a fit of the full 3fb™! data sample in
s0 the my, mass region £100MeV around the K*° mass. Fig. [14]shows the corresponding
sz projections on the decay angles, mgxr,, and mg,. The result is in good agreement with
s22 the results in Tab. |19 where only the decay angles are used.
523 To illustrate the effect of the additional constraint on Fg on the sensitivity of the
su  P-wave observables subsets of the B? — J/i K*¥ data are fitted. These subsets consists
s of 300 events which roughly corresponds to the expected signal yield for the signal decay
25 BY — K*utp~. Since the signal fraction for the decay B® — Jip K* is fg, ~ 0.95,
s» higher than what is expected for the decay B° — K*°u*u~, the background is modeled
8 using only first order polynomials. All other PDFs are modeled in complete analogy to
0 the toys in Sec. [6.2.9] First purely angular fits are performed. The results are given in
s Tab. 22| (left). Then the fits are performed using the additional constraint from the m g,
s31  distribution in a simultaneous fit. The corresponding results in Tab. (right) show a
s much better sensitivity for Fs (by more than a factor two) and in consequence also an
s13  improved sensitivity for all P-wave parameters (by around 10% each). The constraint from
s the my, distribution also protects the fit against rare statistical fluctuations resulting in
s3  very large (unphysical) values of Fs. This is shown in Fig. |15 that shows large fluctuation
s in Fg for the purely angular fit and much better behaviour when adding the constraint
ss7 from the my, distribution.
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Table 21: Result of the simultaneous fit of the decay angles, mgx,, and mg, for the full
B — Jjhp K*° data sample.

parameter value
Sis 0.332 £+ 0.001
S3 —0.000 £ 0.002
Sy —0.251 £+ 0.002
S5 —0.001 £ 0.002
Sés 0.000 £ 0.002
Sy 0.001 £ 0.002
Sy —0.052 £ 0.002
Sy —0.086 £ 0.002
Fy 0.068 £ 0.002
Ss1 —0.231 £ 0.003
Sso 0.023 £ 0.002
Sss3 0.003 £ 0.002
Ss4 0.001 £ 0.002
Sss —0.068 £ 0.002

Table 22: Results from fitting 1000 samples of 300 B® — J/i) K** events each, using the
purely angular fit (left) and adding the constraint from a simultaneous fit of the mg;,
distribution (right). The true values for used for the pull distributions are determined
from a fit to the full data sample.

sensitivity pull mean  pull width sensitivity pull mean  pull width
S1s 0.038+0.001 —0.10£0.03 1.01£0.02 S1s 0.036 £0.001 —0.02+£0.03 1.02+0.02
S3 0.075+£0.002 —0.03+£0.03 1.03£0.02 S3 0.068+0.002 —0.03+£0.03 1.06 £ 0.02
Sy 0.092+0.002 —0.24+0.04 1.11£0.02 Sy 0.081+0.002 —0.13+£0.04 1.15+0.03

S5 0.081 £0.002 0.00£0.03 1.07+£0.02 S5 0.074 £ 0.002 0.01£0.03 1.09 £0.02
Ses 0.062 £0.001 0.01+£0.03 1.02+£0.02 Ses  0.058 £0.001 0.01+£0.03 1.02£0.02
Sz 0.077 £0.002 0.00+£0.03 1.01£0.02 Sz 0.072 £ 0.002 0.00£0.03 1.02£0.02

Ss 0.083£0.002 —0.09+0.03 1.0740.02 Ss 0.078£0.002 —0.07+0.03 1.0840.02
Sy 0.080£0.002 —0.10+0.03 1.0440.02 Sg  0.071£0.002 —0.03£0.03 1.10%0.02
Fs  0.095+£0.002  0.25£0.03 0.98£0.02 Fg 0.049+0.001 —0.29+£0.03 1.01£0.02
Ss1 0.123£0.003 —0.10+£0.03 1.0340.02 Ss1 0.121£0.003 —0.05+0.03 1.0240.02
Sgo 0.088£0.002 —0.06+0.04 1.11£0.02 Sso 0.088£0.002 —0.06+0.03 1.1040.02

Sgs 0.080 £0.002  0.0240.03 1.09 £ 0.02 Sgs 0.078 £0.002  0.02+0.03 1.09 £ 0.02
Ssa 0.080 £0.002 —0.00+0.03 1.05£0.02 Ssa 0.078 £0.002 —0.00+0.03 1.05£0.02
Sgs  0.088£0.002 —0.02+0.03 1.09 £ 0.02 Sgs  0.088£0.002 —0.02+0.03 1.08£0.02

6.2.13 Toy studies using the myg, distribution

To ensure that the fit including the simultaneous fit of the mg, distribution is unbiased
and estimates the uncertainties correctly, toy studies are performed. The settings for the
toy studies are identical to the description in Sec. [6.2.9] with the exception of the inclusion
of the simultaneous mg, fit. This results in the inclusion of one additional parameter
describing the linear parametrisation of the background in mg,. The sensitivities and
pull distributions for the CP averages S;, the CP asymmetries A; and the Pi(/) are given

44



ses  in Tab. in appendix [F] It is evident that the behaviour of the toys improves with
ss6  the inclusion of the mg, constraint. Still, for the nominal results the Feldman-Cousins
sev method [24] will be employed to ensure correct coverage.
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Figure 10: Projection of the allowed parameter range, where the PDF is positive, for differ-
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of FL with 53, Sﬁs and Sg.
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Figure 12: Feldman-Cousins results for the observable S5 using an EOS toy in seven bins
of ¢>. The Feldman-cousins confidence level is given by the black histogram. The red
vertical lines denote the 68.3% confidence interval from the Feldman-Cousins method. As
comparison the blue line gives the confidence level using the likelihood method. The blue
vertical lines give the 68.3% from the likelihood method.
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Figure 13: Fit projections of the angular fit of the decay B — J/ K*O in the m, mass
range [795.9,995.9] MeV. The slight mismodeling of the reconstructed B® mass is due to
the narrow £60 MeV/c? cut around the known J/i) mass which cuts away the radiative
tails. This however does not affect the angular observables significantly.
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6.2.14 Angular folding

In the previous publications [1,2], the number of angular observables to fit was reduced
by performing angular foldings which are discussed below. While this analysis will
be performed without angular foldings, retaining the full information of the angular
distributions, it is useful to compare the results also with results from folded fits. In the
folding method, the angular distributions are simplified by performing transformations of
the decay angles ¢, 6, or O,

¢—>$ and 0, — 0, and Ox — Of . (40)

These transformation can cancel contributions from certain observables. For example, the
angular terms Sy, S5, S7 and Sg cancel when transforming the angles as

(41)

b= ¢ if >0
T \o+m ifo<0

~

leaving only Fy,, S5, Sg and Sy in the angular distribution. The angle ¢ is defined in the
range

0<o<m. (42)

This is the angular folding chosen for Ref. [1] where, due to the low signal yield available
when analysing the 1fb™! of data taken in 2011, an angular folding was necessary to reduce
the number of observables.

There are other angular foldings that are applied to determine the remaining observables
in Ref. [2]. Firstly, the angular distribution can be transformed as

0] if ¢ >0and 6§, <m/2
. — if < 7/2 - if 0, <7/2
b= 1) ?¢<Oand9@_7r/ and 0, 0, ?Qg_ﬂ'/ (43)
T—¢ if¢>0andb,>m/2 T—0, if 6, >m/2
T+¢ if ¢ <0andf>n/2
to leave only Fp,, S3 and Sy, where
0<¢p<m and 0<bp<7m/2. (44)
The angular distribution can also be transformed as
. if ¢ > A 0 if 0, <m/2
o= ¢ %gb_() and 0, =14 " 1 esm/ (45)
—¢ if p<0 T—0, if 6, >m/2
to leave only Fy,, S3 and S5, where
0<¢<m and 0<B, <m/2. (46)
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The angular distribution can be transformed as

= _::Z szz_:g T =0, it 0> 72

to leave only Fy,, S5 and S;, where

& if —7/2<¢<m/2 .
N <
and G — {94 if 0, < 7/2

0<¢p<m and 0<b,<m/2.

Finally, it can be transformed as

o) if —7m/2<¢<m/2
b= T—¢ ifd> w/2
—r—¢ if ¢ < —7/2

A if 9, <7m/2 - if 8, < /2
t%: 9@ 1 (9@_71’/ and (91(: QK l (9@_71’/
=0, if > 7/2 m—0k if 0, > m/2

to leave only Fy,, S5 and Sg, where

0<<ﬁ<7r and O<ég<ﬂ'/2 and 0<fp <.

23

(47)
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6.3 Extracting angular observables using the method of mo-
ments

Due to the orthogonality of the spherical harmonics (and consequently the angular terms),
it is possible to extract the angular observables from a moment analysis |32} 33].
The angular distribution has the form

d“r 9

& LN S(A ) 52
T LS (52
which averaged over ¢ is
d3F 9 =
Ji() 53
L S 5@ (53

and is normalised such that

+1 4+l
/ / / / dcosé’chosel do cosOk dcostydg =1, (54)
where () = (cos Ok, cos b, ¢) and

fis(cos Ok, cos b, ) = sin? O

f3(cos O, cos ), ¢) = sin® O sin? 6; cos 2¢

( )

( )
fa(cos O, cos by, ¢) = sin 20 sin 20, cos ¢
f5(cos Ok, cos by, ) = sin 20 sin 6, cos ¢
( )
( )
( )
(

55
fos(cos Ok, cos by, @) = sin’ O cos b, (55)
fr(cos Ok, cos b, p) = sin 20 sin ; sin ¢
fs(cos O, cos b, @) = sin 20k sin 26, sin ¢
fo(cos Ok, cos ), ¢) = sin® O sin” 6, sin 2¢)
Since the angular functions are orthogonal we have:
/ﬂﬁﬁ )dQ = ady;, (56)

for i = 3...9 and where « is a normalisation constant. The mean (or expectation value)
of the f; can be used to determine the S, i.e.

ar 8 q.
M= [ S @ :{S (57)

dg? dQ) £Si=56,7 -

Note, the f; for fis, fas, fic and fs. are not orthogonal. The corresponding moments are
linear combinations of Sig, Sas, Si. and Ss., with
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My =Z@-R) (58)

under the assumption that ¢® > 4m(u)?. Re-arranging gives

5

Fi=2- M, (59)
5

S; = 7 Mse (60)
25

S = 3 Maaso (61)

In the absence of background, M; can be estimated as

1 —
(M) = % Zt: fi(€2e) (63)
where N is the number of events in the data sample. An estimate for the error can be
evaluated as a normal variance

5<Mz> = \/m Z <<Mz> - fi(ﬁe>)2 (64>

event e

6.3.1 Measurement of Sg.

In the SM, the term Sg. is vanishingly small. It only exists in the presence of large
scalar operators and is suppressed by m,/y/¢?. The method of moments can be used to
determine the Sg. coefficient. The corresponding angular term is

foe(cos O, cos ), @) = cos® Ok cosb; (65)
which appears mixed with Sgs when evaluating the raw moments,
My = 55(356. + 256, (66)
Mo, = = (S + 455.). (67
(68)

The solution to this linear system is

Sﬁc - 2(4SGC - Sﬁs)a (69>
Sﬁs = 2S6c + 3863- (7())
(71)

This allows to determine both Sg. and Sgs.
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6.3.2 Method of moments in the presence of background

In the presence of background, the moments M; in the signal mass window will be an
admixture of the moments for pure signal (M, g,) and pure background (M;pke). The
mixed moment

sigMi,sig + kagMi,bkg
Nig + Nyig

where Ny, and Np are the number of signal and background events in the signal mass
window, respectively. The yields Ny, and Ny, can be estimated from an extended unbinned
maximum likelihood fit to the K7~ p*p~ invariant mass and M, i can be estimated
from the upper mass sideband. The upper mass sideband is chosen to be m(K 7~ putpu™) >
5350 MeV/c?. It would also be possible to determine M; s by sWeighting the events.

Mi,mix =

(72)

6.3.3 Acceptance corrections of the method of moments

When including the angular acceptance, the measured moments (raw moments) are no
longer proportional to the observables S;. To correct for the acceptance, each event is

weighted according to a weight
1

We = —=S— , (73)
e(Ce, ¢2)
where €(€,, ¢?) is the efficiency function derived in Sec. . The corresponding formula to
obtain the raw moments is then

_ 1 .
M; = Ze w, Z wefZ(Qe) . (74>
The angular acceptance does not need to be treated as constant over the ¢? bin and the
full ¢> dependence can be accounted for. The absolute normalisation of the weights does
not matter, since it appears in the numerator and denominator of Eq. i.e. the weights
can be re-scaled for an arbitrary constant.
An estimate for the uncertainty on the moments can be derived from the weighted
variance

event e

Vi = e > (M- £:60) (V- £16). (75

6.3.4 Statistical uncertainty on the method of moments

The statistical uncertainty on the raw moments (and the observables) is evaluated in
data using the bootstrapping method. This method consists of obtaining an ensemble
of pseudo-experiments by Poisson fluctuating each event. This method is described in
Ref. [34]. We checked that this method gives the same uncertainty as the weighted
standard deviation (Eq. by performing toy studies. An example is shown in Fig.
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s22 for the observables Fy,, S3 and S4. Here, the bootstrapping distribution of a single toy

e23 experiment is shown. The 68% C.L. is shown for the weighted standard deviation and for

2« the bootstrapping. Excellent agreement is observed between the two. The coverage of the
statistical uncertainty has been checked with toy experiments.
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Figure 16: The bootstrapping distribution of a specific pseudo-experiment. The 68% C.L.
is indicated in red for the bootstrap and green for the weighted standard deviation.
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6.3.5 Toy studies for method of moments

Toy studies for the method of moments were performed in the same way as for the fits
for the angular observables. Signal events were generated using EOS predictions for the
different ¢? bins. Toy studies were performed in three different configurations:

e pure signal without detector acceptance;
e mixture of signal and background without detector acceptance;
e and a mixture of signal and background with detector acceptance.

The results of the pseudo-experiment studies for the latter case (signal mixed with
background and acceptance) are presented in Tab. 23| and [24] and in Appendix . These
studies are performed using the reweighing method for the acceptance and without including
any S-wave component (studies with S-wave are described in Sec. . No bias, apart
for the evident large bias in the value of Fy,, is observed. This bias, at the level of 0.5
standard deviations in the 0.1 < ¢ < 0.98 bin, comes from neglecting lepton mass terms
in the angular distribution.

6.3.6 Error dependence of number of events

As the moments are determined from a simple counting experiment, one expects the error
to scale as 1/ VN , where N is the number of events in the dataset. This behaviour has
been verified using signal only toy experiments, see Fig. 20, using signal only samples
without acceptance.
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6.3.7 Method of moments with S-wave contribution

The addition of an S-wave component to the K7~ system modifies the angular distribution
according to

d3F 3 .
ag 32 1-5) Zsz 67TZijj(Q)’ (76)

where the first sum is the sum over the P-wave angular terms and the second includes the
S-wave terms and S-P-wave interference.
This distribution is normalised such that

+1 +1 +7 d3F
/ / / ——dcosfgdcostdp =1 . (77)
-1 Jo1 Jor dQ)

Therefore, we have the additional functions
fr.(cos O, cos ), ) = sin” §;
fsg, (cos bk, cos by, ¢) = sin? 0, cos Ok
fsg,(cos Ok, cos b, ¢) = sin O sin 26, cos ¢
(
(
(

szs

fsgs(cos Ok, cos b, ¢

= gin Ok sin 0, cos ¢

cos Oy, cos by,
= sin g sin 0; sin ¢

)
)
)
)
)
)

fsgs(cos Ok, cos by, @) = sin O sin 20; sin ¢

and in order to completely solve the system we need to calculate the additional moments

(%33,4,8,9(1 — Fy)
%S&'},G,?(l - Fs)
ol 22-R)(1—-F,),i=1s
M 6 8 — 5 S )
/ / / dcosechosel agi(cos O, cos b1, ) Y3+ Fys+ Py, — FLF) , i = Fy

4
15551,52,55

(3553,54
(79)
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The system is no longer orthogonal, however the solution can easily be found

15
Fs = —(2Mp, + Mp, —2)

10Mp, + 15M;, — 18
30Mp, + 15My, — 34

Ss3.54 = 3Mg3 54

R, =

15 (80)
Ss1,52,95 = 7 Msis2.55
5
Ss6,7 = 5 567/ (1 — Fs)
25
S3489 = 3 3489/(1—Fs) .

While it is possible to solve Eq. to extract the S-wave, simulation studies have
shown that a fit of the mg, mass give a better resolution, so the method described in
Sec. [6.2.12] is used as input of the S-wave for the method of moments.

6.3.8 Toy studies including S-wave

When we include the S-wave, the raw moment for M;,, M. etc are not orthogonal to
the moments for the S-wave. However, the raw moments are still unbiased so long as
the S-wave fraction can be extracted in an unbiased way. We performed a toy studies to
demonstrate this using a wide range of values for Fg from 0.01 to 0.5. The toys have the
normal SM P-wave component with additional S-wave component added. In all cases no
biases was observed. The pulls for the raw moments are shown in Tables 25 and [26]

S5

hist
Entries 3688
Mean -0.3823
RMS  0.1338
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80
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40
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Figure 18: 68% confidence belt obtained using MC method.
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Figure 19: Pull plots of raw moments define
predictions for the P wave observables and
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s = 0.05.



oIom sjuowrodxo A0 oY,

(97°0)200 F 660 (0TT)Z00F 860  (S3'T)20°0 F 8670 Amw 0)200F 860  (19T)200F 260 (550200 F 660  (€5T)200F L60  (80°3)20°0 F 96°0 [0°61‘0°cT]

(80°0)200 F 00T (06'0)200F 860  (20'0—)z00F 00T  (F1'2)z00F 960  (€ST)200F 460  (€5°€)300F €60  (11°8)200F 960 (£2°0—)20°0 F 00T [0°81‘0°21]

(961200 F 260 (52€)300F¥60  (GLDe00F 260 (W00 FL60  (§78)200F 60  (IFT)200FL60  (LOT)Z00F 860  (L&T)20°0 F 260 (021 ‘0°01]

(8¢ 1)z00F 260 (0£T)200FL60  (680—)z00F 10T (980)500F 660  (¥50)200F 00T  (06°0)20°0 F86°0  (891)z00F 960  (£2°2)20°0 F G6°0 [0'9T ‘0°CT]

(68°0)200F 860  (FTa)c00F 960  ($72)c00F S60  (1G8)00F 60  (PLT)G00F 960 (6T T)300F 860 (3¢ T)200F 460  (380—)20°0 F c0'T 0802l

(62'2)z00F 960 (092)200F 60 (8L°0)200F 860 (€60—)200 F 10T (21°0—)200 F 00T (61°0)200F 00T (0£°€)200 F¥6°0 (G2 T)20°0 F 260 [0°2°09]

(901)200F 860 (Lz0)200F 660  (S€T)20°0F L6°0 aeg.o F660 (970-)200F 10T (L6T)300F 960 (STT—)200F 20T  (¥62)20°0 F 760 [09°°¢]

(L9200 F 260 (eF1e00FL60  (89°0)200F 660  (052)200F 60  (190-)z00F 10T LTT00F 860 (0TI T)300F 860  (55°0—)30°0 F 10°T [0co7]

(€20—)200F 00T (Z1'0—)z00F 00T  (6£0)300F 660  (980)200 F 660 (€€0—)200 F 10T (F&'0)200 F 660 (650200 F 660  (0£°0—)20°0 F 10T 0F0¢]
(€6°0)Z00FI0T  (L&T)200F 960 (8¢ T)Z00F L60  (88°2)c00F 660 (08°0)200F 860 (1L T)200F 460 (1P 1200 F L6'0  (L£2)30°0 F S6°0 oe‘oal
(600—)c00F 00T (29T)e00F .60 (¥G0)200F 660  (65°0)200F 660  (82°0—)200F 20T (95°0)c00F 660 (1€0—)z00F 10T (¥2°¢)30°0 F 6670 [0z‘1TT]
(L8€)500F €60 (8€°0)200F 660  (S2T)e00F L60  (720)s00F 00T (S T)g00 FL60  (192)300 F G660 (991)500 F L6'0  (01°0—)g0°0 F 00T [86°0T°0]

b 8 5 %G s 'S &S 7 (2/00D) b

“A)TUN WOIJ UOTYRIASD ST} JO 9OURIHIUSIS 91} 90U 9M SPOYDRI( U] "PIPNOUI dABM-G PUR PUNOISYORQ M POjRIoUSS

D JO suiq ur sjuewowr mel oYy 10 uonnquusip [md oY) Jo YIp oY) I0J SINSY 97 O[qR],

(91°0-)70°0 F10°0— (ST0—-)F0°0 F10°0—  (68°0)F0°0 F 70°0 (er0)y00F200  (IF0—-)P00F200— (02 T)F0°0 F S0°0 (6LT)¥0°0 F L0°0 (€€°0)70°0 F 100 [0°61 ‘0°81]
(O T=)P00F 900—  (96°0)70°0 F €00 (€00)700F 000  (€0T=)P00FF00— (Lo 0)FOOF 100 (80 T—)P00 FF0'0— (S50—)70°0 F 00— (61°0—)F0°0F 10°0— (081 0°21]
(1G°0-)700 F 00— (697 1—)€0°0 F900— (9T°0—)F0°0F 100~ (3T°0=)F0°0F 000~ (90°0—)70°0 F 000~ (0£°0—)70°0 F 100~ (L9°0=)F00F €00~  (06'0)¥0°0 F ¥0°0 [0°210°91]
(05 T=)700 F 900~ (S T=)F00F 900—  (90°0)F00F 000  (120—)F00 F100—  (9F°0)C00F 00  (ITe—)F00 F80°0— (98°0-)F0°0 F 00—  (6¥°0)70°0 F 200 (09T ‘0¢T]
(66:0—)F00 F 00—  (S50)¥0°0 F 200 (9€°0)70°0 F 100 (602700 F 200 (38°0—)70°0F €0°0— (0 0—)FO0F 00—  (F6°0)F0°0 F #0°0 (08°0)¥0°0 F £0°0 0802l
(6£°0)70°0 F 200 (1€0)700F 100  (6£T-)700F S00—  (]8°0)F00F €00  (SGT—-)F00F 900— (61 T—)F00F S00— (09 T)F00F 200  (S0°0—)¥0°0 F 00°0— [0°209]
(95°0)700F 200  (F0'0—)¥0°0 F000— (17°0—)¥0°0 F20'0— (260—)¥0°0 F 20 0— (98°0—)¥0°0 F 00— Q% 0—)700 F 00—  (69°0)70°0F €00 (GE0—)P00 F 10°0— 09 o ql
(860)700 F¥00  (ST0=)P00F 100~ (0¢°0=)F00F200—  (£1°0)€0°0 F 00°0 (08°0)200 F 700 (60°0=)F0°0F 000—  (PL0O)FO0OF €00 (82 1—)P0°0 F G0°0— [0g‘o7]
(0L0=)700F €00~ (S20—)P00F 100— (@ DF0O0FS00  (660=)F00F 100~ (LT0—-)F00F 100~ (€€0—)700 F 100~ (660=)70°0F ¥0°0— (06" T—)¥00 F L0°0— 0¥ o ¢]
(0L0)700F €00 (650-)700F 200~ (0L T-)F00F900—  (FST)FOOF 900  (8€G—)F0°0 F 60°0— aw 1)¥0°0 F 90°0 (620)700F 100 (080—)F0°0 F T0°0— [0¢‘0dl
(81000 F 100 (82 1—)P00F L00— (61c—)F00F800—  (S1'DF0°0F S0°0 (00'T)¥0°0 F 100 (70°2)¥0°0 F 80°0 (19°0)700F 200  (S0T—)F0°0 F F0'0— [0g1TT]
(@10=)700F 000~ FLI-)F00FF00— (FL0-)F00F 00—  (S80)¥70°0F €0°0 (#5°0)70°0 F 300 (£ DF0°0 F 900 (T10°0)70°0 F 000 (S6:01—)¥0°0 F 8F0— [86°01°0]
b5 89 g 99 g s £g o (42/020)

oIom syuowLrddxo A0y oY J,

"0I9Z WO} UOIYRIASD 9Y} JO

9OURDYIUSIS 9} 90U oM SJ9)ORI( U] "Popnoul
b Jo suiq ur sjuewowr mel oYy 10§ uorNLUISIp [nd oY) JO UROW oY) 10§ SHNSIY 6T O[R],

OARM-G PUR PUNOISYOR(Y M POIRIDUDS

64



Table 27: Pull distribution for Fy extracted with the m (K7 ~) mass fit. The toy study has
been done including a linear background with parameters taken from data. Toy studyes
are here reported for Fg = 0.1.

7 (GeV?/ch) mean sigma
[0.1,0.98] 0.038 £0.029 0.918 +0.021
[1.1, 2.0] —0.024 £0.031 0.998 + 0.022
[2.0, 3.0] —0.025 £ 0.029 0.942 £+ 0.021
[3.0,4.0] —0.069 +£0.030 0.971 + 0.022
[4.0,5.0] 0.062 £ 0.030 0.955 4 0.021
[5.0,6.0] 0.081 £0.032 0.992 4 0.022
[6.0,7.0] —0.031+0.031 0.992 + 0.022
[7.0,8.0] —0.054+0.030 0.962 + 0.021
[11.0, 11.75] 0.002 +0.030 0.947 4+ 0.021
[11.75,12.50] —0.027 £0.031 0.979 + 0.022
[15.0,16.0] 0.011£0.029 0.933 +0.021
[16.0,17.0] 0.02 +0.029 0.929 £ 0.020
[17.0,18.0] —0.054 £0.030 0.962 + 0.021
[18.0,19.0] —0.075+£0.030 0.964 £ 0.021

664 In data F fraction will be determined from a fit to mg, mass spectrum with the same

s method as the likelihood fit. The method is described in Sec. [6.2.12] We performed a
ss toy study to check if the method is stable in 1 GeV?/c* ¢® bins. The mg, distribution
e7 is generated with a linear background (with parameters taken from data). The results
sse  Of the pulls are shown in Tab. 27| for Fig = 0.1. As can be seen no bias is observed. We
0 Observed a small overestimation of the error, however this has negligible effect on the
s0  P-wave observables.

en 6.3.9 Method of moments applied to B’ — J/i K*°

e In order to check our method with data, we use the decay B — J/i) K** as a control
s channel. In additional to preselection cuts described in |13] we required that the dimuon
s mass to be within 60 MeV/c? around the J/i nominal invariant mass. The measured
e angular observables are presented in Tab. 28 In general we observe agreement in the
e P-wave angular observables between these measurements and the angular parameters
er  determined in Ref. [20], small discrepancies are negligible with respect to the expected
ers statistical uncertainty in the B® — K*°u* = decay.

o9 6.3.10 Measuring asymmetries with the method of moments

e0 The method described here is also used to measure the CP-asymmetries (the A;). These
ss1 observables are defined as the asymmetries of the corresponding J; for B® and B, nor-

65



682

683

684

685

686

687

688

689

690

691

692

6

©
[

Table 28: Results of the angular fit of the decay B — J/ip K** in different bins of m(K*7™),
using the full available data set corresponding to 3fb~'. The angular terms that have
been previously determined in Ref. [20] are given in Tab. [20]

My Tange in MeV/c?
parameter  [795.9,995.9]  [825.9,965.9]  [826.0,861.0]  [861.0,806.0]  [896.0,931.0]  [931.0,966.0]

I, 0.558 £0.003  0.558 £0.003 0.566 £ 0.006 0.561 £0.004  0.5494+0.004  0.562 % 0.005
Ss 0.000 £ 0.002 0.001 £0.002 —0.006 £ 0.006 0.000 £0.004  0.001+£0.003  0.004 & 0.006
Sa —0.280 £ 0.003 —0.282+£0.004 —0.278£0.007 —0.288+0.005 —0.279+0.004 —0.275=+0.006
S5 —0.002+£0.003 —0.002 & 0.003 —0.004 £ 0.007  0.000 £0.005 —0.006 +£0.003  0.003 & 0.006
S 0.001 £0.003  0.002 £0.003 —0.004 £ 0.008 0.001 £0.003  0.003+£0.004  0.003 & 0.005
Sz 0.001 £0.003  0.001 £0.003 —0.003+0.007  0.001 £0.004  0.001 £0.004  0.007 £ 0.006
Ss —0.053+£0.003 —0.054 +£0.003 —0.072£0.008 —0.058 £0.004 —0.05140.004 —0.047 % 0.006
Sy —0.089+£0.003 —0.0884+0.004 —0.089 £ 0.008 —0.086+0.004 —0.091=40.004 —0.086 % 0.006
Fg 0.080 £0.004  0.068 £0.003 0.10 £0.012 0.053£0.006  0.061 &+ 0.005 0.108 £ 0.009
Ss1 —0.240 £0.004 —0.245 £ 0.004 —0.70£0.01 —0.387+0.007 —0.109+0.006  0.160 £ 0.010
Sso 0.003 £0.003  0.007 £0.003 0.140 £ 0.008 0.045£0.004 —0.028+£0.004 —0.108 & 0.006
Sss 0.004 £0.003  0.004 £0.003 —0.005+0.007  0.0034+0.003  0.004 £ 0.003  0.012 £ 0.006
Ssa 0.001 £0.003  0.001 £0.003 0.014 £0.008 —0.003+£0.003  0.000+0.004  0.005 % 0.006
Sss —0.065+0.003 —0.061 4 0.003 0.040 £0.008 —0.027+£0.004 —0.09140.004 —0.157 £ 0.007

malised with respect to the total width I'i,; as defined in Eq. . In order to measure these
observables, B° candidates (only) are multiplied by a factor —1 for the angular terms
fi=4..90 when determining the moments.

6.3.11 Determination of F5 using BW phase shift

The value of Fg obtained from the mass fit can be cross-checked using the method described
in Ref [17]. This method exploits the phase change of Ay between the left- and right-hand
side of the Breit-Wigner and its interference with the S-wave. Assuming Re(A)) and
Im(.A9) to be constant (or slowly varying) in +100 MeV mass window, then Fg can be
written as a function of the fx forward-backward asymmetry (Ss1). Defining Sg, and Sd;
as the value of the moment Sg; respectively at the left and the right of the Breit-Wigner
pole, we can write Fy as

3.24
(S + S51)%/16 + (S&; — Sg1)?/(16 x 1.23)]—
_ 3F,
Fs = 3.21 (81)
1—[(Sd; + S51)2/16 + (S&; — Sg1)/(16 % 123)]3?
L
Applying this procedure to the B®— J/i K** dataset, yields
St = —0.046 = 0.006 | (82)
51 = —0.506 = 0.006 (83)
(84)
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and
Fg = 0.060 £+ 0.003 (85)

The result is consistent with the one obtained using the procedure described in Sec. [6.3.7]

6.3.12 Expected difference between the likelihood fit and the method of mo-
ments

The method of moments estimator is strongly, but not completely, correlated to the
maximum likelihood estimator. This correlation between the two estimators was studied
using the E0OS SM toy MC. Example scatter plots for S5 and Fj, in one ¢* bin are given in
Fig. 21l Whilst the distributions are strongly correlated the spread of the data points is
larger than one might naively expect (approximately 50% of the statistical uncertainty).
This effect is mainly statistical is largely independent on the level of background and on
the acceptance.

Small differences between the two estimators are also seen in the data. For a global
comparison, we calculate the difference between the two estimates of each observable in
every ¢° bin, then divide it by the expected difference from toy MC. The result is shown
in Fig. 22 The resulting distribution is consistent with having a mean of zero and a width
of one, i.e. the moments/likelihood fit are consistent with each other when accounting for
the expected differences between the two methods.

6.3.13 Determination of the P, observables with the MoM

The less form factor dependent observables (F;) are related to the measured observables
via relations defined in Sec As can be seen in the denominator in all the equations
a factor of 1 — F, appears. If F}, is sufficiently large the normal error propagation does
not work as the first derivative in the Taylor expansion is insufficient to describe the
transformation. Due to this we used bootstrap technique to determine the appropriate
intervals using quantiles. For each of the P; bootstrap distribution a interval from —oo
to P™™ is constructed in a way that it contains 16 % of events. In the same manner the
interval (P c0) is constructed. The error that will be quoted is simply (P, Pmar),
We decided to use this method as the quantiles are invariant under PDF re-parametrization.
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Figure 20: 68.3% belt on measured Fg, FL689 ;. Error is propagated using MC method.
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6.4 Fitting for the K*' amplitudes
6.4.1 Introduction

The main goal of this method is to perform a measurement of the ¢ dependent K** spin
amplitudes using a three-coefficient ansatz per real amplitude component. In princple, the
values of these coefficients as well as their correlations can be provided. Theorists can
then be able to construct observables of their choice out of these amplitude coefficients
and compare to their predictions. In reality, as will be discussed in Sec. the best fit
point of the fit to the 3 fb~! data results in multiple closely separated minima. These
multiple solutions make the approximation of the likelihood surface using an error matrix
invalid and therefore will require a more sophisticated treatment.

One of the main benefits for fitting for the ¢* dependent K** spin amplitudes is that
we make use of all the possible relations between the angular coefficients (.J;) thus reducing
the number of degrees of freedom we extract. In addition, the angular distribution remains
positive definite for any amplitude value and there are consequently no boundary issues.
Finally, the fact that the amplitudes are extracted continuously in ¢ can increase the
sensitivity to the effects of physics beyond the SM. This is because new physics can change
the ¢? dependence of the angular observables. This ¢?> dependence also means that the
zero-crossing point of observables can be analytically extracted.

The S-wave amplitude components are included in the signal angular pdf as will be
discussed below. However the S-wave amplitude components will be treated as nuisance
parameters and not parameters of interest. That means that it will be made clear to
theorists that they will need to marginalise over these when performing their studies.

6.4.2 Infinitesimal symmetries of the angular distribution

As discussed in Sec. the angular distribution of the decay can be described by eleven
parameters J; (J;) for each BY flavour. These J; (.J;) are made up of bilinear combinations
of the K*° spin amplitudes and represent the “experimental” degrees of freedom. Then the
experimental degrees of freedom should match the number of real amplitude components
which represent the “theoretical” degrees of freedom. Another way of saying this is that
the amount of independent information that one can extract from the angular distribution
should be independent of whether one parametrises the distribution using the angular
coefficients or the spin amplitudes. Just like the case of the B® — Jjp K** analysis of
Ref. |20], where the amplitudes could only be obtained up to a global phase rotation of all
the amplitudes, there are continuous symmetry transformations of the amplitudes that
leave the decay rate invariant. In order for the degrees of freedom to match we require

nj — Ng = Ng — N, (86)

where n; is the number of J; terms, n; the number of relations between the J;, n, is
the number of real amplitude components and n, is a number of continuous symmetry
transformations of the amplitudes that leave the decay rate invariant. In contrast to
the B® — J/i K*° analysis of Ref. [20], we now have both Left- and Right-handed spin
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amplitudes which can introduce additional symmetries under certain conditions. In
particular, in the massless limit (¢* > 4m(u)?), and ignoring scalar contributions to the
dimuon system, there are four continuous symmetry transformations of the amplitudes
(ns = 4) that leave each of the J; and therefore the decay rate invariant [35]. More on the
continuous symmetry transformation can be found in Appendix

The existence of these symmetries means that a likelihood function including all twelve
real amplitude components, would therefore exhibit a “valley” of continuous maxima in
amplitude space, rendering minimisation techniques for the determination of the amplitude
components from data impossible. The symmetries of the angular distribution allow for
the transformation of the amplitudes to a particular basis where four of the amplitude
components are fixed to some arbitrary value at every point in ¢>. The choice of the
basis, referred to as “basis-fixing”, is exactly what lifts the degeneracy. This basis-fixing
has two requirements: firstly that values for transformation exists for every point in ¢?,
and secondly the amplitudes in this transformed basis are slowly varying in ¢ such that
they can be described by a simple functional form. This second requirement restricts
the ¢ range where the amplitudes can be extracted. The presence of potential light
resonances below ~ 1 GeV?/¢? and of ¢ resonances above 8 GeV?/¢* motivates the use of
the resonance-free and theoretically preferred region of 1 < ¢? < 6 GeV?/c*.

A previous study described in [35] used the following basis-fixing,

Re(Af) = Im(A[) = Im(Af) = Im(Af) = 0. (87)

This basis however suffers from a discontinuity in Re(A}) at ¢*> ~ 2 GeV¥¢*. In Ref. [35),
the problems caused by this discontinuity where avoided by ignoring the ¢? region below
2.5 GeV?/c*. This is clearly highly undesirable. For the present analysis a better basis-fixing

was devised,
Re(AY) = Im(AF) = Im(Af) = Im(AT) = 0. (88)

The amplitudes in the improved fixed-basis exhibit a smooth behaviour in ¢ both in the
SM as well as in a range of new physics models, including ones discussed in [35]. Figure
shows the effect of the improved basis-fixing for SM amplitudes calculated using the EOS
package [16].

6.4.3 Exact discrete symmetries

In addition to the continuous transformations of the amplitudes that leave the angular
distribution invariant, there are is also the discrete symmetry transformation, A; — —A;,
that leaves the angular distribution invariant, even after the basis-fixing transformation
has been applied. This symmetry can be seen simply by inspecting Eq. and noting
that even after the conditions of Eq. have been applied, all angular observables are
still constructed out of products of spin-amplitudes in the fixed-basis. Note that in the
SM, the statistical precision of the amplitudes means that this discrete symmetry can
be broken by requiring Re(A%) < 0 at any ¢ value for the left-handed amplitudes, and
Re(A%) > 0 at ¢*> = 2.0 GeV?/ ¢! for the right-handed amplitudes.
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6.4.4 Accidental discrete symmetries

The limited amount of signal candidates available in experiment data, can also give rise
to approximate symmetries under discrete transformations of the amplitudes. The exact
form of these approximate symmetries can depend on the basis-fixing transformations
discussed in Sec. [6.4.2] Given the basis-fixing condition of Eq. 88| a clear example occurs
in the transformed basis of the SM, where the lack of right handed currents can give rise
to an approximate symmetry under the transformation

A — —Af
i
Al — -5 (89)

The effect of this accidental approximate symmetry can be demonstrated by generating
samples based on the SM and in a model with large right handed Wilson coefficients, with
a size equivalent to that of the LHCb Run-I dataset. Figure [23| shows the effect of the
discrete transformation of Eq. |89 cos 8y, both in the SM and in a model with large right
handed currents. It is clear that the aforementioned transformation is an approximate
discrete symmetry of the angular distribution in the SM and models with no right handed
currents.

Events/ (0.08)
Events/ (0.08)

ot
-1 -0.5 0 0.5 1

Figure 23: Demonstration of the effect of the transformation of Eq. in the SM (left) and in
a model with large right handed Wilson Coefficients (right). The amount of data corresponds
to the expected number of B® — K*°u* 1~ candidates in LHCb’s Run-I dataset. The blue line
denotes the model that the data is generated from. The right line denotes the model with the
aforementioned transformation applied. The difference in x? of the two curves with respect to
the data are 0.01 for the SM and 0.1 for the model with right handed currents.

An additional approximate discrete symmetry exists under the transformation of the
right handed amplitudes in the transformed basis

Al & —AL. (90)
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As for the left-handed amplitudes, the transformation of Eq. is an approximate
discrete symmetry of the angular distribution only in the SM and in other models with no
right-handed currents.

6.4.5 Parameterised amplitudes

The second ingredient in performing a ¢ dependent fit to extract the K*° spin amplitudes
is the choice of the ¢ parametrisation of the amplitudes in the transformed basis. A three
parameter ansatz of the form

APE = a4 BERP 41 g (91)
for both real and imaginary amplitude parameters is chosen. No attempt is made to
interpret these a, # and ~ coefficients in terms of short- or long-distance parameters. The
choice of this ansatz is justified by fitting the transformed spin amplitudes, as provided by
EOS in the SM as well as numerous physics models, using the parametrisation described
above. Figure [24] shows the result of this fit. It is clear that this ansatz is a reasonable
choice and any bias coming from this choice will be dwarfed by the statistical uncertainty
of our current data sample.

The basis-fixing reduces the number of amplitude components that need to be deter-
mined to eight per BY flavour. Considering that each such component is described by three
parameters to account for the ¢ dependence, in total there are twenty-four amplitude
parameters per B° flavour that need to be extracted. This parameter counting ignores
any S-wave amplitudes. Such amplitudes are discused further in Sec. Alternatively,
one can make the model dependent assumption that the only weak phases present in the
amplitudes come from the CKM matrix elements, which are negligibly small. This assump-
tion leads to the B® and B® amplitudes being identical. Accounting for the experimental
angular convention of the decay rate described in Sec. [6.1.2], the decay distribution of
both the BY and B° decays can be described using a single set of amplitude parameters.
The approaches with separate and identical B® and B° amplitude parameters are both
discussed below.

6.4.6 S-wave contribution

Previous studies have discussed both the potential size as well as the impact of the S-wave
contribution in the angular analysis of B® — K*Ou*u~ decays [36-39]. In particular, it
has been shown that with 3 fb~' of LHCb data, ignoring the S-wave contribution can
have a significant effect on some angular observables. It is therefore critical that the ¢?
dependent S-wave amplitude components are also accounted for in the fit to the angular
distribution of B®— K*%u*u~ decays.

The S-wave amplitudes are included in the angular distribution of the signal by default
based on Eq. 21| and are treated as nuisance parameters. The K7~ mass range considered
corresponds to 100 MeV/c? around the K*°(892) pole mass. The mpg, dependence is
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Figure 24: Distribution of transformed SM amplitudes and their fit to the ¢? depen-
dent ansatz. Only the non-zero amplitude components in the transformed basis are shown.
ccpraa :A”,“tr”:AJ_,“zr” :AO’ “ZZI'”:AQO.

accounted for by modifying each J; term in Eq. [21] by
Jij = AiA; — AjA] /gi(mKﬂ>g; (Mgcr)dmigcr, (92)

where g;(mg,) represents the my, line-shape of either a P-wave or an S-wave amplitude.

For the fit to actual data, the K*°(892) is modelled using a relativistic Breit-Wigner
with a running width, including phase space and Blatt-Weiskopff factors both for the
breakup of the K system and the decay of the B, as shown in Eq. . For the S-wave,
two models are considered. The default model used is the LASS parametrisation, as
described in Eqn. |38 The Isobar model is used as a systematic variation, including
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Table 29: Table summarising the various integrals of the S and P wave line shapes that
are used both in the generation of the toys and in the fit for the amplitudes

Term Value Toys Isobar LASS
996
/ |grceo|dm 0.70 0.87 0.87
Js6
/ | 95— wave|*dM gcx 0.16 0.10 0.08
538
/ 05—wave§ -odmpx  0.19—0.2i —0.12+0.16; 0.09 — 0.11i
796

relativistic Breit-Wigners with running widths, for the x(600) and the K(1430) with
mass and width parameters as given in Ref. [40]. The relative phase and magnitude these
two S-wave resonances is set to 0.51e*127, as obtained from a fit to the mg, spectrum of
B — J/hp K*Y data in the region of 644 < my, < 1200 MeV/c?.

For both the nominal and systematically varied models, the integrals
fgi(mK,r)g;(mK,r)de,r are computed 100 MeV around the K*°(892) pole mass, and
their values are insterted into the angular distribution. The values of these integrals are
summarised in Tab. 29

6.4.7 The S-wave in the simulation studies

The ¢* dependence of the S-wave amplitudes used in the generation of the simulated events
are calculated following Ref. [41]. Given the lack of form factor predictions for the S-wave,
in the simulations studies, only the x£(600) is considered to contribute to the S-wave in
the K"m~ mass range considered. This means that for the simulations studies only the
line-shape of the x is considered to contribute to the S-wave g;(mg,) of Eq. [02] The
line-shape of both the x(600) and the K*°(892), are taken as relativistic Breit-Wigner
distributions with mass and width parameters as given in Ref. [40]. The form-factor of the
£(600) is taken from Ref. [42]. The values of the corresponding [ g;(mix)g;(Mux)dmix
are shown in Tab.[29] The resulting value of Fi as a function of ¢? in the SM is shown in
Fig. [25] Using this simplistic approach, the predicted value of Fg is approximately < 10%
which is similar to the values obtained using a more sophisticated treatment such as that
of Refs. [3738].

Given the size of the data sample in hand and the fact that the S-wave fraction is
expected to be small (O(10%)), one can approximate the ¢> dependence of the S-wave
amplitudes to be flat in ¢2. This is a good approximation since the ¢? shape of the S-wave
amplitude is expected to be the same as that of AOL’R which approximately flat in the
region 1 < ¢ < 6 GeV?/c™.
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Figure 25: Estimate of the S-wave fraction Fg in the SM as a function of ¢? using the simplistic
approach as described in the text.

6.4.8 Extracting the amplitudes

The stability and sensitivity of a fit for the ¢? dependent amplitudes is determined using
simulated data with sample sizes equivalent to those expected at LHCb with 3 fb™!.
The angular distribution of the signal is described using Eq. [13| where the ¢? dependent
amplitudes are again calculated using the EOS package for both the SM and new physics
models. Similar to the method of fitting the observables directly, the angular distribution of
the background is described by a product of three Chebyshev polynomials of second order.
An additional first order Chebyshev polynomial is used to describe the ¢> dependence. The
B° mass line-shape of the signal and background candidates is described using functional
forms discussed in Sec. |} Equation 93| shows the total background model.

45T [Bkg]
dcos,dcos O dpdg?dmp

= f(cosfy) x g(cosOr) x h(¢) x U(¢*) x k(mp), (93)

where f, g, h, | are polynomials and k are the B® and B° mass line-shapes. The effects
that the trigger, reconstruction and selection criteria have on the angular distribution of
the signal, are accounted for by multiplying the angular distribution of the signal by the
four dimensional (unfactorised) acceptance correction discussed in Sec. [8] Writing this
explicitly we have:

d°T[Sig] _ d°T'[Sig]
dcosfydcosOx dpdg?dmp  dcosbydcosyx dpdg2dmp

x €(cos b, cos O, §,q°), (94)

where €(cos by, cos Ok, ¢, q*) denotes the efficiency to trigger, reconstruct and select a
B — K*u*pu~ decay.
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898 For each simulated dataset, the amplitude coefficients «, § and v (see Eq. are
g0 determined using an extended maximum likelihood fit. The probability distribution
o0 functions for the signal and background, Psig(pie), are formed from the decay rate functions

o1 of Eq.[94] where the signal amplitudes are written in terms of the three-parameter ansatz
o2 of Eq.[01] The likelihood function used is shown in Eq. [05]

Npat
—logL = Z —log[Nsig (), B8, 7;) Psig(cos 0y, cos O, &, %o, B, ;) +

Niig Paig(cos 0y, cos Ok, ¢, ¢%)] +

—Npag 10g[Nsig (v, B5,7;) + Nekg] + [Nsig(j, 85,7;) + Nekel,  (95)

03 where Np, is the total number of events in the dataset, Ny, is a parameter in the fit
s+ that gives the number of background events, and Ng;s(a;, 8;,7;) is the number of signal
ws events written in terms of the integrated signal decay rate:

N 1 1 pm p6GeVZ/ct d4F[SIg]
Ngio (o, B, 7)) = —2 d cos 6, d cos O do dg?
sie(@5, 55, 73) qux/_l/_l/_ﬂ/leevz/c4 dcos8ydcosb dodg? cos b d cos Oy dp dg’,
(96)

s where Ag? =5 GeV?c? representing the size of the ¢* range considered and Ny;,/Ag? is
o7 just a constant scaling which for simplicitly is chosen to be related to the expected number
o0s of signal events in 3 fb™! of data multiplied by the ¢? interval in question.

909 The last term of Eq. 95 denotes the extended term in the likelihood where the signal
s yield is explicitely related to the integral of the angular distribution of the signal. This
o term is what sets the overall scale of the amplituded]

a2 6.4.9 Validation of amplitude fits using EOS toys

oz An ensemble of 10* simulated data sets is generated containing signal and background
aa events as described in Sec. [6.4.8] A maximum likelihood fit is performed to each of the
as data sets, to extract the ¢ dependent P- and S-wave spin amplitudes. Therefore at a
a6 given value of g2, 10* determinations of each amplitude and thus of each angular observable
a7 are performed. The starting point for each fit is randomised, such that the amplitude
ais  coeflicients are fluctuated around their SM values, according to a Gaussian distribution
ae centred at their SM values with a width of 300 times the SM value. The fits exhibit a
w0 very stable behaviour, with > 97% converging succesfully with a positive definite error

4One could in principle set the overall scale of the amplitudes by fixing a component to a value such as
unity, as the normalisation of the angular distribution to convert into a probability density function allows
to cancel the dependence to a single component, or equivalently reparametrise all amplitude coefficients
relative to a particular one. However practically this does not work as well as having an explicit extended
term to set the scale, due to the large correlations between the «,  and ~ coefficients of each of the
amplitudes.
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matrix. The remaining 3% of the fits succesfully converge if a different random starting
value is chosen.

Originally the plan was to fit for B® and B° amplitudes separately, which would allow
for the simultaneous extraction of both the CP averaged and CP-asymmetric observables
S; and A;. the limited signal candidates expected in 3 b~ however would not guarantee
a correct statistical coverage. The analysis therefore is de-scoped and the assumption
that B® and B® amplitudes are the same, which it turn means that all weak-phases are
assumed to be negligible (ie only effectively only considering real Wilson coefficients).

6.4.10 Fits to combined B° and B° decays

Assuming B° and B° amplitudes are the same, there are 8 real amplitude P-wave compo-
nents each of which is parametrised using the a, 8, v ansatz. In addition there are 4 real
amplitude S-wave components, each parametrised as a constant in ¢2. This gives a total
of 8 x 3+ 4 x 1 = 28 signal parameters. In what follows, amplitudes obtained from
fits to combined B° and B° decays assuming no weak-phases, will be referred
to as B” amplitudes. In addition there are 7 Chebyshev coefficients used to describe the
angular and ¢ dependence of the background. These background parameters are common
between B? and B°. Finally the B° mass shape parameters are fixed in the fits to the
toy data to the values obtained from fits to BY — J/) K** accounting for the correction to
the resolution of the lineshpae due to the ¢ dependence of the resolution. A correction
factor of 0.995, constantin the ¢ range between 1.1 and 6 GeV?/c! is used. This value is
obtained by inspecting Fig. [5]

The results of the fits for the ¢ dependent B° amplitudes are shown in Fig. A clear
degeneracy is observed under reflections about the x-axis. This is effect is a consequence
of the discrete symmetry A; — —A; as discussed in Sec. [6.4.3] When making plots of the
amplitudes resulting from an ensemble of toys, the median and mean of the distribution of
the toys would be zero for every point in ¢? due to this symmetry. Therefore in order to
be able to make sensible comparisons in the plots, the degeneracy is broken by requiring
the Re(A}) < 0 and Re(A%¢) < 0 at ¢* = 2.6 GeV?/c™.

The resulting angular observables, as defined in Secs [6.1.2| and [6.1.4] from fits to toy
data are shown in Fig. By looking at the point where 34% and 47.5% of results lie
within either side of the most likely value of the ensembles at a given ¢ point (peak
position), asymmetric 1 o and 2 o errors can be computed. Connecting these at different
q? values gives us the 1 ¢ and 2 ¢ bands for the experimental errors on the observable.
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Figure 26: Two dimensional histograms of the amplitudes as a function of ¢? resulting from 10%
fits to generated signal and background toy data as described in the text. A discrete symmetry
of reflections about zero is observed due to the fact that the J; terms are bilinear coefficients of
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Figure 27: Resulting CP averaged observables as functions of ¢? from simulataneous fits to B°
and B? amplitudes in ensembles of simulated data generated according to the SM with.
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A bias at the level of 0.50 is apparent in some observables, most notably Sy, S, and
Sae. All of these observables contain the amplitude Re(Aﬁ ). For example the Sy observable
is related to J; which in turn can be written in terms of the amplitudes in the fixed-basis
as Jy = Re(Aﬁ)Re(AOL). As such it is instructive to look for potential biases in Aﬁ and
AL, Fig. [28/ shows the peak position, 1 and 2 o bands of these two amplitudes resulting
from the ensemble of fits to the simulated data. It is evident that the bias in Sy is arising
from the bias in Af.

The main reason behind this bias arises from an accidental approximate discrete
symmetry of Eq. as discussed in Sec. [6.4.4 This accidental symmetry is most evident in
models where the right handed Wilson Coefficients are zero, such as the SM. A systematic
uncertainty given by the difference between the peak position of the ensemble fits and the
true value derived from the SM, is a conservative estimate of this uncertainty. Fig.
shows the comparison of the results of Re(Aﬁ ) from fits to ensembles of simulated data
generated according to the SM and to a model with large right handed Wilson coefficients.
However since this bias arises due to a genuine degenaracy of the angular distribution,
such a systematic uncertainty would not be required if all the two-dimensional profiles
between all the parameterers of interest where provided, as the likelihood surface itself
would encode the second solution.
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Figure 28: Resulting amplitudes as a functions of ¢? from fits to ensembles of simulated data
generated according the SM which enter int the calculation of J; and therefore S4. Left for

Re(Aﬁ) and right for Re(A%). There is a clear bias in Re(Aﬁ ) as discussed in the text.
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Figure 29: Resulting Re(Aﬁ ) amplitudes as a functions of ¢? from fits to ensembles of simulated
data generated according the SM (left) to a model with large right handed Wilson coefficients
(right). The level of bias is reduced in models with non-zero right handed Wilson coefficients.

6.4.11 Uncertainty estimation

Table 30| summarises the pull mean and width of the amplitudes at a point in ¢2. In order
to discern any statistical bias from the bias originating from the approximate symmetries
discussed in Sec. , a point in ¢? is chosen such that minimises the bias from the
approximate symmetries.

The pull means and widths are largely consistent with zero and unity, respectively,
indicating that the likelihood is a good estimator of the uncertainty of the amplitudes.
The residual bias in Af arises from the additional approximate symmetry between Allf

and A% discussed in Sec. .

The one dimensional profile likelihoods of the individual B® amplitude coefficients from
a fit to B® amplitudes to a single toy dataset, are shown in Figs. [30| and [31|. The red lines
indicate the 1,2 and 3 o intervals as given by the HESSE error.

The two dimensional profile likelihoods for Im(Aﬁ) of the B are shown in Figs. , ,

994 . More can be found in Appendix[J] The ellipse corresponds to the one standard deviation

995
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value provided by HESSE. It is clear that the HESSE matrix gives a good approximation
to the likelihood surface. However there are cases where the error is asymmetric. As
long as the shape of the likelihood surface faithfully represents the statistical uncertainty
obtained from fits to ensembles of toy-data, these profiles an be used to determine the
uncertainty of the amplitude parameters. Otherwise a technique such as Feldman-Cousins
will need to be employed in order to guarantee correct statistical coverage. Given the
large correlations between the parameters of interest, a multidimensional Feldman-Cousins
technique would have to be employed, which can be computationally expensive.
Unfortunately post unblinding has revealed multiple minima closely sepa-
rated. This fact makes the use of the correlations obtained from 2D likelihood
surfaces close to a single minimum a bad approximation. Techniques such as
bootstraping the data in order to obtain the coverage of the observables is
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Table 30: Means and widths of the pull distributions of the P-wave amplitudes at ¢°> =
2.4 GeV?/ct, obtained from fits to ensembles of simulated data samples in Scenario-I. The pull is
defined as (Fit-SM)/0Meas. Where o)eas. is the error on the measured quantity obtained using
the error matrix of the fit. The deviation of the pull mean of Re(AlR) from zero arises due to the
residual bias from the approximate symmetry of the angular distribution.

Parameter Pull mean Pull width

Re(A§)B® —0.034+0.02 0.97 £0.03

Re(Af)B°  0.00£0.02 1.01+0.03
Im(Af)B°  0.01£0.02 1.02+0.03
Re(A[)B®  0.22£0.02 0.90+0.03
Im(Af)B® —0.02£0.02 0.94+0.03
Re(AY)B®  0.02+£0.02 0.9740.03
Im(AY)B® —0.0440.02 0.9540.03
Re(AF)B® —0.05+£0.02 0.9440.03

under investigation

6.4.12 Sensitivity to new physics

The expected sensitivity to the effects of new physics is estimated by generating a large
number of simulated data samples according to the SM (null dataset) and a NP model
(test dataset) where C'F = —1.5. The EOS program is used to generate these two models
using their central value predictions. Two fits are then performed to each of these two
separate ensembles. One where all the amplitude parameters are fixed to their SM values
(null hypothesis) and one where the amplitude parameters are fixed to the values given
by the model with C{'" = —1.5 (test hypothesis). The background components, yields
and S-wave amplitude parameters are treated as nuisances and are left floating in each fit.
The test statistics are defined as

QN" = —2(NLLY” — NLLY™?)
Q%M = —2(NLL™ — NLL3M), (97)

where NLLg,]y’NP corresponds to the negative log likelihood value of the test or null
hypothesis on a test or null dataset. The expected sensitivity to a model with C)” = —1.5
is then estimated by counting the fraction of the toys with a value of Q°™ < QN where
QN7 is the median of the Q7 distribution. Figure [35] shows the distribution of the test
statistic for both the null and test hypotheses in simultaneous fits to B and B candidates.
The probability for the null hypothesis to fluctuate such that it gives a test statistic as
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Figure 30: One dimensional profile likelihoods of left handed B® amplitude coefficients from
a fit to a single toy dataset. A good agreement between the HESSE errors (red lines) and the
likelihood profile is observed up to at least 2 standard deviations.

low or lower than the median of the test hypothesis (i.e Q%™ < Q™F) corresponds to a
significance of ~ 6.50. It must be stressed at this point that the theory uncertainties
related to each model are not accounted for. Including these theory uncertainties is beyond
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Figure 31: One dimensional profile likelihoods of right handed B amplitude coefficients from
a fit to a single toy dataset. A good agreement between the HESSE errors (red lines) and the
likelihood profile is observed up to at least 2 standard deviations.

the scope of the current analysis. In order to maximise the sensitivity to models that have
real Wilson coefficients, the B and B candidats could be combined doubling the available
statistical precision and thus, increasing the statistical sensitivity by a factor of v/2.

6.4.13 Fit validation on data using B’ — J/ K*°

Just as in Sec. [6.2.11] the fit model is validated by fitting B® — Ji) K** data and
comparing to the published LHCb result [20]. The ¢? parametrisation of the amplitudes
cannot describe the J/1 line-shape. In order to maintain the ¢? parametrisation of the
fit without having to integrate over ¢2, a flat ¢? distribution is generated to replace the
J /v lineshape. The results of the fit in the region 796 < mg, < 996 GeV?/c! to angular
observables according to Egs. [[3]and 22] The uncertainties are estimated by propagating
the error matrix of the fit to the expresion of the angular observables. Fig. 36| shows the
mass and angular distribution projections of the data. The small descrepancy observed in
cos O around -0.5 is compatible with the presence of an exotic Z state decaying to J/¢m.

Table [31) summarises the results of fits to B® — J/i) K** data obtained from fits to
observables taken from Tab. [31] and from fits to spin amplitudes. Both methods are in good
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Table 31: Comparison of results of the angular fit of the decay B®— J/) K*° from fits to
observables taken from Tab. 77, with the results obtained from fits to the spin amplitudes.

my, range [796,996] MeV/c?

parameter Observables Amplitudes
Sy 0.331 £ 0.001 0.330 £ 0.001
Ss 0.000 £ 0.002  0.000 £ 0.002
Sy —0.256 +0.002 —0.245 £ 0.001
Ss —0.002 £ 0.002 —0.002 £ 0.002
Se 0.000 £0.002  0.000 £ 0.002
Sy 0.001 £0.002  0.001 £ 0.002
Ss —0.053 £0.002 —0.052 £ 0.002
So —0.090 £ 0.002 —0.092 + 0.002
Fg 0.087£0.003  0.089 £ 0.002
Ss1 —0.234 £0.003 —0.302 £ 0.002
Sso 0.023 £0.002  0.022 £ 0.002
Sss3 0.003 £0.002  0.002 £ 0.002
Ss4 0.001 £0.002  0.001 £ 0.002
Sss —0.068 £0.002 —0.051 £ 0.002

e agreement. Some small descrepancy remains in S7s however this is a nuisance parameter
043 in our fit.

86



AN

Boalm

0
Balmay)

0
Balmay)

0
Ba Im(Aﬁ) Balm(Aﬁ)

_ 0
Bulm(A“")

_ 0
Ba Im(A"")

_ 0 _ 0
Bulm(AF) Balm(A“")

01

_ 0
Balm(Ar)

_ 0
BaIm(A})

_ 0
Balm(Ay)

0 0
Ba Im(Aﬁ) Balm(Aﬁ)

il
il

01

01 _ 0 _ 0 )
Baim(Ay) BaIm(Ay) BaIm(A})

Values at -0.5 denote failed fits which need to be rerun with a different starting value.

87

Figure 32: Two dimensional profile likelihoods of a of I m(Aﬁ) of B with other amplitude

parameters. The ellipse corresponds to the one standard deviation value provided by HESSE.
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7 Correlations

The correlation between two random variables X,Y is defined as

or(x. ) — YY) (X (X)) .

0x0y O0x0y

where cov is the covariance between the two random variables, o the standard deviation
and () the expectation value operator. Although most of the angular terms in Eq. [13|are
orthogonal this does not mean that they are also uncorrelated. The correlation of the
different angular terms can be calculated analytically using their moments:

(fifi) = (fo)(Fi)
VA = BV — ()

The correlation matrix of the angular terms for the different ¢? bins is shown in Figs.
A detailed calculation can be found in appendix [W]

The correlation can also be determined performing toy studies. The mean correlation
of multiple toys can be calculated from the individual results. The process is separated in
two steps. In a first step the mean value of the observable is calculated. Afterwards the
correlation can be calculated via the following formula:

1 (5 = (5) (Sk = (k)

05,08,

cor(S;, Sk) = (99)

cor(S;, Sg) = (100)

The toy studies performed to measure the correlation are based on the official MC sample
and the nominal observable fit. In Fig. [40| the correlation for two sets of variables which
have a significant correlation is shown, using signal decays only. Besides the analytical
calculation from the PDF also the correlation determined with toy studies using the
method of moments and the likelihood fit is shown. The method of moments seems to
better reproduce the analystical predictions, possibly due to the presence of the physical
boundaries for the likelihood fit of the observables.

The correlation of background and signal events is different. Thus including background
in the toy studies modifies also the measured correlation, as can be seen in Fig. The
background is mainly uncorrelated which makes the total correlations smaller.

There is an intrinsic correlation between the angular terms which originates directly
from the PDF. However, there can be also an additional correlation introduced in the
measurement by the angular acceptance and statistical fluctuations of the data set.

7.1 Measuring Correlation with the Fit Likelihood profile

A correlation matrix is provided by Hesse. This matrix is the inverse of the second derivate
matrix at the minimum. However, if the minimum is near a (physical) boundary the
likelihood becomes highly non-Gaussian and the calculation by Minuit via the second
derivatives no longer accurately reflects the correlations.
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A possibility to take the boundaries into account is to scan the 2D likelihood profile.
For each set of two parameters the 2D likelihood profile is sampled and the correlation is
calculated via the following formula:

1 Sz oint Sz S oint — S
. ppoint ( ot )( F.point k) (101)
Z Ppoint point 05,08,

cor(S;, Sk) =

where ppoing 1S the likelihood at the sampled point.

In Fig. the different methods are compared in a toy study. The mean of the
correlation factors of Hesse and the likelihood scan method are compared to the measured
correlation of the fit (as explained in the previous chapter). Whereas in some regions the
mean of the matrix from Hesse shows deviations from the measured correlation of the fit,
the likelihood scan method performs significantly better.

7.2 Measuring Correlation with the Bootstrapping Method

The full covariance matrix and therefore the correlation between observables can be easily
determined with the Bootstrapping method. Detailed information on this method can be
found in Ref. [34]. The ensamble of pseudo-experiments determined with the bootstrapping
method can be used to estimate the experimental covariance matrix statistically according
with the following formula:

1 (Si,sample - S])(Sk,sample - Sk)

N, samples samples s

cor(S;, Sk) =

(102)

i,sample O-Sk,sample

The result of a toy study comparing this method to the measured correlation can be seen
in Fig. [43] There is a good agreement between the mean of the Bootstrap results and the
measured correlation of the results from the Method of Moments.
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Figure 37: Correlation Matrix for the different angular terms calculated analytically from
the pdf for 0.1 GeV?/c* < ¢* < 0.98 GeV?/ ™.
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Figure 38: Correlation matrix for the different angular terms calculated analytically from
the pdf for 1.1 GeV?/c* < ¢* < 2.5 GeV?/c?.
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Figure 39: Correlation Matrix for the different angular terms calculated analytically from
the pdf for 17 GeV?/c! < ¢? < 19 GeV¥/ .
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Figure 40: Correlation between two sets of variables which have a significant correlation,
in bins of ¢®. Both the analytical calculation and the toy studies (MoM, Fit) are signal
only.
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Figure 41: Correlation between two sets of variables which have a significant correlation,
in bins of ¢2. The toys are done including background, in the analytical calculation the
effect of background is ignored.
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Figure 42: Correlation between two sets of variables which have a significant correlation,
in bins of ¢*. Shown is the measured correlation of the fit and the mean of the Hesse
matrix and the Likelihood scan method.
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Figure 43: Correlation between two sets of variables which have a significant correlation,
in bins of ¢%. Shown is the measured correlation of the Method of Moments (over all toys)
and the mean of correlations calculated with the Bootstrapping method.
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8 Efficiencies

8.1 Acceptance parametrisation

To correct for the distortion caused by reconstruction and selection of the signal decay,
Monte Carlo simulated signal events are used. The acceptance effect can be parameterised
using Legendre polynomials. While in the previous analyses [1,2], the acceptance effect
was assumed to factorise in the three decay angles, i.e. £(cos 6, cos Ok, ¢) = e(cosf;) x
e(cosfr) x £(¢), in this iteration of the angular analysis, factorisation in the angles is
not assumed. Instead, the acceptance can be parameterised in four dimensions, ¢2, cos 6;,
cos 6, and ¢ according to

£(cos Oy, cos g, ¢, ¢°) = Z Chtmn P (cos O, k) P(cos Ok, 1) P(¢, m) P(q*, n). (103)

k,l,mmn

where P(z, m) are Legendre polynomials in z of order m and —1 < = < 1. The coefficicients
Ck1,mn are determined from a moment analysis of B® — K*% i~ phase-space MC

1 & 2% + 1\ (2041 (2m+1\ [2n+1
e = 77 2 | (7 2 2 2
i=1 (104)

x P(cos 8y, k)P (cos O, 1) P(¢, m)P(q, n)}

where N is the number of candidates in the MC sample, w; is a per-candidate weight
used to correct for the non-flat phasespace distribution of events in ¢ and the data-driven
corrections for pr(B), x%,, and track multiplicity. The normalisation is given by

N
N'=> w . (105)
=1

The factors of (2k 4+ 1)/2 etc. arise from the orthogonality of the Legendre Polynomials,

41
2
P P Ndx = O - 1
/_1 (x,m)P(x,m")dx p——] (106)

8.2 Four-dimensional acceptance

The acceptance is modeled using Legendre polynomials of the lowest order that show good
description of the angular acceptance effect. For ¢?, Legendre polynomials of order five
and lower are used. For the decay angles polynomials of order four and lower are used for
cos 6;, order five and lower for cos @i and order six and lower for the angle ¢.

This results in a total of 720 coefficients that are determined according to Sec.
using a total of 1.406 M reconstructed and selected Monte Carlo simulated signal events.
The resulting one-dimensional projections of the efficiency on ¢* and the three decay
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Figure 44: One-dimensional projections of the four-dimensional efficiency parametrisation
on ¢2, cos 8, cos g, and .
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angles is given in Fig. [44] Good agreement is seen for the one-dimensional projections.
Figs. and show the one-dimensional projections in bins of ¢? which illustrates
the change of the efficiency with ¢?. In addition, Fig. 48| gives two-dimensional projections
of the efficiency parameterisation and the two-dimensional efficiency determined from a
four-dimensional histogram. Again, the four-dimensional parametrisation seems to describe
the acceptance effect well. It should be noted that the efficiency drops towards zero for
some corners, visible for example in Fig. [48| for | cos§;| — 1 and very low ¢?. It is possible
that the parametrisation becomes negative which is problematic for an efficiency. For toy
events that are distributed flat in ¢ and the three decay angles this is the case for less
than 0.2% of events.
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Figure 45: One-dimensional projections of the four-dimensional efficiency parametrisation
on cos §; in bins of ¢
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8.3 Further tests of the four-dimensional acceptance parametri-
sation

As already discussed in Sec. [6.2.3] the change of normalisation of the PDF is the main
effect of the acceptance and the quantities

- / (g, 9) f(D)ad (107)

can be used to determine the changed normalisation. It is therefore important to crosscheck
these quantities for different acceptance parametrisations. In Fig. |49| the &; determined
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Figure 46: One-dimensional projections of the four-dimensional efficiency parametrisation
on cos 0k in bins of ¢%.
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from the four-dimensional acceptance parametrisation (black line) are compared to &;
determined using four-dimensional histograms (black histogram) and &; determined using
the so-called unbinned method (blue histogram). The unbinned method determines the &;
according to

237

&= filh) (108)

N events e

The results from all approaches are in very good agreement.
In addition, it is useful to compare the performance of the four-dimensional Legendre
parametrisation with other parametrisations. To determine wether the parametrisation
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Figure 47: One-dimensional projections of the four-dimensional efficiency parametrisation

on ¢ in bins of ¢2.
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describes the efficiency in simulation well, the modified x? given by

X2 _ Z (Nsel i — €bin iNtot)2
Nbins Nbins

bin i

@

(109)

is a helpful quantity. Here, Nyins gives the number of bins which is Nyins = 19,2 X 104050, X
10c0s0, % 104 = 19000. For the four-dimensional efficiency this yields X2 /Npins = 1.53.
This compares favourably with the assumption of factorisation in 19 ¢? which results in

XQ/Nbins = 1.64.
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Figure 48: Two-dimensional projections of the four-dimensional efficiency parametrisation
on ¢2, cos b, cos Ok, and ¢ and comparison with the corresponding efficiency projection
determined from histograms.
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9 Results

This section will contain the results of the angular analysis on data. It will be filled when
blinded results from the different methods of angular analysis become available.

9.1 Results of the fits for the observables

The angular observables are determined using an angular maximum likelihood fit as
described in Sec. , including the simulaneous fit of the mg, distribution as described
in Sec. . The varied parameters for every ¢* bin are the signal fraction fgg, the
parameter 7, describing the exponential slope of the mass distribution of the combinatorial
background, six coefficients to describe the background angular distribution, one parame-
ter to describe the background distribution in mg, and finally the P-wave observables
Fy,, Apg, S3.45759 and the S-wave parameters Fyg, Sg1. . g5. The four dimensional accep-
tance correction described in Sec. [§)is included. For the two large ¢? bins [1.1,6.0] GeV?%/¢*
and [15.0,19.0] GeV?/c* a weighted fit approach is used, since the acceptance significantly
varies over these large bins. For all other bins, the acceptance is evaluated at the bin
center as described in Sec. [6.2.3] The projections of the probability density function on
the decay angles, the reconstructed B° mass and mg, are given in Figs. for the
signal region, =50 MeV/c? around the nominal B? mass. The results for the CP-averaged
observables from the likelihood fit method are given in Tab. The first given uncertainty
is statistical, determined using the Feldman-cousing method [24], with 4000 toys for each
point. The corresponding Feldman-Cousins confidence intervals are shown in Figs.
in Appendix [D] The second uncertainty is the quadratic sum of the systematic uncer-
tainties, which are detailed in Sec. [10.1} The linear correlations are given in Tab. in
Appendix

The CP asymmetries A; are given in Tab. [33] with the corresponding Feldman-Cousins
confidence intervals in Figs. [125 in Appendix [D] For the Feldman-Cousins method
4000 toys are generated at each point. The linear correlations between these observables
are given in Tab. in Appendix . Finally, the results for the Pz-(/) basis described
in Sec. are given in Tab. [34] with Feldman-Cousins confidence intervals given in
Figs. 132 in Appendix [D] For the Feldman-Cousins method 4 000 toys are generated at
each point, with the exception of PZ, where 10000 toys are generated. Linear correlations

are available in Tab. in Appendix [E]
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Figure 50: Projections of the fitted probability
and the reconstructed B® mass in bins of ¢2.
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Figure 52: Projections of the fitted probability density function on the decay angles, mg
and the reconstructed B® mass in bins of ¢2.
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Figure 53: Projections of the fitted probability
and the reconstructed B® mass in bins of ¢2.
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Table 32: Results for the CP-averaged observables S;.

0.1 < ¢? <0.98GeV?/c?

1.1 < ¢* <25GeV?/c?

2.5 < ¢? < 4.0GeV?/c?

Obs. Value  Obs. Value  Obs. Value
Fr, 0263750 +0.017  F, 0.66070 0% +£0.022  Fy, 0.87670 h07 & 0.017
Sz —0.036700%3 £0.005 S3  —0.077 0 %I +£0.005 S3 0.03515-095 4 0.007
Sy 0.082+5:0%% +0.009 Sy  —0.077T0113 £0.005 S, —0.23470137 +0.006
Ss 0.17010022 +£0.018  Ss 0.1371009% £ 0.009 S5 —0.0227075% £ 0.008
App  —0.00370023+0.009 Apg  —0.19170050 +£0.012  App  —0.118700%5 +0.007
Sy 0.01579:950 +0.006 S,  —0.21970%91 +0.004 S, 0.06870175 4 0.005
Sg 0.07970878 +0.007 Sy —0.098"51%5 +£0.005  Sg 0.03070129 4+ 0.006
So  —0.083705% +0.004 So  —0.119759B74+0.005 Sy = —0.0927319 +0.007

4.0 < ¢* < 6.0GeV?/c?

6.0 < ¢* < 8.0GeV?/c?

11.0 < ¢% < 12.5GeVY/ !

Obs. Value  Obs. Value  Obs. Value
F, 0.61170022+0.017  F, 057970078 +0.015  Fy, 0.49375017 +0.013
S 0.03570095 £ 0.007 S —0.042750%5 +£0.011 S5  —0.1897002% 4 0.005
Sy —0.21970588 +0.008 S,  —0.206709%3 +0.011 S, —0.2837505% +0.009
S5 —0.14670070 £0.011 S5 —0.249700%0 £0.012 S5 —0.32710070 +0.009
Apg  0.02570030 £0.004  Apg  0.15270515+£0.008  Apg  0.31875:01% 4 0.009
Sy —0.01670055 £0.004 Sy —0.047T00%8 +£0.003 S,  —0.14170072 £ 0.005
Ss 0.16710001 £0.004 Sy —0.085T0070 £0.006 Sg  —0.007T)H70 4+ 0.005
Sy —0.03270571 +£0.004 S —0.024750%0 £0.005 Sy —0.00473575 +0.006

15.0 < ¢% < 17.0GeV?/c?

17.0 < ¢® < 19.0GeV?/c?

1.1 < ¢® <6.0GeV?/c?

Obs. Value  Obs. Value  Obs. Value
F, 0.34970052+0.009  Fy, 0.3547007 +£0.025  Fy, 0.69075035 4+ 0.017
Sz —0.14270098 £0.007 S3  —0.188705%11 +£0.017  S3 0.01275-03% 4 0.004
Sy —0.321708254£0.007 S, —0.2667505 £0.010 Sy —0.155T053% +0.004
S5  —0.3167002 £0.009 S5 —0.323750524+0.009 S5 —0.02370:0%9 + 0.005
Apg 041170031 £0.008  Apg  0.30570912 £0.013  Apg  —0.07575:932 4 0.007
Sy 0.06115:058 4 0.005  S; 0.044%5072 4 0.013  S;  —0.07770055 +0.006
Sg 0.00370-051 +0.003  Sg 0.013%5:071 +0.005 Sy 0.02870:5%8 + 0.008
Sy —0.01970025 £0.004 Sy —0.094700%2 +£0.004 Sg  —0.06475033 £ 0.004

15.0 < ¢® < 19.0 GeV?/c?

Obs. Value
F, 0.34475-028 4 0.008
Sy —0.1637055% 4 0.009
Sy —0.28470-0%% +0.007
Ss  —0.32570:05¢ +0.009
App  0.35570:057 4 0.009
S, 0.04815-02 4 0.006
Ss 0.02875015 + 0.003
Sy —0.05310035 £ 0.002
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Table 33: Results for the CP asymmetries A;.

0.1 < ¢® < 0.98GeV?/c?

1.1 < ¢* <2.5GeV?/c?

2.5 < ¢? < 4.0GeV?/c?

Obs. Value  Obs. Value  Obs. Value
Az 0.00670 002 +£0.005  Aj 0.04270097+0.005 Az  —0.11170%5 + 0.006
Ay —0.068T0075 £0.009 Ay 023510150 £0.005 Ay —0.00770152 +0.007
As 0.001%5:950 +0.018 A5 —0.11470992 +£0.009 A5  —0.00570 0% 4+ 0.008
Ag 0.12270078 £0.011  Ag 0.03770397 +0.016  Ag 0.02270-48% +0.010
A; 0.07615:050 £ 0.006 A,  —0.087T0055 £0.004  A;  —0.03270192 +0.005
Ag  —0.03170070 £0.007 Az —0.04470198 +0.005 Ag  —0.07175121 +0.006
Ag 0.030175053 +£0.004 A9 —0.00470092 £0.005 Ay  —0.228T0 115 +0.007

4.0 < ¢®> < 6.0GeV?/c?

6.0 < ¢% < 8.0GeV%/c?

11.0 < ¢? < 12.5GeV¥/?

Obs. Value  Obs. Value  Obs. Value
As  —0.17370070 £ 0.006  Aj 0.064750°7 +0.011  As 0.13275-07% 4 0.005
Ay —0.168T00% +£0.008 Ay —0.037T053 +0.011 A, —0.10075:9%2 £ 0.009
As  —0.059T0070 £0.011 A 0.12970-050 £ 0.012 A 0.02710-07% +0.010
Ag —0.023700324+0.005  Ag 0.047T0502 +0.011  Ag 0.024170-559 +0.013
Aq 0.04115082 4 0.004 A 0.03510:992 4 0.003 A,  —0.008T00%3 +0.005
Ag 0.00415:09% 4 0.005 Ag  —0.04370070 £0.006  Ag 0.014%5-97> 4 0.005
Ag 0.06270-575 +0.004 Ay 0.11070855 £0.005 A9 —0.057F50%7 +0.006

15.0 < ¢% < 17.0GeV?/c?

17.0 < ¢® < 19.0GeV?/c?

1.1 < ¢® <6.0GeV?/c?

Obs. Value  Obs. Value  Obs. Value
Az —0.034700% £0.007 Az —0.056T9572 +£0.017 Az —0.072750% £ 0.004
Ay —0.07170080 £0.008 Ay —0.0717053 +0.011 Ay 0.012+5-957 4 0.005
As  —0.076100% £0.010 A 0.00810072 +£0.010 A5 —0.04470037 +0.005
Ag  —0.08570002 +0.012  Ag  —0.12770052 +0.018 A 0.02010-055 + 0.009
A7 —0.105T5058 +0.005 Ay 0.04715:010 +0.013 A, —0.04570535 +0.006
Ag 0.04815:0%% +0.003  Ag 0.02215072 4 0.005  Ag  —0.04770028 +0.008
Ag 0.09175:959 +0.004 Ay 0.043%5:096 +0.005 A9 —0.03370555 +£0.004

15.0 < ¢% < 19.0 GeV¥/?

Obs. Value
Az —0.03570515 +0.010
Ay —0.07970 055 4 0.008
As  —0.0357004% 4+ 0.010
Ag  —0.11019027 £0.013
A7 —0.04070035 £ 0.006
Ag 0.02515-042 4 0.003
Ag 0.06115-93% 4 0.002
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Table 34: Results for the CP-averaged observables Pi(/).

0.1 < ¢ <0.98GeV?/ct

1.1 < ¢? <25GeV?/c?

2.5 < ¢? <4.0GeV?/c?

Obs. Value  Obs. Value  Obs. Value
P —0.099T018% +0.014 P, —0451702124+0.038 P, 057177707 £0.045
P, —0.0037003 +£0.007 P,  —0.37370150 £0.027 P,  —0.6361073% +0.015
Py 0.11373575 4+ 0.006  Ps 0.35079339 4 0.015 P 0.7451 228 4+ 0.030
P} 0.1851515840.023 P —0.16370372 +0.021 P} —0.7137930% 4+ 0.024
P 0.38710 152 £ 0.052 P! 028079220 4 0.023 P, —0.06670353 +0.023
P} 0.034%515240.015 P, —0.463703%2 +£0.012 P} 0.20515-9%% 4+ 0.013
P} 0.18070178 +0.007 P,  —0.20870220 +£0.024 P 0.09175:535 + 0.025

4.0 < ¢®> < 6.0GeV?/c?

6.0 < ¢° < 8.0GeV?/c?

11.0 < ¢% < 12.5GeV?/c?

Obs. Value  Obs. Value  Obs. Value
P 018079352 +£0.027 P, —0.19970251£0.025 P, —0.74570207+0.015
P, 0.04270083 £ 0.011 Py 0.24170080 £ 0.013 Py 0.4180:05% 4 0.005
Py 0.0837015: £0.023  Ps 0.05770135 £ 0.013 Py 0.0071014L +0.010
P{ 04487019 +£0.020  P; —0599T015: +0.010  Pp —0.567105 £ 0.014
P, —0.30070135 +£0.023 P:  —0.50570152+0.024 P, —0.65515 157 +0.015
P, —0.0321018 £0.007 P, —0.095T0132£0.011 P, —0.2827012% £0.007
P; 034270188 40.009 P,  —0.171701934£0.006 P, —0.01570175 +0.005

15.0 < ¢° < 17.0 GeV?/c?

17.0 < ¢* < 19.0 GeV?/c?

1.1 < ¢* <6.0GeV?/c!

Obs. Value  Obs. Value  Obs. Value
P, 043675737 +£0.018 P —0.58170324+0.037 P 0.08070 515 + 0.044
P, 042110022 4 0.005 P, 0.31415015+0.007 P, —0.16270073 £0.010
Py 0.02015:082 4 0.006  P3 0.145%5157 4 0.008  P3 0.20515-13% 4+ 0.017
P, —0.67270184+0.016 P,  —0.556T0154+0.016 P;  —0.33670135 £0.012
P! —0.662t8;}3($ +0.017 P, —0.676701% +£0.017 P, —0.04970 0% +£0.014
P} 0.12710-135 £0.006 P} 0.09270125 +£0.025 P, —0.1667515% +0.021
P} 0.00715155 +0.005 P 0.02715197 +£0.009 P} 0.06015:153 & 0.009

15.0 < ¢® < 19.0 GeV?/c?

Obs. Value
P —0.497700%2 +0.027
P, 0.36170-05% +0.010
Py 0.08115-959 4 0.005
P, —0.59710050 £ 0.015
P, —0.684750% £ 0.020
P} 0.10170599 4 0.011
P 0.05975 095 + 0.008
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9.2 Results of the method of moments

In this section, the results of the method of moments (described in Sec. applied to
data are reported. The m(K 7~ utu™) mass fits are performed in the nominal range
5170 < m(K n~pTp~) < 5700 MeV/c?. The m(K*m~) mass fit (described in Sec. [5)) is
performed in the nominal range 795.9 < m(K™7~) < 995.9 MeV/c? The fits to the mass
distributions are shown inn Figs. [55] to [75]

The results for the P-wave observables, S; and P;, are shown in Tables and
for the narrow 1 GeV?/c? ¢*-bins. Results are also presented in Tables and |37 for the
same ¢-binning (~ 2 GeV?/c?) used in the likelihood fit. The errors are purely statistical
in nature, sources of systematic errors are discussed in Sec. [10.2] The distribution of the
pseudo-experiments obtained from bootstrapping the data is shown in Appendix [[] The
correlation matrixes, obtained with the bootstrapping method for all ¢ bins is shown in

Tables through in Appendix [M]
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Figure 55: Results of the mass fit to m(K 7~ u*p~) mass and m(KT7n~) in 0.1 < ¢* <
0.98 GeV?/¢*. The red dashed component is the background, the green component is the
sum of the P and S-wave, the dark yellow component is the P-wave and the lighter yellow
component the S-wave.
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Figure 61: Results of the mass fit to m(K "7~ pu*p~) mass and m(K 77) in 6.0 < ¢* <
7.0 GeV?/ct. The red component is the background, the green component is the sum
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Figure 63: Results of the mass fit to m(K 7~ pu*p~) mass and m(K 7~) in 11.0 < ¢* <
11.75 GeV?/c*. The red component is the background, the green component is the sum
of the P and S-wave, the dark yellow component is the P-wave and the lighter yellow
component the S-wave.
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Figure 64: Results of the mass fit to m(K 7~ pu*p~) mass and m(K n~) in 11.75 < ¢* <
12.5 GeV?/c¢t'. The red component is the background, the green component is the sum
of the P and S-wave, the dark yellow component is the P-wave and the lighter yellow
component the S-wave.
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Figure 65: Results of the mass fit to m(K 7~ pu*p~) mass and m(K 7~) in 15.0 < ¢* <
16.0 GeV?/¢*'. The red component is the background, the green component is the sum
of the P and S-wave, the dark yellow component is the P-wave and the lighter yellow
component the S-wave.
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Figure 66: Results of the mass fit to m(K 7~ p*p~) mass and m(K 7~) in 16.0 < ¢* <
17.0 GeV?/¢*'. The red component is the background, the green component is the sum
of the P and S-wave, the dark yellow component is the P-wave and the lighter yellow

component the S-wave.
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Figure 67: Results of the mass fit to m(K 7~ p*p~) mass and m(K*7~) in 17.0 < ¢* <
18.0 GeV?/¢*. The red component is the background, the green component is the sum
of the P and S-wave, the dark yellow component is the P-wave and the lighter yellow

component the S-wave.
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Figure 68: Results of the mass fit to m(K 7~ p*p~) mass and m(K 7~) in 18.0 < ¢* <
19.0 GeV?/¢*. The red component is the background, the green component is the sum
of the P and S-wave, the dark yellow component is the P-wave and the lighter yellow
component the S-wave.

[Te] wn

N 8o © 30
o =

2 2
=7 5
{2} >

£ 5 25
g

a 60

..................

AP PSSR B N AR i oy b ot L T Y L B L ol el
5200 5300 5400 5500 5600 5700 00 820 840 860 880 900 920 940 960 980
m(Kmpp) MeV m(Km) MeV

Figure 69: Results of the mass fit to m(K 7~ p*p~) mass and m(K 7w~ ) in 1.1 < ¢* <
2.5 GeV?/ct. The red component is the background, the green component is the sum
of the P and S-wave, the dark yellow component is the P-wave and the lighter yellow
component the S-wave.
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Figure 70: Results of the mass fit to m(K 7~ pu*p~) mass and m(KT7n7) in 2.5 < ¢* <
4.0 GeV?/c*'. The red component is the background, the green component is the sum
of the P and S-wave, the dark yellow component is the P-wave and the lighter yellow
component the S-wave.
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Figure 71: Results of the mass fit to m(K 7~ pu*p~) mass and m(KT7n~) in 4.0 < ¢* <
6.0 GeV?/c'. The red component is the background, the green component is the sum
of the P and S-wave, the dark yellow component is the P-wave and the lighter yellow
component the S-wave.
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Figure 72: Results of the mass fit to m (K7~ puTp~) mass and m(KT7n7) in 6.0 < ¢* <
8.0 GeV?¢'. The red component is the background, the green component is the sum
of the P and S-wave, the dark yellow component is the P-wave and the lighter yellow

component the S-wave.
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Figure 73: Results of the mass fit to m(K 7~ uTp~) mass and m(KTn~) in 11.0 < ¢* <
12.5 GeV¥ct. The red component is the background, the green component is the sum
of the P and S-wave, the dark yellow component is the P-wave and the lighter yellow

component the S-wave.
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Figure 74: Results of the mass fit to m(K 7~ pu*p~) mass and m(K 7~) in 15.0 < ¢* <
17.0 GeV?/¢*'. The red component is the background, the green component is the sum
of the P and S-wave, the dark yellow component is the P-wave and the lighter yellow

component the S-wave.
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Figure 75: Results of the mass fit to m(K 7~ p*p~) mass and m(K*7~) in 17.0 < ¢* <
19.0 GeV?/¢*. The red component is the background, the green component is the sum
of the P and S-wave, the dark yellow component is the P-wave and the lighter yellow

component the S-wave.
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9.3 Comparison of results from likelihood fit and method of
moments

A comparison between the results of the likelihood fit (including the FC) and the moments
(including the interval from the bootstrapping) is provided for the S; and the A; observables
in Figs. [76] and [77] Systematic uncertainties have been included for both the likelihood
fit and the method of moments. The difference between the observables is consistent
with expectation, given the typical differences between the two estimators (~ 50% of the
statistical uncertainty in toys).
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Figure 76: Comparison of the results from the likelihood fit (black closed markers) to
the method of moments (red open markers) in the 2 GeV?/¢* binning scheme for the S;
observables.
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s 9.4 Results of the fits for the amplitudes
ne  9.4.1 Direct fit to the data

nor  The resulting projections of the pdf and the data are shown in Figs. |78 and integrated
nes  accross the full B® mass region and 50 MeV/c? around the nominal B® mass respectively.
ne In order to ensure the fit converges at the global minimum, the fit is repeated fifty times
oo from a randomised starting point sampled from a Gaussian distribution centered at the SM
o1 value with a width of £500% of the SM value, and the lowest likelihood point is selected.
o2 A good description of the data is observed.
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Figure 78: Mass and angular projections of the results of the fit to B?— putu~K*0 data.
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Figure 79: Mass and angular projections of the results of the fit to B® — p*p~ K*0 data,
50 MeV/c? around the nominal B® mass.
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9.4.2 One dimensional profile likelihoods

As briefly mentioned in Sec. the result of the fit to the amplitude coefficients in the
data is unfortunately such that one cannot simply provide a best-fit point and an error
matrix of the amplitude coefficients. Figures[80jand [81|show the one-dimensional likelihood
profiles of the amplitude coefficients in the fit to the data. For each scanning point, the fit
is repeated fifty times as mentioned above, and the lowest likelihood point is selected. It
is clear that the exact symmetry A; — —A; described in Sec. 77 is apparent. The black
and red points correspond to cases where the fit landed at the original or the symmetric
solution respectively. This separation is exact for the left handed amplitudes, by requiring
that Re(A%) is negative (positive). For the right-handed amplitudes the separation can be
performed by requiring that Re(Af”) is negative (positive) at ¢ = 2 GeV?¢*. However for
the right-handed amplitudes this separation is not exact.

The left-handed amplitudes exhibit a parabolic profile. The right-handed ones however
appear more problematic. Specifically, Im(Af) is clearly non-parabolic and Re(A%) appears
to have a set of “horns” which signify the presence of a local minimum 0.8 likelihood units
away from the minimum. This will become more apparent in the following section. Given
the shape of the 1D profile likelihoods it is evident that a simple coveriance matrix is not
sufficient in order to convey the full information of the amplitude fit.

9.4.3 Bootstrapping the data

The Bootstrapping technique [34] can be employed to determine the intervals of measured
quantities when an analytic description is insufficient. Two dimensional histograms of
the distributions of the amplitudes vs ¢2, from fits of 11.5K bootstraps of the data, are
shown in Fig. [82 Each fit is repeated 50 times by randomizing the starting point 500%
around the SM values. The A; — —A; degeneracy is broken by requiring that the resulting
amplitudes from the fit satisfy Re(Af) < 0 and ¢(Af) < 157 at ¢* = 2 GeV?/c'. Tt is
evident that a second solution exists for Re(A) and Re(Af). This second solution is
consistent with the “horn” feature observed in the 1D profiles of Re(Af) (see Fig. [81)).
We can conclude therefore that this second solution corresponds to a local minimum 0.8
NLL units from the minimum of the original LHCb dataset. The closeness of these two
solutions means that they cannot be separated and therefore if the bootstraps are used to
quote an interval, the spread of the boostraps including both solutions will be considered.

In principle intervals could be provided for the amplitude coefficients, however the
presence of the exact symmetry A; — —A;, makes the determination of whether the
coverage is correct difficult. However the angular observables (S;) are invariant under this
exact symmetry. Therefore testing the coverage of the bootraps for the observables S; is
indeed possible.

The bootstrap coverage is tested by generating 1000 signal and background toy datasets
using the model obtained from the best fit to the LHCb data. Each toy dataset is
bootstrapped 200 times. A fit is then performed to each bootstrapped dataset of each
generated toy dataset. Each fit is repeated fifty times with a randomized starting point as
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Figure 80: One dimensional profile likelihoods of left handed B? amplitude coefficients from a
fit to the data. The black (red) points correspond to cases where the fit landed at a nominal

(symmetric) point under A; — —A;. For more details please see the text.

1243 discussed in Sec. and the fit with the lowest NLL is kept. This results in a total of
10M fits.
For each toy dataset the interval on an observable is constructed by calculating the
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Figure 81: One dimensional profile likelihoods of right handed B® amplitude coefficients from a
fit to the data. The black (red) points correspond to cases where the fit landed at a nominal
(symmetric) point under A; — —A;. For more details please see the text.

S;s out of the amplitude coefficients. The 16th and 84th percentiles of the bootstraps for
each toy, of the S; observables at six points in ¢?, are then computed. If these intervals
contain the values of the observables, used in the generation of the toys, 68% of the time
then the coverage of the bootstrap technique is correct at the 1 o level. The traditional
method of requiring the pull to be a normal distribution is insufficient as the observables
are non-gaussianly distributed both int the toys and in the bootstraps of the toys.

Tables [38] to show the coverage of the bootstrap method. Overall the coverage at
the 1 o level is correct. However there are some exeptions for Sy and Sy which are not
understood. This motivates the use of the bootstrap method to obtain the coverage for
Sy, S5 and Sgs as well as their corresponding zero-crossing points.

9.4.4 Results on observables using bootstraps

The results of S, S5 and Sgs as a function of ¢? are shown in Fig. . The intervals
are determined from the bootstraps by calculating the 16th and 84th percentiles of the
distributions at each ¢? point. The solid line corresponds to the best fit point of the
original dataset and the dashed line to the median of the distribution of the bootstraps.
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Figure 82: Distribution of amplitudes as a function of ¢? as obtained by bootstrapping the
data 11.5K times and fitting it each time. The shadow seen at the high ¢? region of Re(Af)
and Im(Af) corresponds to the presence of the local minimum present in the likelihood of the
original LHCb dataset.

e Systematic uncertainties are included, however their effect is negligible. These figures
ez are intended for publication but only for aesthetic purposes, as their correlations will

q? value (GeV?/c*) Frac. 68% of boots
Slc
1.104 0.650 % 0.041(toys) £ 0.021(boot.)
2.000 0.695 + 0.043(toys) £ 0.015(boot.)
3.000 0.577 % 0.039(toys) =+ 0.013(boot. )
4.000 0.585 4 0.039(toys) £ 0.023(boot.)
5.000 0.621 £ 0.040(toys) = 0.013(boot.)
6.000 0.666 + 0.042(toys) £ 0.023(boot.)

Table 38: Bootstrap coverage of Si.
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q? value (GeV?/ch) Frac. 68% of boots

S3
1.104 0.650 £ 0.041(toys) £ 0.016(boot.)
2.000 0.715 = 0.043(toys) = 0.018(boot.)
3.000 0.671 4 0.042(toys) 4 0.018(boot.)
4.000 0.778 £ 0.045(toys) £ 0.010(boot.)
5.000 0.736 £ 0.044(toys) £ 0.003(boot.)
6.000 0.715 £ 0.043(toys) £ 0.023(boot.)

Table 39: Bootstrap coverage of S3

q? value (GeV?/c?) Frac. 68% of boots
Sy
1.104 0.658 4 0.041(toys) 4 0.005(boot.)
2.000 0.728 £ 0.044(toys) £ 0.013(boot.)
3.000 0.627 4 0.040(toys) £ 0.018(boot.)
4.000 0.590 £ 0.039(toys) £ 0.031(boot.)
5.000 0.705 4 0.043(toys) £ 0.023(boot.)
6.000 0.713 4 0.043(toys) 4 0.010(boot.)

Table 40: Bootstrap coverage of Sy

2es not be provided. However we plan to provide results of the zero-crossing points of these
126« Observables as will be discussed in the next section.

q? value (GeV?/ch) Frac. 68% of boots
S5
1.104 0.705 = 0.043(toys) + 0.013(boot.)
2.000 0.658 4 0.041(toys) £+ 0.015(boot.)
3.000 0.679 4 0.042(toys) 4 0.013(boot.)
4.000 0.689 + 0.042(toys) £ 0.010(boot.)
5.000 0.708 £ 0.043(toys) £ 0.013(boot.)
6.000 0.676 £ 0.042(toys) £ 0.016(boot.)

Table 41: Bootstrap coverage of Sj
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q? value (GeV?/ch) Frac. 68% of boots

Sﬁs
1.104 0.663 £ 0.042(toys) £ 0.013(boot.)
2.000 0.598 = 0.040(toys) = 0.034(boot.)
3.000 0.658 4 0.041(toys) 4 0.010(boot.)
4.000 0.731 £ 0.044(toys) £ 0.015(boot.)
5.000 0.715 4 0.043(toys) £ 0.013(boot.)
6.000 0.728 = 0.044(toys) =+ 0.018(boot.)

Table 42: Bootstrap coverage of Sgs

q? value (GeV?/c?) Frac. 68% of boots
St
1.104 0.582 + 0.039(toys) £ 0.029(boot.)
2.000 0.723 £ 0.043(toys) £ 0.016(boot.)
3.000 0.692 £ 0.043(toys) £ 0.005(boot.)
4.000 0.661 = 0.042(toys) =+ 0.005(boot.)
5.000 0.674 £ 0.042(toys) £ 0.005(boot.)
6.000 0.705 4 0.043(toys) 4 0.003(boot.)

Table 43: Bootstrap coverage of S7

s 9.4.5 Zero-Crossing Point measurements

166 The expression of the observables as a function of ¢? enables the analytic determination of
ez the point at which the obervable crosses zero. Given the amplitude ansatz and the fact

q? value (GeV?/ch) Frac. 68% of boots
Ss
1.104 0.648 £+ 0.041(toys) £ 0.016(boot.)
2.000 0.671 = 0.042(toys) = 0.047(boot. )
3.000 0.731 + 0.044(toys) + 0.018(boot.)
4.000 0.595 + 0.039(toys) + 0.021(boot.)
5.000 0.535 = 0.037(toys) = 0.039(boot.)
6.000 0.554 + 0.038(toys) £ 0.050(boot.)

Table 44: Bootstrap coverage of Sy
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q? value (GeV?/ch) Frac. 68% of boots

S
1.104 0.721 £ 0.043(toys) £ 0.010(boot.)
2.000 0.520 = 0.037(toys) = 0.016(boot.)
3.000 0.728 + 0.044(toys) + 0.013(boot.)
4.000 0.548 + 0.038(toys) + 0.018(boot.)
5.000 0.747 + 0.044(toys) + 0.018(boot.)
6.000 0.661 = 0.042(toys) = 0.016(boot. )

Table 45: Bootstrap coverage of Sy
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Figure 83: Results of the amplitudes fits for Sy, S5 and Arpp. The solid line is the result
of the fit to the data and the dashed line is the median of the distribution of the bootstraps.
The green band corresponds to the 16th and 84th percentile obtained from bootstrapping the
data. Systematic uncertainties have been added in quadrature (red band) however their effect is
negligible

es that the numerator of the S; observables are bilinear combinations of the amplitudes, the
60 determination of the ZCP reduces to solving a quartic equation. The sign of the slope in
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the viscinity of the ZCP helps to choose the solutions which are expected given theory
and experimental measurements in the ¢ range in question.

The ¢ parametrisation of the amplitudes is known not to hold below ~ 1 GeV?/c?
due to the presence of the ¢ resonance and also the effect the muon mass has on the
symmetries of the angular distribution. In addition, the choice to only fit up to 6 GeV?/¢*
in ¢? restricts the range of ZCPs that can be quoted to the range 1.1 — 6.0 GeV?/c?.

The bootstrap technique is chosen in order to quote the 68% interval of the ZCPs.
In order to guarantee the correct statistical coverage of the bootstraps, the ZCP will
only be given for Sy, S5 and App(Ses). Out of these observables only the ZCP with the
correctly-signed slope in the viscinity of the ZCP will be quoted. If a ZCP is such that
a well defined 68% interval cannot be quoted, the point in ¢? above which 5% of the
bootstraps lie, will be quoted.

Figure 84| shows the distributions the ZCPs with the correctly signed slope for observ-
ables S; S5 and App. The fraction of bootstraps where there is correctly-signed ZCP
within the ¢? range between 1.1 and 6.0 GeV?/c? is ~ 10%. This fraction is accounted for
when estimating the 16th and 84th percentiles of the bootstraps distributions, by randomly
assigning half of these 10% bootstraps to plus-infinity and the other half to minus-infinity.

Entries 6584 C Entries 6121
8% of toys: 0.435 < qé <1.67 Mean 09 F 68% offoys: 2.49 < qs <3.95 Mean 3274
500 5 -ve RMS 0.7113 3501— > -ve RMS 0.6953
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Figure 84: Distributions of the ZCPs with the correctly signed slope for observables Sy
(left) S5 (right) and Sgs (bottom) from the bootstraps.

For Sy, a 68% interval cannot be defined within 1.1 and 6 GeV?/¢*. However 5% of
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Observable interval (GeV?/¢!) syst. unc.

S, < 2.65 at 95% 0.01
S (2.49,3.95) 0.02
Ses (3.4,4.87) 0.13

Table 46: Summary of intervals of the ZCP from bootstraps. For Sy a lower limit is quoted.

1283 bootstraps have a ZCP above 2.65 GeV?/ct. Therefore this upper ¢* limit will be quoted.
ss  The summary of all the intervals along with the systematic uncertainty is shown in Tab.
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10 Systematic uncertainties

The main systematic effects that need to be evaluated by all three angular analysis methods
are related to the acceptance correction. Here, the statistical uncertainty of the acceptance
correction from simulation as well as possible differences between simulation and data
need to be considered. In addition, possible biases from pollution by peaking backgrounds
and the background parametrization need to be determined.

The strategy for determining the aforementioned systematic uncertainties involves using
high statistics toy data generated by varying the parameters in question (e.g acceptance or
background parameters) and fitting/counting back these datasets using both the nominal
and systematically varied models. The spread of the variation of the parameter of interest
is then taken as the systematic uncertainty on that parameter.

10.1 Systematics for observable fits
10.1.1 Statistical uncertainty of the four-dimensional acceptance

The four-dimensional acceptance described in Sec. |§|relies on the determination of Legendre
coefficients from a sample of simulated B® — K*°; 1~ phase-space events. To determine
the effect of the limited size of the simulated sample, the covariance matrix of the
coefficients is determined alongside their numerical values. High statistics toy studies are
then performed, where events are generated with an acceptance that is varied according to
the (inverse) covariance matrix. These simulated events are then fit using both the varied
and the nominal acceptance. Fig. 85| gives the distributions for 500 toy experiments for
the ¢* bin in the range 0.1 < ¢* < 1.0 GeV?/¢*. The observed deviations of the parameters
are fit using Gaussian functions. The distributions are centered around 0, their widths
are used as systematic uncertainties due to the statistical uncertainty of the acceptance.
Tab. [47] gives the resulting systematic uncertainties for all ¢*> bins. They are negligible
compared to the expected statistical uncertainties.

10.1.2 Differences between data and simulation

The determination of the acceptance relies on accurate simulation of the signal decay
BY — K*°u* = The control decay B® — J/ip K*0 is used to cross-check if distributions
in data are reproduced properly. Ref. [13] describes the procedure used to correct the
unsatisfactory simulation of the transverse momentum of the signal B°, as well as the
B° vertex y? and the track multiplicity in the event. The effect of these corrections
on the acceptance is evaluated by redetermining the acceptance correction without the
reweighting. Toy studies are performed to evaluate the effect on the observables. The
results are given in Tabs. and 50} All deviations seen are negligible.

In addition, there are small differences for the kinematic variables of the BY daughter
particles. Fig. shows the (transverse) momentum for the signal kaon and pion for
both truth-matched simulated events as well as B® — J/ip K*O events from data. The
distributions for data are extracted using the sWeighting technique. To minimize the
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influence of pollution from an S-wave component which is not simulated in data, the
window for invariant mass of the K7~ system is reduced from the nominal +100 MeV/c? to
+20 MeV/c?. From the two-dimensional distributions of K and 7~ in data and simulation
a correction factor is determined. This correction factor, depending on the particles
momentum and transverse momentum is given in shown in Fig. 87, The systematic
uncertainty from the modeling of the signal decay is then evaluated using toy studies where
the acceptance is redetermined using the reweightings. Tabs. [51] and [52] give the resulting
systematic uncertainties for the reweighting of both kaon and pion. While the reweighting
of the kaon has a negligible effect, there is an, albeit small, systematic uncertainty for the
reweighting of the pion.

10.1.3 Fixing of ¢? for four-dimensional acceptance

For the 2 GeV?/c* bins, the efficiency is included in the PDF in the fit, since a weighted fit
of the data is less stable for the small statistics in these narrow bin’l The PDF used to

®The unfolding can be used for the larger ¢ bins 1 < ¢? < 6 GeV?/c* and 15 < ¢® < 19 GeV?/c?.

Figure 85: Distributions of deviations of observables from toy experiment for the first ¢
bin in the range 0.1 < ¢®> < 1.0 GeV?/c!. Events are generated with an acceptance varied
according to its statistical uncertainty and fit back using the nominal acceptance.
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Table 47: Systematic uncertainties due to the statistical uncertainty on the four-dimensional
acceptance. Ranges of ¢ bins are given in GeV?/ct.

0.1<¢*<1.0 1.0<¢* <25 2.5 < q?<4.0 4.0<¢*<6.0 6.0 < g% < 8.0

param. Osyst. param. Osyst. param. Osyst. param. Osyst. param. Osyst.
Fr, 0.0029 Fp, 0.0018  Fp, 0.0013  Fp, 0.0012  Fp, 0.0013
S3 0.0038  S3 0.0015 Sy 0.0012 S5 0.0012 S5 0.0013
Sy 0.0040 Sy 0.0025 Sy 0.0018 Sy 0.0015 Sy 0.0012
Sy 0.0045  Ss 0.0026  Ss 0.0022  Ss 0.0018 S5 0.0018
App 0.0038 App 0.0013 App 0.0009 App 0.0008 App 0.0009
S~ 0.0003 S~ 0.0002 S 0.0001 S 0.0001 S~ 0.0001
Sy 0.0001 Ss 0.0001 Sy 0.0001 Sy 0.0000 Sy 0.0000
Sy 0.0000 Sy 0.0001 Sy 0.0000 Sy 0.0000 Sy 0.0000

150<@® <170 17.0<¢*<190 11.0<¢*><125 11<¢’<60 15.0<¢*<19.0

param. Osyst. param. Osyst. param. Osyst. param. Osyst. param. Osyst.
Fy, 0.0025 Fy, 0.0044 Fp, 0.0017  Fp, 0.0012  Fp, 0.0029
S3 0.0030  S3 0.0067  S3 0.0017 S5 0.0011 S3 0.0039
Sy 0.0021 Sy 0.0037 Sy 0.0012 Sy 0.0016 Sy 0.0023
Sy 0.0028  Ss 0.0046 Sk 0.0019 S5 0.0018  Ss 0.0031
App 0.0020 App 0.0037 App 0.0012 App 0.0007 App 0.0022
S 0.0000 S% 0.0000 S 0.0000 S 0.0001 Sy 0.0001
Sy 0.0000 Sy 0.0000 Sy 0.0000 Sy 0.0001 Ss 0.0001
Sy 0.0000 Sy 0.0000  Sg 0.0000 Sy 0.0000 Sy 0.0000

fit the observables is in itself not ¢? dependent, therefore the four-dimensional efficiency is
evaluated for a fixed ¢?. The nominal setting is to use the mean of the ¢? bin to determine
the efficiency used for the specific bin. To evaluate a possible systematic bias from this
choice, toy experiments are used to determine the deviation for the observables seen for
fixing ¢* for the mean of the bin, ¢2,., as well as ¢2,, £ 3A¢?, where the ¢* bin is given
bY (@2 can — DG, @roan + Aq¢?]. The largest deviation is taken as systematic uncertainty and
given in Tab. [53| for all observables and ¢? bins. While this approach likely overestimates
the systematic effect, the resulting systematic uncertainties are small compared to the
expected statistical errors.

10.1.4 Higher order acceptance model

There is some choice in the maximum order of the Legendre polynomials used to model the
four-dimensional acceptance. While higher orders generaly will be able to describe details in
the acceptance better, more coefficients also will lead to higher computational requirements.
An additional potential drawback of higher order polynomials are oscillations at the borders
of the intervals (Runge phenomenon). Therefore the lowest order of polynomials that
describes the acceptance sufficiently well should be chosen. A higher order parametrisation
is used to determine a systematic uncertainty of this choice.
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Figure 86: Distribution of p and pz for (up) K and (down) 7~ for s Weighted B® — Jjp K*9
candidates from data (black) and truthmatched B® — J/i) K** decays from simulation

(red).
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The nominal choice is to include Legendre polynomials of order four and lower for
cos 0, order five for cos 0 and ¢?, and order six for the angle ¢ as described in Sec. . In
addition, the acceptance is assumed to be even in ¢ resulting in only non-zero coefficients
of even order for these polynomials. The projections of the four-dimensional acceptance
determined with these settings show very good description of the angles cos6; and ¢
(See Fig. . Small deviations are observed for low ¢? and large cosfy. To estimate
the effect of these imperfections on the angular observables, we determine an acceptance
including higer order polynomials for the description of cos 6k and ¢?, choosing a maximal
order of seven for both. Table 54| gives the result of the angular fit of the control decay
BY — Jhp K*0 using this higher order acceptance and for comparison the nominal result.
No deviation of a size sigificant for the angular analysis of the signal decay is seen. This
gives again confidence in the choice of the acceptance desciption.

To determine the systematic uncertainties properly, high statistics toys are performed,
where events are generated using the higher order acceptance model and fit with the
nominal one. The resulting deviations are given in Tab. [55] they are negligible for all bins.
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Figure 87: Correction factor for simulated events depending on p and pr for (left) K and
(right) 7.
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Table 48: Systematic uncertainties from neglecting the explicit reweighting of the B pr.
Ranges of ¢* bins are given in GeV?/c?.

01< <10 10< <25 25<¢?<40 40<¢ <60  60<¢g° <80

param. Osyst.  param. Osyst.  param. Osyst.  param. Osyst. ~ param. Osyst.
Fry, 0.0009 Fp, 0.0028  Fp, 0.0027  Fp, 0.0032  Fp, 0.0039
S3 0.0002 S5 0.0000 S5 0.0001 S5 0.0001 S5 0.0001
Sy 0.0003 Sy 0.0002 Sy 0.0005 Sy 0.0004 S, 0.0001
Sy 0.0004  S; 0.0005 S5 0.0001 S5 0.0005 S5 0.0005
App 0.0003 App 0.0014 App 0.0009 App 0.0005 App 0.0016
S 0.0000 5% 0.0000 S 0.0001 S 0.0000 S 0.0000
Sg 0.0001 Sy 0.0000 Sy 0.0001 Sy 0.0000 Sy 0.0000
So 0.0000  Sg 0.0000 Sy 0.0000 Sy 0.0000  Sg 0.0000

50<?<170 170<¢Z <100 11.0<¢@ <125 11<¢?<6.0 150<q><19.0

param. Osyst.  param. Osyst.  param. Osyst.  param. Osyst.  param. Osyst.
Fy, 0.0032  Fy, 0.0024  Fp, 0.0046  Fp, 0.0032 Fp, 0.0029
S3 0.0001 S5 0.0005  S3 0.0005 S5 0.0000 S5 0.0002
Sy 0.0001 S, 0.0005 Sy 0.0006 Sy 0.0002 S, 0.0003
S5 0.0005  S; 0.0003  Ss 0.0009  Ss 0.0001 S5 0.0004
Arp 0.0017 Apgp 0.0011  Agp 0.0028 App 0.0005 App 0.0015
S 0.0000 S 0.0000 Sy 0.0000 S 0.0000 5% 0.0000
Sy 0.0000 Sy 0.0000 Sy 0.0000 Sy 0.0000 Sy 0.0000
Sy 0.0000 Sy 0.0000 Sy 0.0000 Sy 0.0000 Sy 0.0000
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Table 49: Systematic uncertainties form neglecting the explicit reweighting of the B°
vertex x?. Ranges of ¢* bins are given in GeV?%/c?.

0.1<¢><1.0 1.0<¢><25 2.5 <q?<4.0 4.0<¢*<6.0 6.0 < g% < 8.0

param. Osyst.  param. Osyst.  param. Osyst.  param. Osyst. ~ param. Osyst.
Fr, 0.0019 Fp, 0.0004 Fp, 0.0005  Ffp, 0.0004 Fp, 0.0004
S3 0.0001 S5 0.0001  S3 0.0001 S5 0.0001 S5 0.0000
Sy 0.0019 Sy 0.0001 Sy 0.0003 Sy 0.0002 Sy 0.0001
Sy 0.0004  Ss 0.0006  Ss 0.0004  Ss 0.0000  S; 0.0001
Arp 0.0019 App 0.0003 Arp 0.0001 Apgp 0.0001 App 0.0002
S~ 0.0002 S 0.0000 S 0.0000 S 0.0000 S 0.0000
Sy 0.0000 Sy 0.0000 Sy 0.0000 Sy 0.0000 Sy 0.0000
Sy 0.0001 Sy 0.0000  Sg 0.0000 Sy 0.0000 Sy 0.0000

150< <170 17.0<¢><190 11.0<¢*<125 11<¢*<6.0 15.0<¢*<19.0

param. Osyst.  param. Osyst.  param. Osyst.  param. Osyst.  param. Osyst.
Fr, 0.0010 Fp, 0.0013  Fp, 0.0010 Fp, 0.0005  Fp, 0.0011
S3 0.0002 S5 0.0007  S3 0.0000 S5 0.0001  S3 0.0004
Sy 0.0003 Sy 0.0004 Sy 0.0001 Sy 0.0003 Sy 0.0003
Ss 0.0004  S; 0.0002  S; 0.0001 S5 0.0003  S; 0.0003
Arp 0.0004 App 0.0002 Arp 0.0006 App 0.0000 Arp 0.0003
S 0.0000 S 0.0000 S~ 0.0000 S 0.0000 S~ 0.0000
Ss 0.0000 Sy 0.0000 Sy 0.0000 Sy 0.0000 Sy 0.0000
Sy 0.0000 Sy 0.0000  Sg 0.0000 Sy 0.0000 Sy 0.0000

10.1.5 Peaking backgrounds

Several peaking backgrounds are able to mimic the signal decay. An overview is given
in Tab. taken from [13], where the peaking background processes are discussed in
more detail. To determine the effect of neglecting the peaking backgrounds in the
angular analysis, high statistics toy studies are performed. In addition to the signal and
combinatorial background component, peaking background events are added according
to their expected fraction. The deviation of the fitted angular observables from their
nominal values when neglecting these peaking background events in the fit are then taken
as systematic uncertainties.

The distributions of the peaking background events in reconstructed B° mass, decay
angles and ¢? are taken from data. To select these peaking background events, specific
selections are applied. The explicit vetoes against the peaking backgrounds are removed
and the criteria listed in Tab. |57] are applied instead. Since the nominal BDT used to
suppress combinatorial background includes particle identification criteria, the nominal
BDT cut is removed. Instead, a new BDT, trained without particle identification criteria,
is applied to remove combinatorial backgrounds.

The selected peaking backgrounds A) — pKutp~, B — ¢utp~ and B — nrn—putp,
as well as K7 swapped BY — K*%u" 1~ events, are given in Fig. Here, the standard
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Table 50: Systematic uncertainties form neglecting the explicit reweighting of the track
multiplicity. Ranges of ¢* bins are given in GeV?/c?.

0.1<¢*<1.0 1.0<¢* <25 2.5 < q?<4.0 4.0<¢*<6.0 6.0 < g% < 8.0

param. Osyst. ~ Daram.  Ogsyst.  param. Osyst.  param. Osyst.  param. Osyst.
Fry, 0.0010  Fp, 0.0002  Fp, 0.0003  Fy, 0.0004  Fy, 0.0007
S 0.0000 S5 0.0002 S 0.0002  Ss 0.0000 S5 0.0001
Sy 0.0005 5S4 0.0010  S4 0.0010 S, 0.0008 Sy 0.0006
Ss 0.0003 S5 0.0003 S5 0.0001 S5 0.0001 S5 0.0001
Arp 0.0022 App 0.0000 App 0.0005 App 0.0006 App 0.0006
S7 0.0001 Sy 0.0000 S, 0.0000 Sy 0.0000  S7 0.0000
Ss 0.0002  Ss 0.0000  Ss 0.0000  Ss 0.0000  Ss 0.0000
So 0.0000 Sy 0.0000 Sy 0.0000 S 0.0000 Sy 0.0000

150<@® <170 17.0<¢*<190 11.0<¢*><125 11<¢’<60 15.0<¢*<19.0

param. Osyst. ~ param. Ogyst. ~ param. Osyst. ~ param. Osyst. ~ param. Osyst.
Fy, 0.0010  Fp, 0.0015  Fp, 0.0003  Fp, 0.0000  Fp, 0.0003
Ss 0.0001 S5 0.0001 S 0.0007 S 0.0002 S5 0.0002
Sy 0.0002 Sy 0.0009 5S4 0.0003 Sy 0.0011  S4 0.0003
Ss 0.0004 S5 0.0001  Ss 0.0005  Ss 0.0003  Ss 0.0002
Arp 0.0006 App 0.0016 App 0.0002 App 0.0004 App 0.0005
St 0.0000  S7 0.0000 Sy 0.0000  S7 0.0000  S7 0.0000
Ss 0.0000  Ss 0.0000  Ss 0.0000  Ss 0.0000  Ss 0.0000
So 0.0000 Sy 0.0000 Sy 0.0000  So 0.0000 Sy 0.0000

charmonium vetoes are applied. In addition, Fig. [89|gives the corresponding high statistics
charmonium modes AY — JipK, BY — Jhp¢, B® — Jntr and B® — Jh) K*°
swaps, where ¢? is in the range [8,11] GeV?/c*. The selected peaking background yields
are 109 (A) — pKutp~™), 156 (B? — ¢utp~) and 92 (B® — 777 putu~) events. As
expected, the charmonium decays have much larger yields with 9,000 (A — J/pK),
24,100 (B? — J/p ) and 9,000 (B® — JpmTn~) events.

Two different methods are employed to determine the angular distributions of the
peaking background events. The first is to simply sample events randomly from the high
statistics b — J/i» X decays, using the ¢* distribution of the corresponding rare modes to
determine the fraction of background events expected in the different ¢? bins. The second
approach is to use a kernel density method to describe the distributions, using only the
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Figure 88: Selected (first row) AY — pKpu*p~, (second row) BY — ¢u*p~ and (third row)
B® — 7T n~putu~ peaking background events, as well as (fourth row) B® — K*0putpu~
swaps. The left column gives the reconstructed mass of the b hadron, the right column

the reconstructed mass of the final state hadron.
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Figure 89: Selected (first row) A) — JibpK, (second row) BY — J/i¢ and (third row)
B® — Jhpmtr~ peaking background events, as well as (fourth row) B — Jj) K*0 swaps.
The left column gives the reconstructed mass of the b hadron, the right column the
reconstructed mass of the final state hadron.
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Table 51: Systematic uncertainties from reweighting depending on pion p and pr. Ranges
of ¢ bins are given in GeV?/¢*.

0.1<¢*<1.0 1.0<¢* <25 2.5 < q?<4.0 4.0<¢*<6.0 6.0 < g% < 8.0

param. Osyst. param. Osyst. param. Osyst. param. Osyst. param. Osyst.
Fy, 0.0139 Fp, 0.0149 Fp, 0.0118  Fy, 0.0126 Fp, 0.0130
S3 0.0010 S5 0.0002 Sy 0.0005  S3 0.0011 S3 0.0014
Sy 0.0005 Sy 0.0017 Sy 0.0007 Sy 0.0021 Sy 0.0020
Sy 0.0030  Ss 0.0006  Ss 0.0017 S5 0.0020 S5 0.0010
App 0.0003 App 0.0077 App 0.0043 App 0.0020 App 0.0058
S~ 0.0003 S~ 0.0001 S 0.0003  S% 0.0002 S% 0.0001
Sy 0.0000 Sy 0.0001 Sy 0.0002 Sy 0.0002 Sy 0.0001
Sy 0.0001 So 0.0001 Sy 0.0002 Sy 0.0002 Sy 0.0001

150<@® <170 17.0<¢*<190 11.0<¢*><125 11<¢’<60 15.0<¢*<19.0

param. Osyst. param. Osyst. param. Osyst. param. Osyst. param. Osyst.
Fry, 0.0059  Fp, 0.0021 Fr, 0.0108  Fp, 0.0139 Fp, 0.0040
S3 0.0020 S5 0.0019  S3 0.0015 S5 0.0004 S5 0.0021
Sy 0.0006 Sy 0.0010 Sy 0.0002 Sy 0.0001 Sy 0.0009
Sy 0.0018  Sx 0.0011 Sy 0.0016 S5 0.0011 S5 0.0015
App 0.0031 App 0.0005 App 0.0066 App 0.0023 App 0.0017
S 0.0000 S% 0.0000 S 0.0000 S 0.0002 S% 0.0000
Sy 0.0000 Sy 0.0000 Sy 0.0000 Sy 0.0001 Ss 0.0000
Sy 0.0000 Sy 0.0000  Sg 0.0000 Sy 0.0001 So 0.0000

12 low statistics b — X ™ p~ modes. This method uses Gaussian kernels according to

N
1 1
Ppeaking(mlﬁru;u COS 917 COs eKa =
evegi 1 27T U(COS 91) (COS QK)U(¢)U(mKWMM)

< exp |- (Mecrpp — M) B (cos 6 — cos b;;)*
20’2<mK7rLL,LL> 20'2<COS 01)
(cosOx — cosfk)? (¢ — ¢;)?
— e — 110
*exp [ 202(cos O ) =T R

us where o(cos;) = o(cosOx) = 0.2, o(¢) = 7/5rad and o(Mgxu,) = 10.6 MeV/c?. Events
s near the borders of the cosf; and cos g distributions are handled by folding back the
s PDF. Fig. 90| shows the angular distributions for b — X pu*u~ decays in black. Overlayed
s are the angular distributions of the b — J/ib X decays in blue and the results from the
uor  kernel method in red. The results from the kernel method follow the data smoothly, the
uos angular distributions from the charmonium modes seem to be statistically compatible with
uo the rare decays. The most interesting feature is certainly the cos 6 dependence of the
wo BY — ¢utp~ and B? — Jhp ¢ decays which strongly peak towards cosf = —1. This is
11 due to the mass of the ¢ resonance being just above the KK~ threshold.
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Figure 90: The decay angles (left) cos@;, (middle) cosfg, and (right) ¢ for (black)
b — Xptu~ decays, (blue) b — J/ib X decays, and (red) from the kernel method described
in the text. The three peaking backgrounds studied are (first row) AY — pKu*p~, (second
row) B? — ¢utp~, (third row) B® — 7 n~pTu~ and (fourth row) B® — K a~ptu~
swaps.
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Table 52: Systematic uncertainties from reweighting depending on kaon p and pr. Ranges
of ¢ bins are given in GeV?/¢*.

0.1<¢*<1.0 1.0<¢* <25 2.5 < q?<4.0 4.0<¢*<6.0 6.0 < g% < 8.0

param. Osyst. ~ Daram.  Ogsyst.  param. Osyst.  param. Osyst.  param. Osyst.
Fry, 0.0035  Fp, 0.0006  Fp, 0.0001  Fy, 0.0004  Fy, 0.0008
S 0.0010 S5 0.0002 S 0.0001  Ss 0.0001  Ss 0.0002
Sy 0.0003 5S4 0.0006  S4 0.0010 S, 0.0010 5S4 0.0008
Ss 0.0010 S5 0.0004 S5 0.0000 S5 0.0004 S5 0.0004
Arp 0.0008 App 0.0004 App 0.0001  App 0.0001  App 0.0001
S7 0.0002 S 0.0000 S, 0.0000 Sy 0.0000  S7 0.0000
Ss 0.0001  Ss 0.0000  Ss 0.0000  Ss 0.0000  Ss 0.0000
So 0.0001 Sy 0.0000 Sy 0.0000 S 0.0000 Sy 0.0000

150<@® <170 17.0<¢*<190 11.0<¢*><125 11<¢’<60 15.0<¢*<19.0

param. Osyst. param. Osyst. param. Osyst. param. Osyst. param. Osyst.
Fry, 0.0008  Fp, 0.0002  Fp, 0.0012  Fp, 0.0000 Fp, 0.0003
S3 0.0002  S3 0.0006  S3 0.0001 S3 0.0000 S3 0.0004
Sy 0.0000 Sy 0.0001 Sy 0.0002 Sy 0.0013 Sy 0.0000
Sy 0.0000 Sk 0.0002 Sk 0.0002 S5 0.0000 Sk 0.0001
App 0.0005 App 0.0001 App 0.0008 App 0.0001 App 0.0003
S 0.0000 S% 0.0000 S 0.0000 S 0.0000 5% 0.0000
Sy 0.0000 Sy 0.0000 Sy 0.0000 Sy 0.0000 Sy 0.0000
Sy 0.0000 Sy 0.0000  Sg 0.0000 Sy 0.0000 Sy 0.0000

In addition to the peaking backgrounds from misidentified A) — pKpuTu~, B? —
KTK~ptu™ and B® — K¥tr~ptp~ decays, 2% of B — KTr_ ,u"p~ decays originating
from B® — K*9u ™ decays, where the 7~ was replaced by a random pion in the event.
The distributions of this background source are modelled using B® — K**(— KTa%)u*p~
decays.

The resulting deviations from high statistics toys containing the appropriate fraction of
A) = pKutp=, BY - K"K ptp~ and B — KT ptu~, as well as B — Kt utp™
peaking background events sampled from the charmonium decays are given in the Tab.
The corresponding results from the kernel method are given in Tab. [59]

10.1.6 Angular background modeling

The nominal background parametrisation uses Chebyshev polynomials of second order
and lower to describe the decay angles. To estimate the systematic effect of this choice
of angular background model, the high mass sideband (mg,,, € [5355,5700] MeV/c?)
is fit with Chebyshev polynomials of forth order and lower instead. To have enough
combinatorial background events to fit the Chebyshev coefficients, the BDT requirement
is removed for the fit. Fig. shows the fitted angular distributions in bins of ¢%. To
determine the systematic effect of only fitting the background with polynomials of order
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Table 53: Systematic uncertainties from fixing ¢ of the four-dimensional acceptance.
Ranges of ¢? bins are given in GeV?/c?t.

0.1<¢><1.0 1.0<¢><25 2.5 <q? <40 4.0<¢*<6.0 6.0 < ¢ < 8.0

param. Osyst.  param. Osyst.  param. Osyst.  param. Osyst.  param. Osyst.
Frp, 0.0025  Fp, 0.0088  F7p, 0.0089  Fp, 0.0089  Fp, 0.0043
S3 0.0014 S5 0.0005  S3 0.0002 S3 0.0005 S5 0.0003
Sy 0.0037 Sy 0.0029 Sy 0.0002 Sy 0.0009 Sy 0.0001
Sy 0.0014  Ss 0.0005  Ss 0.0019 S5 0.0020  S; 0.0004
Arp 0.0028 Arp 0.0043 Arp 0.0034 App 0.0013 App 0.0020
S~ 0.0001 S~ 0.0001 Sy 0.0002 S 0.0002 S 0.0001
Sy 0.0003 Sy 0.0001 Sy 0.0002 Sy 0.0000 Sy 0.0001
Sy 0.0000 Sy 0.0000  Sg 0.0001 Sy 0.0001 Sy 0.0001

15.0<¢®> <170 17.0<¢*><19.0 11.0<¢®> <125

param. Osyst.  param. Osyst.  param. Osyst.
Fr, 0.0034 Fy, 0.0226  Fp, 0.0013
S3 0.0033  S3 0.0102 Sy 0.0009
Sy 0.0030 Sy 0.0062 Sy 0.0005
S5 0.0024 S5 0.0044  S; 0.0005
Arp 0.0014 App 0.0063 Arp 0.0009
S 0.0002 S% 0.0000 S~ 0.0001
Sy 0.0002 Sy 0.0000 Sy 0.0002
Sy 0.0001 Sy 0.0000  Sg 0.0000

Table 54: Results from the angular fit of the control decay B® — J/ip K*O using (left)
the higher order acceptance description detailed in Sec. [10.1.4] and (right) the nominal
acceptance correction.

parameter higher order result parameter nominal result

Sis 0.330 £0.001 Sy 0.331 £ 0.001
Ss 0.001 £0.002 S 0.000 £ 0.002
Sa —0.274 £0.002 Sy —0.276 £ 0.002
Ss —0.005£0.002 S5 —0.002 £ 0.002
Ses 0.002 £0.002 Sg 0.002 £ 0.002
Sz 0.001 £0.002 S7 0.001 £ 0.002
Sg —0.050 £0.002 Sy —0.050 = 0.002
Sy —0.085 £ 0.002 Sy —0.087 £ 0.002
Fg 0.073 £0.003 Fyg 0.083 £ 0.003
Ss1 —0.235£0.003 Sg —0.229 £ 0.003
Sso 0.002 £0.002  Sgo 0.001 £ 0.002
Sss 0.001 £0.002  Sgs 0.003 = 0.002
Ssa 0.001 £0.002  Sgy 0.001 % 0.002
Sss —0.065£0.002  Sgs —0.065 £ 0.002
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Table 55: The effect of using a the nominal instead of a higher order acceptance model.

0.1<¢*<1.0 1.0<¢><25 2.5 < q? <40 4.0<¢*<6.0 6.0 < g% < 8.0
param. Osyst. param. Osyst. param. Osyst. param. Osyst. param. Osyst.
Fr, 0.0037 Fy, 0.0108 Fj, 0.0022 Fp 0.0033  F, 0.0034
Ss 0.0007  Ss 0.0015 S 0.0003  Ss 0.0003  Ss 0.0010
Sy 0.0042 S, 0.0007 S, 0.0017 S, 0.0015 S, 0.0014
Ss 0.0162 S 0.0065 S 0.0025 S 0.0020 S 0.0021
Arp 0.0004 App 0.0020 App 0.0000 App 0.0011  App 0.0021
S, 0.0036 S, 0.0030 S, 0.0005 S 0.0001 57 0.0009
S 0.0003  Sg 0.0030 S 0.0009 Sy 0.0006  Sg 0.0013
S 0.0017 Sy 0.0013 Sy 0.0012 Sy 0.0008 Sy 0.0020
150< <170 17.0<¢*<190 11.0<¢*><125 11<¢*<6.0 15.0<¢*<19.0
param. Osyst. param. Osyst. param. Osyst. param. Osyst. param. Osyst.
Fr. 0.0018 Fj, 0.0084 Fj, 0.0032 F 0.0001  Fj, 0.0003
Ss 0.0013  Ss 0.0025 S 0.0005 Ss 0.0000 Ss 0.0010
Sy 0.0009 S, 0.0002 S, 0.0003 S, 0.0006 S, 0.0002
Ss 0.0022 S 0.0031  Ss 0.0028 S 0.0001 S 0.0002
Arp 0.0004 App 0.0059 App 0.0018 App 0.0001  App 0.0004
S, 0.0016  S; 0.0112 S, 0.0014 S; 0.0014 S; 0.0050
Ss 0.0018  Sg 0.0027 S 0.0023 Sy 0.0011  Sg 0.0003
S 0.0024 Sy 0.0015 Sy 0.0008 Sy 0.0007 Sy 0.0002

Table 56: Estimated yields, and percentage relative to estimated signal yield, of peaking
background events before and after the vetoes. The dominant uncertainty contributing to
these numbers is in o5 and the estimate of B(A) — A*(1520)°u™p™).

after preselection, before vetoes after vetoes and selection
Channel | Estimated events % signal Estimated events % signal
AV — A*(1520)%u T~ | (1.0 £0.5) x 10° 19+£8 51 £ 25 1.0+0.4
A)— pKpTp~ | (1.0£0.5) x 102 1.9+0.8 5.7+ 2.8 0.11 £0.05
BT — Ktutu~ 28 7 0.55 £ 0.06 1.6 £0.5 0.031 £ 0.006
BY— ¢ptu~ | (3.241.3) x 102 6.2+21 17+7 0.33+0.12
signal swaps | (3.6 +0.9) x 10> 6.9+0.6 33+9 0.64 £ 0.06
B — Jhp K*9 swaps | (1.3 40.4) x 102 2.6+04 2.7+2.8 0.05£0.05
BY— Jhp K*O 70 + 22 1.354+0.28 59 + 19 1.144+0.26
BT — K*Tutpu~ 0 0 0 0

two and lower, high statistics toy MC is used. The toy MC is generated using the forth
order angular backgorund description using the nominal signal fraction. Then the toys
are fitted once with the fourth order and one with the second order angular backgorund
description. The observed difference is taken as systematic uncertainty and is given in
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Table 57: Particle identification criteria and mass ranges to explicitly select specific peaking
backgrounds.

mode selection criteria
A — pKputp~ ProbNNk(K) > 0.3
ProbNNp(7) > 0.3
Mt — Mmgo| < 50 MeV/c?
BY — ¢utpu~ ProbNNk(K,m) > 0.3
Imr —mg| < 20 MeV/c?
Mk — mpo| < 50 MeV/c?
BY - mtn~put ™ ProbNNpi(K,w) > 0.3
ProbNNk (K, m) < 0.1
My — Mpo| < 50 MeV/c?

Table 58: Deviations from the nominal observables due to the peaking backgrounds. The
background events have been sampled from the corresponding charmonium mode.

01<¢><1.0 1.0<¢*><25 25<¢?><4.0 40<¢®><6.0 6.0 <¢?><8.0

param. Osyst. ~ Param.  Ogsyst.  param. Osyst.  param. Osyst. ~ param. Osyst.
Iy, 0.0047  Fp, 0.0018  Fp, 0.0006  Fp, 0.0006  Fp, 0.0001
Ss 0.0023  S3 0.0008  S3 0.0010 S5 0.0036  Ss 0.0100
Sy 0.0028 54 0.0012 S, 0.0037 Sy 0.0034 54 0.0019
Ss 0.0028 S5 0.0032 S5 0.0007 S5 0.0018 S5 0.0005
Arp 0.0062 App 0.0075  App 0.0018 App 0.0001  App 0.0022
Sy 0.0038  S7 0.0002 Sy 0.0050 Sy 0.0031 S 0.0001
Ss 0.0020  Ss 0.0034  Sg 0.0048  Ss 0.0019 Sy 0.0057
So 0.0030 Sy 0.0024 S 0.0060 S 0.0014 S 0.0016

50<g@ <170 17T0<¢ <190 110<¢g® <125 11<¢?<60 150<q®<19.0

param. Osyst. ~ param. Osyst.  param. Osyst.  param. Osyst.  param. Osyst.
Fy, 0.0030  Fp, 0.0020  Fp, 0.0018  Fp, 0.0055  Fp, 0.0046
Ss 0.0018  S3 0.0029  S3 0.0000  Ss 0.0032  S3 0.0050
Sy 0.0018 54 0.0029 S, 0.0080 5S4 0.0012 4 0.0037
Ss 0.0014 S5 0.0019 S5 0.0058 S5 0.0041 S5 0.0032
Arp 0.0014 App 0.0032 App 0.0013 App 0.0058 App 0.0056
S7 0.0050 Sy 0.0037 Sy 0.0047 Sy 0.0005 Sy 0.0025
Ss 0.0013  Ss 0.0043 Sy 0.0034  Ss 0.0042  Sg 0.0014
So 0.0009 Sy 0.0004 Sy 0.0051 Sy 0.0021 Sy 0.0012

i Tab. [60] The systematic effect is negligible.
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Figure 91: The angular distribution of combinatorial background events in the high mass
sideband (M, € [5355,5700] MeV/c?).
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Table 59: Deviations from the nominal observables due to the peaking backgrounds. The
background events have been generated using the kernel method described in the text.

0.1<¢><1.0 1.0<¢*> <25 25<¢?><4.0 40<¢*><6.0 6.0 < ¢® < 8.0

param. Osyst. ~ param. Ogyst. ~ param. Osyst. ~ param. Osyst. ~ param. Osyst.
Fr, 0.0064  Fy, 0.0035 Fp, 0.0024 Fp, 0.0041  Fp, 0.0023
S3 0.0015  S3 0.0029 S5 0.0048 S5 0.0050  S3 0.0064
Si 0.0039 S, 0.0001 Sy 0.0052 Sy 0.0069 S, 0.0097
S5 0.0040 S5 0.0040  Sj 0.0051 S5 0.0085 S5 0.0082
App 0.0031 App 0.0005 App 0.0033 App 0.0013 App 0.0040
S7 0.0011 57 0.0011 57 0.0017  S; 0.0037 Sy 0.0009
Sg 0.0066  Sg 0.0005  Sg 0.0032 Sy 0.0032  Sg 0.0026
So 0.0014  Sq 0.0042 Sg 0.0052  Sq 0.0009  Sq 0.0011

150<¢><17.0 17.0<¢*<19.0 11.0<¢’>< 125 1.1<¢%><6.0 15.0 < ¢? < 19.0

param. Osyst. ~ param. Osyst. ~ param. Osyst. param. Osyst. ~ param. Osyst.
Fy 0.0034 Fp 0.0037  Fj, 0.0017  Fp 0.0063  Fp 0.0027
S3 0.0015  S3 0.0049 S5 0.0031 S5 0.0005  S3 0.0038
Sy 0.0049 S, 0.0061 Sy 0.0047 S, 0.0009 Sy 0.0020
S5 0.0068  Ss 0.0038 S5 0.0033 S5 0.0010 S5 0.0008
Arp 0.0054 App 0.0074  App 0.0022 App 0.0034 App 0.0055
Sz 0.0014 S, 0.0010 S7 0.0016  S7 0.0055  S7 0.0002
Sg 0.0025  Sg 0.0033 S 0.0042  Sg 0.0066  Sg 0.0003
So 0.0034  Sq 0.0033 Sg 0.0032  Sq 0.0037  Sg 0.0012

10.1.7 Signal mass modeling

The signal mass peak is modelled using the sum of two Crystal Ball functions with common
mean and tail parameters and different widths. The nominal signal mass shape parameters
are determined from the control decay BY — J/iy K** and fixed in the nominal fit of the
signal decay. To determine the systematic effect of this choice of signal mass model, a
double Gaussian is used as alternative model. The parameters of the double Gaussian are
determined from a fit to B — J/i K*O events. High statistics toy MC is then generated
using the double Gaussian mass model and fitted twice, once using the double Gaussian
and once using the nominal Crystal Ball parametrisation. The observed difference is given
in Tab. [61| and used as systematic uncertainty.

10.1.8 myg, related systematic uncertainties

The nominal fit used the my, distribution to constrain Fg as described in Sec. [6.2.12]
Three possible sources of systematic uncertainties connected to the mg, distribution
are studied: The parametrisation of the S-wave component, the parametrisation of the
background in mg,, and the effect of an mg, dependent efficiency which is neglected in
the nominal fit.
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Table 60: Systematic effect due to the angular background modeling.

0.1<¢*<1.0 1.0<¢><25 2.5 < q? <40 4.0<¢*<6.0 6.0 < g% < 8.0

param. Osyst. param. Osyst. param. Osyst. param. Osyst. param. Osyst.
Frp, 0.0003 Fp, 0.0033  Fp, 0.0013  Fp, 0.0010 Fp, 0.0012
S3 0.0010  S3 0.0031 S3 0.0024 S5 0.0022 S5 0.0039
Sy 0.0007 Sy 0.0004 Sy 0.0003 Sy 0.0010 Sy 0.0016
S5 0.0002 Sk 0.0010 Sk 0.0010 S5 0.0010 S5 0.0034
Arp 0.0001 App 0.0009 App 0.0014 App 0.0005 App 0.0008
S~ 0.0001 S 0.0005 S 0.0002 S; 0.0002 S% 0.0003
Sy 0.0000 Sy 0.0004 Sy 0.0002 Sy 0.0002 Sy 0.0001
Sy 0.0006 Sy 0.0013 Sy 0.0019 Sy 0.0033 Sy 0.0018

150< <170 17.0<¢*<190 11.0<¢*><125 11<¢*<6.0 15.0<¢*<19.0

param. Osyst. ~ param. Ogyst. ~ param. Osyst. ~ param. Osyst. ~ param. Osyst.
Fy, 0.0011  Fy, 0.0003  Fp, 0.0007  Fy, 0.0021  Fp, 0.0005
Ss 0.0002  Ss 0.0059 S5 0.0011  Ss 0.0010 S5 0.0008
Sy 0.0012 S, 0.0002 4 0.0014 S, 0.0017 Sy 0.0015
Ss 0.0005  Ss 0.0001  Ss 0.0024  Ss 0.0005  Ss 0.0010
Arp 0.0002 App 0.0002 App 0.0021  App 0.0013  App 0.0000
St 0.0000  S7 0.0001 Sy 0.0003  S; 0.0002  S7 0.0001
Ss 0.0000  Ss 0.0002  Ss 0.0002  Ss 0.0001  Ss 0.0000
So 0.0004 Sy 0.0018 S 0.0034 S 0.0004 Sy 0.0007

To evaluate the systematic uncertainty due to using the LASS shape as nominal model
for the S-wave contribution, the effect of using the ISOBAR model instead is evaluated.
The ISOBAR model consists of the sum of two amplitudes modelling the fsgo and the
K;°(1430),

AISOBAR(mKW) = |Tf800|6iarg6f800“4f800 (mKW> + (1 - |Tf800|)AK50(1430) (mKw),

where A, (mrr) and Agzo(1as0) () are Breit-Wigner amplitudes as in Eq. .
The masses and widths of the resonances are set to m(fsgo) = 682MeV/c? and
['(fso0) = 547 MeV/c? for the fgoo contribution and m(K;°(1430)) = 1.425GeV/c* and
[(K;°(1430)) = 0.270 GeV/c? for the K;°(1430) [40]. The parameters |rgp| and dggg are
determined from a fit to the my,,, and my, distributions of B — J/i) K** decays. High
statistics toy Monte Carlo generated using the ISOBAR model and fit twice, once using
the ISOBAR, and once the nominal LASS model. The observed deviations for the angular
observables are used as systematic uncertainties and given in Tab. [62]

To evaluate the systematic uncertainty due to the background parametrisation of mg,
a first order Chebyshev polynomial is compared to a fourth order parametrisation. The
fourth order coefficients are determined from B® — J/) K*°. High statistics toy Monte
Carlo is generated using the fourth order parametrisation and fit using both the fourth
order and the nominal first order parametrisation. The observed deviations for the angular
observables are used as systematic uncertainties and given in Tab. [63]
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Table 61: Systematic effect of the signal mass model.

0.1<¢*<1.0 1.0<¢><25 2.5 < q? <40 4.0<¢*<6.0 6.0 < g% < 8.0
param. Osyst. param. Osyst. param. Osyst. param. Osyst. param. Osyst.
Fr, 0.0009 Fj, 0.0021 Fy, 0.0022 Fp 0.0013  F, 0.0006
Ss 0.0001  Ss 0.0001 S 0.0003  Ss 0.0004 Ss 0.0006
Sy 0.0000 S, 0.0001 S, 0.0003 S, 0.0004 S, 0.0006
Ss 0.0008 S 0.0006 S 0.0007 S 0.0013 S 0.0019
Arp 0.0005 App 0.0011  App 0.0003  App 0.0007 App 0.0011
S, 0.0000 S; 0.0005  S; 0.0001 S 0.0001 57 0.0002
S 0.0000  Sg 0.0001 S 0.0000 Sy 0.0001  Sg 0.0002
S 0.0000 Sy 0.0001 Sy 0.0002 Sy 0.0004 Sy 0.0002
150< <170 17.0<¢*<190 11.0<¢*><125 11<¢*<6.0 15.0<¢*<19.0
param. Osyst. param. Osyst. param. Osyst. param. Osyst. param. Osyst.
Fr. 0.0013  Fy, 0.0022  F, 0.0011 F, 0.0017 Fj, 0.0017
Ss 0.0039  Ss 0.0072 S 0.0014  Ss 0.0001  Ss 0.0037
Sy 0.0003 S, 0.0011 S, 0.0005 S, 0.0003 S, 0.0005
Ss 0.0019 S 0.0020  Ss 0.0019 S 0.0005 S 0.0019
Arp 0.0023 App 0.0034 App 0.0019 App 0.0001  App 0.0027
S, 0.0000 S; 0.0003 S, 0.0000 57 0.0003 57 0.0000
Ss 0.0001  Sg 0.0000  Sg 0.0000  Sg 0.0002 Sy 0.0000
S 0.0001 Sy 0.0001 Sy 0.0000 Sy 0.0001 Sy 0.0001

For the nominal fit the efficiency over the mp, range of the angular analysis,
[795.9,995.9] MeV/c?, is assumed to be flat. The systematic effect of this assumption
is quantified using high statistics toy Monte Carlo, including an additional mg, dependent
efficiency. This efficiency is parametrised using a linearly rising or falling function with
a variation of +5% at the borders of the my, mass range. The additional efficiency is
applied on top of the usual four-dimensional efficiency described in Sec. [8.2] The angular
observables are then determined using the nominal fit, and the largest deviations from the

generated values are taken as systematic uncertainties and given in Tab.

10.1.9 Production asymmetry

The production of B® and B° mesons is known to be asymmetric at the LHC, due to
the non-charge symmetric initial state in pp collision. The production asymmetry A,od,

defined as

Aprod =

N(BY) —

(B%)

N(EO) _
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Table 62: Systematic deviations due to using the ISOBAR model instead of the nominal
LASS description of the S-wave.

0.1<¢><1.0 1.0<¢*> <25 25<¢?><4.0 40<¢*><6.0 6.0 < ¢® < 8.0

param. Osyst. ~ param. Ogyst. ~ param. Osyst. ~ param. Osyst. ~ param. Osyst.
Fr, 0.0002  Fy, 0.0004 Fp, 0.0004 Fp, 0.0002  F, 0.0001
S3 0.0000  S3 0.0000 S5 0.0000 S5 0.0000  S3 0.0000
Si 0.0001 Sy 0.0000 Sy 0.0001 Sy 0.0001 S, 0.0002
S5 0.0004 S5 0.0002 S5 0.0002 S5 0.0004 S5 0.0004
App 0.0001 App 0.0001 App 0.0000 App 0.0000 App 0.0001
S7 0.0000  S7 0.0001  S7 0.0000 S7 0.0000 Sy 0.0000
Sg 0.0000 Sg 0.0000  Sg 0.0000  Sg 0.0000 Sg 0.0000
So 0.0000  Sg 0.0000  Sg 0.0000  Sq 0.0000  Sg 0.0000

150<¢><17.0 17.0<¢*<19.0 11.0<¢’>< 125 1.1<¢%><6.0 15.0 < ¢? < 19.0

param. Osyst. ~ param. Osyst. ~ param. Osyst. param. Osyst. ~ param. Osyst.
Fy 0.0003 Fp 0.0010  Fj, 0.0001  Fp 0.0003 Fp 0.0003
S3 0.0007  S3 0.0035 S5 0.0001 S5 0.0000  S3 0.0011
Sy 0.0006 Sy 0.0024 Sy 0.0002 Sy 0.0001 Sy 0.0009
S5 0.0010 S5 0.0026  Sj 0.0005 S5 0.0002 S5 0.0013
App 0.0008 App 0.0024 App 0.0003 App 0.0000 App 0.0011
Sz 0.0000 Sy 0.0000 S7 0.0000 S7 0.0000 S7 0.0000
Sg 0.0000 Sg 0.0000  Sg 0.0000  Sg 0.0000 Sg 0.0000
So 0.0000  Sg 0.0000 Sg 0.0000  Sq 0.0000  Sg 0.0000

uso 1s measured to be (—0.35 £ 0.76 £+ 0.28)% [43]. This affects both the measured CP
us1  asymmetries and the CP-averaged observables, according to

Aimeas = Az - Si(/{Aprod)y

Sy = i — Ai(KAprod),

w2 where k is a dilution factor due to B® — B° mixing. For B® mixing, x is calculated via

[5F e(t)e " cos(Amgt)dt

0
I, e(t)eTtdt ’

KR =

wss with I'=1/7; = 1/1.519ps™! and the mixing frequency Amg = 0.510ps™* [40]. The decay
g time dependent efficiency €(t) is given in Fig. . The calculation results in a factor of
1485 K = 35.2%.
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Table 63: Systematic uncertainties due to the mg, parametrisation of background events.

0.1<¢*<1.0 1.0<¢><25 2.5 < q? <40 4.0<¢*<6.0 6.0 < g% < 8.0

param. Osyst. param. Osyst. param. Osyst. param. Osyst. param. Osyst.
Fy, 0.0004 Fp, 0.0024  Fp, 0.0050  Fp, 0.0035  Fp, 0.0016
S3 0.0000 S5 0.0000  S3 0.0002  S3 0.0003  S3 0.0005
Sy 0.0003 Sy 0.0002 Sy 0.0011 Sy 0.0020 Sy 0.0019
S5 0.0009 Sk 0.0011 Sy 0.0024 S5 0.0047 S5 0.0047
App 0.0003 App 0.0009 App 0.0006 App 0.0006 App 0.0014
S~ 0.0001 S 0.0003 S 0.0005 S7 0.0004 S% 0.0003
Sy 0.0000 Sy 0.0001 Sy 0.0001 Sy 0.0001 Sy 0.0001
Sy 0.0000 Sy 0.0000  Sg 0.0001 Sy 0.0000 Sy 0.0000

150< <170 17.0<¢*<190 11.0<¢*><125 11<¢*<6.0 15.0<¢*<19.0

param. Osyst.  param. Osyst.  param. Osyst. ~ param. Osyst.  param. Osyst.
L 0.0006 Iy 0.0004 Fy 0.0006 Iy, 0.0042 Iy 0.0013
S5 0.0013 S 0.0015  Ss 0.0012 S 0.0001 S 0.0042
Sy 0.0012 S, 0.0010 S, 0.0021 S, 0.0013 S, 0.0035
S5 0.0018 S5 0.0011 S5 0.0044 S 0.0026 S5 0.0048
App 00015 App 00010 App 00027 App 00004 App  0.0042
Sy 0.0000 Sy 0.0000 S 0.0000 Sy 0.0006 Sy 0.0000
S 0.0000  Sg 0.0000  Sg 0.0000  Ss 0.0001  Sg 0.0000
So 0.0000 S 0.0000 Sy 0.0000 S 0.0000 Sy 0.0000
3 -
; .
§ L
;‘g 0.8—
T L
0.6;
0.4;
02f
07llllllllllllllllllllllllllllllllllllllllllllllll
0 1 2 3 4 5 6 7 8 9 10

t[ps]

Figure 92: The decay time dependent selection efficiency €(t).
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Table 64: Systematic uncertainties due to the assumption of flat efficiency in myg..

0.1<¢*<1.0 1.0<¢><25 2.5 < q? <40 4.0<¢*<6.0 6.0 < g% < 8.0

param. Osyst. param. Osyst. param. Osyst. param. Osyst. param. Osyst.
Frp, 0.0007  Fp, 0.0022 Fp, 0.0010  Fp, 0.0033  Fp, 0.0031
S3 0.0008 S3 0.0006  S3 0.0034 S5 0.0028  S3 0.0016
Sy 0.0025 Sy 0.0003 Sy 0.0023 Sy 0.0002 Sy 0.0030
S5 0.0011 S5 0.0029 Sk 0.0025 S5 0.0012 S5 0.0054
App 0.0005 App 0.0006 App 0.0031 App 0.0012 App 0.0019
S~ 0.0019 S 0.0009 S 0.0020 S 0.0023  S% 0.0023
Sy 0.0033 Sy 0.0008 Sy 0.0033 Sy 0.0031 Sy 0.0018
Sy 0.0009 Sy 0.0003  Sg 0.0025 Sy 0.0016 Sy 0.0034

150< <170 17.0<¢*<190 11.0<¢*><125 11<¢*<6.0 15.0<¢*<19.0

param. Osyst. ~ param. Ogyst. ~ param. Osyst. ~ param. Osyst. ~ param. Osyst.
Fy, 0.0020  Fp, 0.0008  Fp, 0.0006  Fp, 0.0001  Fp, 0.0016
Ss 0.0017 S 0.0015 S5 0.0013 S5 0.0017 S5 0.0034
Sy 0.0009 S, 0.0014 4 0.0013 S, 0.0027 Sy 0.0036
Ss 0.0012 S5 0.0009 Ss 0.0023  Ss 0.0002 S5 0.0060
Arp 0.0007 App 0.0013 App 0.0005 App 0.0018  App 0.0036
St 0.0010  S7 0.0056 Sy 0.0017  S; 0.0007  S7 0.0031
Ss 0.0010  Ss 0.0007  Ss 0.0020  Ss 0.0041  Ss 0.0026
So 0.0013 5o 0.0020 Sy 0.0019 S 0.0021 Sy 0.0008

10.1.10 Detection asymmetry

Similarly to the production asymmetry, the measurement can also be affected by the
K*7~ detection asymmetry
e(Ktn™) —e(K—7n™)

Adet = e(Ktn—)+e(K—nt)’

according to

AP = Ap — SiAdet,

S = 5; — AjAges
The K7~ detection asymmetry is known to be driven by the kaon detection asymmetry,
which is momentum dependent. The kaon detection asymmetry, in bins of kaon momentum,
is given in Tab. [65, which is taken from Ref. [44] and was used in Ref. [45]. Since the

momentum spectra for the hadrons depend on ¢, the detection asymmetry is determined

for all ¢ bins, and given in Tab. .

10.1.11 Summary of systematic uncertainties

Tables [60] 68} [69 and [70] give an overview of the systematic uncertainties for the
observables in bins of ¢?. The different systematic sources and their constribution to the
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Table 65: (Left) kaon detection asymmetry, depending on kaon momentum. (Right)
resulting K7~ detection asymmetry Age; for the different ¢* bins.

¢* bin [GeVY | Ager [%)]

p(K) [GeV/(] Ader [70] 01<¢ <098 -0.010
0<p(K)<10 —1.37+0.11 11<¢*<25  -0.011

10 < p(K) <175 —1.2+0.10 25<q><40  -0.011
175 < p(K) <225 —1.15+0.11 40< <60  -0.011
225 <p(K) <30 —1.09+0.12 6.0<¢*<80  -0.011
30 < p(K) <50 —0.88+0.16 11.0< ¢ <125  -0.011

50 < p(K) <70 —0.71+0.29 150 <2< 17.0  -0.012

70 < p(K) < 100 —0.33 +0.30 170 < 2 <19.0  -0.012
100 < p(K) <150  0.18 +0.45 1< <60 -0.011

150 < g2 < 19.0  -0.012

1o total systematic uncertainty are shown. The total systematic uncertainty is calculated as
ue quadratic sum of the individual contributions. The statistical uncertainty from a fit of the
100 data, evaluated using HESSE, is given as well for comparison.

1501 The Tables [71], [72], [73], [(4) an give the corresponding systematic uncertainties for
12 the P basis. Tables 7 ' Eand glve the systematic uncertainties for the CP
1503 asymmetries A;.
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Table 66: Summary of systematic uncertainties for the CP-averaged observables S; in the
¢ bins 1.1 < ¢? < 6.0 GeV?/c* and 15.0 < ¢* < 19.0 GeV?/c™.

1.1 < ¢* <6.0GeV?/c!

g FL 53 54 S5 AFB 57 Sg Sg
Ostat. 0.0307 0.0375 0.0497 0.0457 0.0294 0.0460 0.0500 0.0405
m reweighting 0.0139 0.0004 0.0001 0.0011 0.0023 0.0002 0.0001 0.0001
K reweighting 0.0000 0.0000 0.0013 0.0000 0.0001 0.0000 0.0000 0.0000

pr(BY) reweighting  0.0032  0.0000 0.0002 0.0001 0.0005 0.0000 0.0000 0.0000
X34, Teweighting 0.0005 0.0001 0.0003 0.0003 0.0000 0.0000 0.0000 0.0000
Niracks reweighting  0.0000 0.0002 0.0011 0.0003 0.0004 0.0000 0.0000 0.0000
higher order acc. 0.0001  0.0000 0.0006 0.0001 0.0001 0.0014 0.0011 0.0007

€(q?) 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
peaking bkg. 0.0063 0.0032 0.0012 0.0041 0.0058 0.0055 0.0066 0.0037
angular bkg. model 0.0021 0.0010 0.0017 0.0005 0.0013 0.0002 0.0001 0.0004
sig. mass 0.0017 0.0001 0.0003 0.0005 0.0001 0.0003 0.0002 0.0001
M, isobar 0.0003 0.0000 0.0001 0.0002 0.0000 0.0000 0.0000 0.0000
Mmgn bkg. 0.0042 0.0001 0.0013 0.0026 0.0004 0.0006 0.0001 0.0000
mgq eff. 0.0001 0.0017 0.0027 0.0002 0.0018 0.0007 0.0041 0.0021
acc. stat. 0.0012 0.0011 0.0016 0.0018 0.0007 0.0001 0.0001 0.0000
Adet 0.0000 0.0008 0.0001 0.0005 0.0002 0.0005 0.0005 0.0004
Aprod 0.0000 0.0001 0.0000 0.0001 0.0000 0.0001 0.0001 0.0000
Osyst. 0.0165 0.0040 0.0044 0.0054 0.0067 0.0058 0.0079 0.0043
15.0 < ¢% < 19.0 GeV¥/?
g FL 53 S4 S5 AFB 57 Sg Sg
Ostat. 0.0267 0.0335 0.0364 0.0349 0.0279 0.0414 0.0425 0.0402
7 reweighting 0.0040 0.0021 0.0009 0.0015 0.0017 0.0000 0.0000 0.0000
K reweighting 0.0003 0.0004 0.0000 0.0001 0.0003 0.0000 0.0000 0.0000

pr(B°) reweighting  0.0029  0.0002 0.0003 0.0004 0.0015 0.0000 0.0000 0.0000
X3, Teweighting 0.0011 0.0004 0.0003 0.0003 0.0003 0.0000 0.0000 0.0000
Niracks reweighting — 0.0003  0.0002  0.0003 0.0002 0.0005 0.0000 0.0000 0.0000
higher order acc. 0.0003 0.0010 0.0002 0.0002 0.0004 0.0050 0.0003 0.0002

e(q?) 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
peaking bkg. 0.0046 0.0050 0.0037 0.0032 0.0056 0.0025 0.0014 0.0012
angular bkg. model 0.0005 0.0008 0.0015 0.0010 0.0000 0.0001 0.0000 0.0007
sig. mass 0.0017 0.0037 0.0005 0.0019 0.0027 0.0000 0.0000 0.0001
My isobar 0.0003 0.0011 0.0009 0.0013 0.0011 0.0000 0.0000 0.0000
Mmgn bkg. 0.0013 0.0042 0.0035 0.0048 0.0042 0.0000 0.0000 0.0000
Mg, eff. 0.0016 0.0034 0.0036 0.0060 0.0036 0.0031 0.0026 0.0008
acc. stat. 0.0029 0.0039 0.0023 0.0031 0.0022 0.0001 0.0001 0.0000
Adet 0.0000 0.0004 0.0009 0.0004 0.0013 0.0005 0.0003 0.0007
Aprod 0.0000 0.0000 0.0001 0.0000 0.0001 0.0000 0.0000 0.0001
Osyst. 0.0079 0.0095 0.0071 0.0094 0.0090 0.0065 0.0030 0.0018
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Table 67: Summary of systematic uncertainties for the CP-averaged observables S; in the
¢? bins 0.1 < ¢® < 0.98 GeV?/c! and 1.1 < ¢* < 2.5GeV?/c?.

0.1 < ¢?><0.98GeV?/c?

(o FL 53 54 S5 AFB 57 Sg Sg
Ostat. 0.0436  0.0608 0.0658 0.0569 0.0563 0.0580 0.0738 0.0576
7w reweighting 0.0139 0.0010 0.0005 0.0030 0.0003 0.0003 0.0000 0.0001
K reweighting 0.0035 0.0010 0.0003 0.0010 0.0008 0.0002 0.0001 0.0001

pr(BY) reweighting  0.0009 0.0002 0.0003 0.0004 0.0003 0.0000 0.0001 0.0000
X34, Teweighting 0.0019 0.0001 0.0019 0.0004 0.0019 0.0002 0.0000 0.0001
Niracks reweighting  0.0010  0.0000 0.0005 0.0003 0.0022 0.0001 0.0002 0.0000
higher order acc. 0.0037 0.0007 0.0042 0.0162 0.0004 0.0036 0.0003 0.0017

€(q?) 0.0025 0.0014 0.0037 0.0014 0.0028 0.0001 0.0003 0.0000
peaking bkg. 0.0064 0.0023 0.0039 0.0040 0.0062 0.0038 0.0066 0.0030
angular bkg. model 0.0003 0.0010 0.0007 0.0002 0.0001 0.0001 0.0000 0.0006
sig. mass 0.0009 0.0001 0.0000 0.0008 0.0005 0.0000 0.0000 0.0000
M, isobar 0.0002 0.0000 0.0001 0.0004 0.0001 0.0000 0.0000 0.0000
Mmgn bkg. 0.0004 0.0000 0.0003 0.0009 0.0003 0.0001 0.0000 0.0000
mgq eff. 0.0007 0.0008 0.0025 0.0011 0.0005 0.0019 0.0033 0.0009
acc. stat. 0.0029 0.0038 0.0040 0.0045 0.0038 0.0003 0.0001 0.0000
Adet 0.0000 0.0001 0.0007 0.0000 0.0013 0.0008 0.0003 0.0003
Aprod 0.0000 0.0000 0.0001 0.0000 0.0001 0.0001 0.0000 0.0000
Osyst. 0.0168 0.0051 0.0086 0.0177 0.0085 0.0057 0.0074 0.0036
1.1 < ¢® <2.5GeV¥c?
g FL 53 S4 S5 AFB 57 Sg Sg
Ostat. 0.0679 0.0744 0.0939 0.0872 0.0596 0.0883 0.0977 0.0741
7 reweighting 0.0149 0.0002 0.0017 0.0006 0.0077 0.0001 0.0001 0.0001
K reweighting 0.0006 0.0002 0.0006 0.0004 0.0004 0.0000 0.0000 0.0000

pr(B°) reweighting  0.0028  0.0000 0.0002 0.0005 0.0014 0.0000 0.0000 0.0000
X3, Teweighting 0.0004 0.0001 0.0001 0.0006 0.0003 0.0000 0.0000 0.0000
Niracks reweighting  0.0002  0.0002 0.0010 0.0003 0.0000 0.0000 0.0000 0.0000
higher order acc. 0.0108 0.0015 0.0007 0.0065 0.0020 0.0030 0.0030 0.0013

e(q?) 0.0088 0.0005 0.0029 0.0005 0.0043 0.0001 0.0001 0.0000
peaking bkg. 0.0035 0.0029 0.0012 0.0040 0.0075 0.0011 0.0034 0.0042
angular bkg. model 0.0033 0.0031 0.0004 0.0010 0.0009 0.0005 0.0004 0.0013
sig. mass 0.0021  0.0001 0.0001 0.0006 0.0011 0.0005 0.0001 0.0001
My isobar 0.0004 0.0000 0.0000 0.0002 0.0001 0.0001 0.0000 0.0000
Mmgn bkg. 0.0024 0.0000 0.0002 0.0011 0.0009 0.0003 0.0001 0.0000
Mg, eff. 0.0022 0.0006 0.0003 0.0029 0.0006 0.0009 0.0008 0.0003
acc. stat. 0.0018 0.0015 0.0025 0.0026 0.0013 0.0002 0.0001 0.0001
Adet 0.0000 0.0004 0.0025 0.0012 0.0004 0.0009 0.0005 0.0000
Aprod 0.0000 0.0001 0.0003 0.0001 0.0000 0.0001 0.0001 0.0000
Osyst. 0.0216 0.0049 0.0052 0.0089 0.0121 0.0036 0.0047 0.0047
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Table 68: Summary of systematic uncertainties for the CP-averaged observables S; in the
¢? bins 2.5 < ¢? < 4.0 GeV?/c* and 4.0 < ¢* < 6.0 GeV?¥/ ¢,

2.5 < ¢° < 4.0GeV¥/ !

(o FL 53 S4 S5 AFB 57 Sg Sg
Ostat. 0.0857 0.0694 0.1162 0.0952 0.0661 0.1017 0.1124 0.0847
7w reweighting 0.0118 0.0005 0.0007 0.0017 0.0043 0.0003 0.0002 0.0002
K reweighting 0.0001 0.0001 0.0010 0.0000 0.0001 0.0000 0.0000 0.0000

pr(BY) reweighting  0.0027  0.0001  0.0005 0.0001 0.0009 0.0001 0.0001 0.0000
X34, Teweighting 0.0005 0.0001 0.0003 0.0004 0.0001 0.0000 0.0000 0.0000
Niracks reweighting  0.0003  0.0002 0.0010 0.0001 0.0005 0.0000 0.0000 0.0000
higher order acc. 0.0022 0.0003 0.0017 0.0025 0.0000 0.0005 0.0009 0.0012

€(q?) 0.0089 0.0002 0.0002 0.0019 0.0034 0.0002 0.0002 0.0001
peaking bkg. 0.0024 0.0048 0.0052 0.0051 0.0033 0.0050 0.0048 0.0060
angular bkg. model 0.0013 0.0024 0.0003 0.0010 0.0014 0.0002 0.0002 0.0019
sig. mass 0.0022 0.0003 0.0003 0.0007 0.0003 0.0001 0.0000 0.0002
M, isobar 0.0004 0.0000 0.0001 0.0002 0.0000 0.0000 0.0000 0.0000
Mmgn bkg. 0.0050 0.0002 0.0011 0.0024 0.0006 0.0005 0.0001 0.0001
mgq eff. 0.0010 0.0034 0.0023 0.0025 0.0031 0.0020 0.0033 0.0025
acc. stat. 0.0013 0.0012 0.0018 0.0022 0.0009 0.0001 0.0001 0.0000
Adet 0.0000 0.0012 0.0001 0.0001 0.0002 0.0003 0.0008 0.0024
Aprod 0.0000 0.0001 0.0000 0.0000 0.0000 0.0000 0.0001 0.0003
Osyst. 0.0165 0.0066 0.0065 0.0076 0.0074 0.0055 0.0059 0.0073
4.0 < ¢% < 6.0GeV?/c?
g FL 53 S4 S5 AFB 57 Sg Sg
Ostat. 0.0513 0.0646 0.0802 0.0747 0.0493 0.0785 0.0878 0.0674
7 reweighting 0.0126 0.0011 0.0021 0.0020 0.0020 0.0002 0.0002 0.0002
K reweighting 0.0004 0.0001 0.0010 0.0004 0.0001 0.0000 0.0000 0.0000

pr(B°) reweighting  0.0032  0.0001  0.0004 0.0005 0.0005 0.0000 0.0000 0.0000
X3, Teweighting 0.0004 0.0001 0.0002 0.0000 0.0001 0.0000 0.0000 0.0000
Niracks reweighting  0.0004  0.0000 0.0008 0.0001 0.0006 0.0000 0.0000 0.0000
higher order acc. 0.0033 0.0003 0.0015 0.0020 0.0011 0.0001 0.0006 0.0008

e(q?) 0.0089 0.0005 0.0009 0.0020 0.0013 0.0002 0.0000 0.0001
peaking bkg. 0.0041 0.0050 0.0069 0.0085 0.0013 0.0037 0.0032 0.0014
angular bkg. model 0.0010 0.0022 0.0010 0.0010 0.0005 0.0002 0.0002 0.0033
sig. mass 0.0013 0.0004 0.0004 0.0013 0.0007 0.0001 0.0001 0.0004
My isobar 0.0002 0.0000 0.0001 0.0004 0.0000 0.0000 0.0000 0.0000
Mg r bkg. 0.0035 0.0003 0.0020 0.0047 0.0006 0.0004 0.0001 0.0000
Mg, eff. 0.0033 0.0028 0.0002 0.0012 0.0012 0.0023 0.0031 0.0016
acc. stat. 0.0012 0.0012 0.0015 0.0018 0.0008 0.0001 0.0000 0.0000
Adet 0.0000 0.0018 0.0018 0.0006 0.0002 0.0004 0.0000 0.0007
Aprod 0.0000 0.0002 0.0002 0.0001 0.0000 0.0001 0.0000 0.0001
Osyst. 0.0174 0.0067 0.0082 0.0107 0.0035 0.0044 0.0045 0.0041
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Table 69: Summary of systematic uncertainties for the CP-averaged observables S; in the
q? bins 6.0 < ¢? < 8.0 GeV?/c? and 11.0 < ¢* < 12.5 GeV?/c™.

6.0 < ¢® < 8.0GeV?/cT

(o FL 53 S4 S5 AFB 57 Sg Sg
Ostat. 0.0442 0.0551 0.0606 0.0574 0.0390 0.0647 0.0682 0.0571
7w reweighting 0.0130 0.0014 0.0020 0.0010 0.0058 0.0001 0.0001 0.0001
K reweighting 0.0008 0.0002 0.0008 0.0004 0.0001 0.0000 0.0000 0.0000

pr(BY) reweighting  0.0039  0.0001 0.0001 0.0005 0.0016 0.0000 0.0000 0.0000
X34, Teweighting 0.0004 0.0000 0.0001 0.0001 0.0002 0.0000 0.0000 0.0000
Niracks reweighting  0.0007  0.0001  0.0006 0.0001 0.0006 0.0000 0.0000 0.0000
higher order acc. 0.0034 0.0010 0.0014 0.0021 0.0021 0.0009 0.0013 0.0020

€(q?) 0.0043 0.0003 0.0001 0.0004 0.0020 0.0001 0.0001 0.0001
peaking bkg. 0.0023 0.0100 0.0097 0.0082 0.0040 0.0009 0.0057 0.0016
angular bkg. model 0.0012 0.0039 0.0016 0.0034 0.0008 0.0003 0.0001 0.0018
sig. mass 0.0006 0.0006 0.0006 0.0019 0.0011 0.0002 0.0002 0.0002
M, isobar 0.0001 0.0000 0.0002 0.0004 0.0001 0.0000 0.0000 0.0000
Mmgn bkg. 0.0016 0.0005 0.0019 0.0047 0.0014 0.0003 0.0001 0.0000
mgq eff. 0.0031 0.0016 0.0030 0.0054 0.0019 0.0023 0.0018 0.0034
acc. stat. 0.0013 0.0013 0.0012 0.0018 0.0009 0.0001 0.0000 0.0000
Adet 0.0000 0.0007 0.0004 0.0014 0.0005 0.0004 0.0005 0.0012
Aprod 0.0000 0.0001 0.0000 0.0002 0.0001 0.0000 0.0001 0.0001
Osyst. 0.0153 0.0111 0.0109 0.0120 0.0083 0.0027 0.0061 0.0048
11.0 < ¢% < 12.5GeVY/ !
g FL 53 S4 S5 AFB 57 Sg Sg
Ostat. 0.0420 0.0434 0.0676 0.0613 0.0363 0.0689 0.0636 0.0581
7 reweighting 0.0108 0.0015 0.0002 0.0016 0.0066 0.0000 0.0000 0.0000
K reweighting 0.0012 0.0001 0.0002 0.0002 0.0008 0.0000 0.0000 0.0000

pr(B°) reweighting  0.0046  0.0005 0.0006 0.0009 0.0028 0.0000 0.0000 0.0000
X3, Teweighting 0.0010 0.0000 0.0001 0.0001 0.0006 0.0000 0.0000 0.0000
Niracks reweighting — 0.0003  0.0007  0.0003 0.0005 0.0002 0.0000 0.0000 0.0000
higher order acc. 0.0032 0.0005 0.0003 0.0028 0.0018 0.0014 0.0023 0.0008

e(q?) 0.0013 0.0009 0.0005 0.0005 0.0009 0.0001 0.0002 0.0000
peaking bkg. 0.0018 0.0031 0.0080 0.0058 0.0022 0.0047 0.0042 0.0051
angular bkg. model 0.0007 0.0011 0.0014 0.0024 0.0021 0.0003 0.0002 0.0034
sig. mass 0.0011 0.0014 0.0005 0.0019 0.0019 0.0000 0.0000 0.0000
My isobar 0.0001  0.0001 0.0002 0.0005 0.0003 0.0000 0.0000 0.0000
Mmgn bkg. 0.0006 0.0012 0.0021 0.0044 0.0027 0.0000 0.0000 0.0000
Mg, eff. 0.0006 0.0013 0.0013 0.0023 0.0005 0.0017 0.0020 0.0019
acc. stat. 0.0017 0.0017 0.0012 0.0019 0.0012 0.0000 0.0000 0.0000
Adet 0.0000 0.0015 0.0011 0.0003 0.0003 0.0001 0.0002 0.0006
Aprod 0.0000 0.0002 0.0001 0.0000 0.0000 0.0000 0.0000 0.0001
Osyst. 0.0126  0.0050 0.0087 0.0092 0.0089 0.0052 0.0052 0.0065
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Table 70: Summary of systematic uncertainties for the CP-averaged observables S; in the
¢? bins 15.0 < ¢ < 17.0GeV¥ct and 17.0 < ¢? < 19.0 GeV¥/ct.

15.0 < ¢ < 17.0 GeV¥/?

(o FL 53 S4 S5 AFB 57 Sg Sg
Ostat. 0.0371 0.0402 0.0475 0.0469 0.0351 0.0547 0.0552 0.0501
7w reweighting 0.0059 0.0020 0.0006 0.0018 0.0031 0.0000 0.0000 0.0000
K reweighting 0.0008 0.0002 0.0000 0.0000 0.0005 0.0000 0.0000 0.0000

pr(BY) reweighting  0.0032  0.0001 0.0001  0.0005 0.0017 0.0000 0.0000 0.0000
X34, Teweighting 0.0010 0.0002 0.0003 0.0004 0.0004 0.0000 0.0000 0.0000
Niracks reweighting  0.0010  0.0001  0.0002 0.0004 0.0006 0.0000 0.0000 0.0000
higher order acc. 0.0018 0.0013 0.0009 0.0022 0.0004 0.0016 0.0018 0.0024

€(q?) 0.0034 0.0033 0.0030 0.0024 0.0014 0.0002 0.0002 0.0001
peaking bkg. 0.0034 0.0018 0.0049 0.0068 0.0054 0.0050 0.0025 0.0034
angular bkg. model 0.0011 0.0002 0.0012 0.0005 0.0002 0.0000 0.0000 0.0004
sig. mass 0.0013 0.0039 0.0003 0.0019 0.0023 0.0000 0.0001 0.0001
M, isobar 0.0003 0.0007 0.0006 0.0010 0.0008 0.0000 0.0000 0.0000
Mmgn bkg. 0.0006 0.0013 0.0012 0.0018 0.0015 0.0000 0.0000 0.0000
mgq eff. 0.0020 0.0017 0.0009 0.0012 0.0007 0.0010 0.0010 0.0013
acc. stat. 0.0025 0.0030 0.0021 0.0028 0.0020 0.0000 0.0000 0.0000
Adet 0.0000 0.0004 0.0008 0.0009 0.0010 0.0012 0.0006 0.0011
Aprod 0.0000 0.0000 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001
Osyst. 0.0093 0.0071 0.0066 0.0089 0.0076 0.0055 0.0033 0.0045
17.0 < ¢ < 19.0 GeV¥/?
g FL 53 S4 S5 AFB 57 Sg Sg
Ostat. 0.0453 0.0642 0.0538 0.0527 0.0445 0.0682 0.0656 0.0576
7 reweighting 0.0021 0.0019 0.0010 0.0011 0.0005 0.0000 0.0000 0.0000
K reweighting 0.0002 0.0006 0.0001 0.0002 0.0001 0.0000 0.0000 0.0000

pr(B°) reweighting  0.0024  0.0005 0.0005 0.0003 0.0011 0.0000 0.0000 0.0000
X3, Teweighting 0.0013 0.0007 0.0004 0.0002 0.0002 0.0000 0.0000 0.0000
Niracks reweighting  0.0015 0.0001  0.0009 0.0001 0.0016 0.0000 0.0000 0.0000
higher order acc. 0.0084 0.0025 0.0002 0.0031 0.0059 0.0112 0.0027 0.0015

e(q?) 0.0226  0.0102 0.0062 0.0044 0.0063 0.0000 0.0000 0.0000
peaking bkg. 0.0037 0.0049 0.0061 0.0038 0.0074 0.0037 0.0043 0.0033
angular bkg. model 0.0003 0.0059 0.0002 0.0001 0.0002 0.0001 0.0002 0.0018
sig. mass 0.0022 0.0072 0.0011 0.0020 0.0034 0.0003 0.0000 0.0001
My isobar 0.0010 0.0035 0.0024 0.0026 0.0024 0.0000 0.0000 0.0000
Mmgn bkg. 0.0004 0.0015 0.0010 0.0011 0.0010 0.0000 0.0000 0.0000
Mg, eff. 0.0008 0.0015 0.0014 0.0009 0.0013 0.0056 0.0007 0.0020
acc. stat. 0.0044 0.0067 0.0037 0.0046 0.0037 0.0000 0.0000 0.0000
Adet 0.0000 0.0007 0.0009 0.0001 0.0016 0.0006 0.0003 0.0005
Aprod 0.0000 0.0001 0.0001 0.0000 0.0002 0.0001 0.0000 0.0001
Osyst. 0.0252 0.0170 0.0102 0.0089 0.0130 0.0131 0.0051 0.0045
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Table 71: Summary of systematic uncertainties for the PZ-(’) in the ¢ bins 1.1 < ¢ <
6.0 GeV?/c* and 15.0 < ¢* < 19.0 GeV?¥/ ™.

1.1 < ¢® <6.0GeV?¥c?

g P1 P2 P3 P4 P5 P6 P8
Ostat. 0.2418 0.0643 0.1307 0.1074 0.0987 0.0997 0.1081
7w reweighting 0.0016 0.0008 0.0003 0.0040 0.0034 0.0009 0.0002
K reweighting 0.0004 0.0002 0.0001 0.0029 0.0001 0.0000 0.0000

pr(BP) reweighting  0.0004 0.0002 0.0001 0.0004 0.0014 0.0002 0.0000
X%, reweighting 0.0010 0.0001 0.0000 0.0005 0.0004 0.0001 0.0000
Niracks Teweighting  0.0014  0.0010 0.0000 0.0025 0.0006 0.0000 0.0000
higher order acc. 0.0007 0.0000 0.0026 0.0013 0.0000 0.0031 0.0030

e(q?) 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
peaking bkg. 0.0426 0.0076 0.0149 0.0076 0.0104 0.0199 0.0084
angular bkg. model 0.0022 0.0052 0.0019 0.0034 0.0002 0.0005 0.0005
sig. mass 0.0019 0.0020 0.0002 0.0010 0.0021 0.0006 0.0001
Mg, isobar 0.0001 0.0002 0.0000 0.0003 0.0005 0.0001 0.0000
mgr bkg. 0.0021  0.0027 0.0002 0.0037 0.0065 0.0016 0.0002
mp eff. 0.0029 0.0007 0.0061 0.0035 0.0003 0.0035 0.0019
acc. stat. 0.0081 0.0018 0.0001 0.0036 0.0044 0.0002 0.0001
Adet 0.0049 0.0003 0.0011 0.0003 0.0010 0.0010 0.0011
Aprod 0.0006 0.0000 0.0001 0.0000 0.0001 0.0001 0.0001
Osyst. 0.0440 0.0100 0.0165 0.0119 0.0138 0.0205 0.0092
15.0 < ¢® < 19.0 GeV?/c?
g P1 P2 P3 P4 P5 P(; Pg
Ostat. 0.1006 0.0264 0.0611 0.0769 0.0743 0.0872 0.0896
m reweighting 0.0031 0.0008 0.0000 0.0001 0.0012 0.0000 0.0000
K reweighting 0.0016 0.0001 0.0000 0.0002 0.0004 0.0000 0.0000

pr(B°) reweighting  0.0031  0.0003 0.0000 0.0018 0.0006 0.0000 0.0000
X%, Teweighting 0.0003 0.0004 0.0000 0.0002 0.0001 0.0000 0.0000
Niracks reweighting — 0.0008  0.0004 0.0000 0.0005 0.0005 0.0000 0.0000
higher order acc. 0.0036 0.0002 0.0002 0.0008 0.0003 0.0099 0.0005

e(q?) 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
peaking bkg. 0.0120 0.0077 0.0047 0.0035 0.0093 0.0047 0.0075
angular bkg. model 0.0016 0.0004 0.0015 0.0035 0.0021 0.0002 0.0001
sig. mass 0.0094 0.0022 0.0003 0.0018 0.0046 0.0000 0.0003
Mg isobar 0.0031  0.0009 0.0000 0.0022 0.0030 0.0000 0.0000
Mg r bkg. 0.0134 0.0040 0.0000 0.0092 0.0127 0.0001 0.0000
Mg, eff. 0.0120 0.0033 0.0013 0.0081 0.0086 0.0028 0.0018
acc. stat. 0.0111 0.0013 0.0001 0.0049 0.0066 0.0002 0.0002
Adet 0.0013 0.0010 0.0011 0.0020 0.0009 0.0010 0.0006
Aprod 0.0001  0.0001 0.0001 0.0002 0.0001 0.0001 0.0001
Osyst. 0.0270 0.0098 0.0052 0.0147 0.0201 0.0114 0.0077
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Table 72: Summary of systematic uncertainties for the PZ-(’) in the ¢ bins 0.1 < ¢ <
0.98 GeV?/c* and 1.1 < ¢ < 2.5GeV?/ct.

0.1 < ¢ <0.98GeV?/c!

g P1 P2 P3 P4 P5 P6 P8
Ostat. 0.1649 0.0510 0.0780 0.1498 0.1302 0.1317 0.1673
7w reweighting 0.0027 0.0017 0.0001 0.0055 0.0036 0.0003 0.0001
K reweighting 0.0028 0.0009 0.0000 0.0011 0.0002 0.0003 0.0002

pr(B°) reweighting  0.0005 0.0004 0.0000 0.0009 0.0001 0.0000 0.0001
X%, reweighting 0.0004 0.0015 0.0000 0.0014 0.0002 0.0004 0.0001
Niracks Teweighting  0.0000 0.0017  0.0000 0.0019 0.0001 0.0001 0.0002
higher order acc. 0.0025 0.0009 0.0021 0.0118 0.0435 0.0079 0.0007

e(q?) 0.0038 0.0024 0.0000 0.0093 0.0031 0.0004 0.0007
peaking bkg. 0.0057 0.0041 0.0044 0.0127 0.0249 0.0114 0.0052
angular bkg. model 0.0028 0.0000 0.0006 0.0018 0.0008 0.0002 0.0000
sig. mass 0.0007 0.0000 0.0002 0.0005 0.0029 0.0002 0.0001
M, isobar 0.0000 0.0001 0.0000 0.0004 0.0012 0.0001 0.0000
Mpr bkg. 0.0000 0.0001 0.0000 0.0005 0.0015 0.0001 0.0000
Mg, eff. 0.0037 0.0022 0.0043 0.0026 0.0021 0.0042 0.0041
acc. stat. 0.0101  0.0035 0.0001 0.0097 0.0119 0.0008 0.0002
Adet 0.0002 0.0009 0.0004 0.0016 0.0000 0.0018 0.0007
Aprod 0.0000 0.0001 0.0001 0.0002 0.0000 0.0002 0.0001
Osyst. 0.0139 0.0070 0.0065 0.0231 0.0519 0.0147 0.0067

1.1 < ¢? <25GeV?/c?

g P1 P2 P3 P4 P5 PG PS
Ostat. 0.4388 0.1330 0.2237 0.1982 0.1858 0.1891 0.2071
T reweighting 0.0014 0.0035 0.0003 0.0032 0.0047 0.0009 0.0001
K reweighting 0.0012 0.0001 0.0001 0.0015 0.0010 0.0000 0.0000

pr(B°) reweighting  0.0000 0.0008 0.0000 0.0005 0.0004 0.0002 0.0000
X%, Teweighting 0.0004 0.0001 0.0001 0.0003 0.0014 0.0000 0.0000
Niracks reweighting — 0.0013  0.0003  0.0001  0.0023 0.0007 0.0000 0.0000
higher order acc. 0.0103 0.0104 0.0046 0.0027 0.0170 0.0054 0.0069

e(q?) 0.0032 0.0026 0.0001 0.0052 0.0029 0.0008 0.0003
peaking bkg. 0.0224 0.0214 0.0118 0.0175 0.0100 0.0093 0.0175
angular bkg. model 0.0233 0.0062 0.0042 0.0008 0.0013 0.0010 0.0004
sig. mass 0.0013 0.0059 0.0003 0.0005 0.0022 0.0005 0.0004
Mk, isobar 0.0000 0.0009 0.0000 0.0001 0.0005 0.0002 0.0000
Mg r bkg. 0.0004 0.0060 0.0000 0.0006 0.0032 0.0010 0.0002
Mg, eff. 0.0143 0.0056 0.0071 0.0034 0.0074 0.0039 0.0143
acc. stat. 0.0098 0.0020 0.0002 0.0054 0.0060 0.0004 0.0002
Adet 0.0026  0.0006 0.0001 0.0052 0.0026 0.0019 0.0010
Aprod 0.0003 0.0001 0.0000 0.0006 0.0003 0.0002 0.0001
Osyst. 0.0384 0.0270 0.0151 0.0207 0.0232 0.0117 0.0237
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Table 73: Summary of systematic uncertainties for the PZ-(’) in the ¢ bins 2.5 < ¢ <
4.0 GeV?/c* and 4.0 < ¢* < 6.0 GeV¥/ .

2.5 < ¢> < 4.0GeV?/c?

g P1 P2 P3 P4 P5 P6 P8
Ostat. 1.1432 0.5744 0.8633 0.4373 0.2902 0.3215 0.3429
7w reweighting 0.0031 0.0013 0.0006 0.0047 0.0042 0.0013 0.0001
K reweighting 0.0007 0.0004 0.0001 0.0026 0.0000 0.0001 0.0001

pr(BP) reweighting  0.0004 0.0004 0.0001 0.0001 0.0021 0.0003  0.0000
X%, reweighting 0.0012 0.0003 0.0000 0.0006 0.0007 0.0001 0.0000
Niracks Teweighting  0.0023  0.0012  0.0001  0.0027 0.0006 0.0000 0.0000
higher order acc. 0.0022 0.0028 0.0056 0.0030 0.0077 0.0015 0.0021

e(q?) 0.0001 0.0006 0.0004 0.0044 0.0013 0.0010 0.0005
peaking bkg. 0.0009 0.0103 0.0186 0.0214 0.0151 0.0111 0.0248
angular bkg. model 0.0248 0.0027 0.0090 0.0003 0.0022 0.0004 0.0003
sig. mass 0.0017 0.0046 0.0017 0.0022 0.0037 0.0009 0.0004
Mg, isobar 0.0002 0.0006 0.0000 0.0004 0.0007 0.0002 0.0001
mgr bkg. 0.0023 0.0081 0.0004 0.0051 0.0091 0.0022 0.0007
mp eff. 0.0292 0.0042 0.0086 0.0021 0.0083 0.0056 0.0029
acc. stat. 0.0117 0.0023 0.0002 0.0046 0.0054 0.0004 0.0002
Adet 0.0192 0.0009 0.0197 0.0002 0.0002 0.0011 0.0023
Aprod 0.0022 0.0001 0.0023 0.0000 0.0000 0.0001 0.0003
Osyst. 0.0448 0.0154 0.0305 0.0241 0.0226 0.0129 0.0252
4.0 < ¢®> < 6.0GeV?/c?
g P1 P2 P3 P4 P5 P(; Pg
Ostat. 0.3327 0.0844 0.1737 0.1642 0.1528 0.1613 0.1808
m reweighting 0.0060 0.0040 0.0004 0.0021 0.0073 0.0006 0.0000
K reweighting 0.0006 0.0006 0.0000 0.0025 0.0006 0.0000 0.0000

pr(B°) reweighting  0.0001  0.0011  0.0001  0.0007 0.0017 0.0002 0.0000
X%, Teweighting 0.0008 0.0000 0.0000 0.0003 0.0004 0.0000 0.0000
Niracks reweighting — 0.0002  0.0013  0.0000 0.0016 0.0002 0.0000 0.0000
higher order acc. 0.0025 0.0051 0.0031 0.0051 0.0074 0.0001 0.0013

e(q?) 0.0020  0.0030 0.0003 0.0023 0.0032 0.0005 0.0004
peaking bkg. 0.0108 0.0017 0.0104 0.0152 0.0136 0.0068 0.0093
angular bkg. model 0.0184 0.0005 0.0124 0.0014 0.0011 0.0006 0.0008
sig. mass 0.0028 0.0002 0.0009 0.0016 0.0037 0.0001 0.0002
Mk, isobar 0.0003 0.0003 0.0000 0.0005 0.0011 0.0001 0.0000
Mg r bkg. 0.0033 0.0040 0.0001 0.0060 0.0137 0.0011 0.0004
Mg, eff. 0.0068 0.0057 0.0164 0.0072 0.0035 0.0024 0.0011
acc. stat. 0.0098 0.0020 0.0001 0.0031 0.0044 0.0002 0.0001
Adet 0.0094 0.0003 0.0017 0.0036 0.0013 0.0009 0.0001
Aprod 0.0011  0.0000 0.0002 0.0004 0.0001 0.0001 0.0000
Osyst. 0.0274 0.0105 0.0233 0.0198 0.0233 0.0074 0.0095
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Table 74: Summary of systematic uncertainties for the PZ-(’) in the ¢2 bins 6.0 < ¢ <
8.0GeV?/c* and 11.0 < ¢? < 12.5GeV?/c*.

6.0 < ¢> < 8.0GeV?/c!

g P1 P2 P3 P4 P5 PG Pg
Ostat. 0.2626  0.0593 0.1362 0.1227 0.1164 0.1312 0.1383
7w reweighting 0.0053 0.0034 0.0004 0.0002 0.0052 0.0003 0.0001
K reweighting 0.0013 0.0006 0.0000 0.0019 0.0005 0.0000 0.0000

pr(B°) reweighting  0.0000 0.0011 0.0001 0.0009 0.0010 0.0001  0.0000
X%, reweighting 0.0002 0.0000 0.0000 0.0002 0.0004 0.0000 0.0000
Niracks Teweighting  0.0001  0.0004 0.0000 0.0010 0.0002 0.0000 0.0000
higher order acc. 0.0048 0.0003 0.0056 0.0018 0.0063 0.0018 0.0027

e(q?) 0.0009 0.0009 0.0001 0.0011 0.0015 0.0002 0.0002
peaking bkg. 0.0132 0.0094 0.0083 0.0074 0.0155 0.0108 0.0045
angular bkg. model 0.0164 0.0001 0.0061 0.0022 0.0058 0.0006 0.0003
sig. mass 0.0029 0.0031 0.0004 0.0010 0.0041 0.0006 0.0000
Mg, isobar 0.0002 0.0004 0.0000 0.0004 0.0010 0.0001 0.0000
mgr bkg. 0.0029 0.0048 0.0002 0.0050 0.0121 0.0007 0.0004
mp eff. 0.0061 0.0046 0.0056 0.0006 0.0083 0.0022 0.0037
acc. stat. 0.0073 0.0011 0.0001 0.0025 0.0038 0.0002 0.0001
Adet 0.0033 0.0006 0.0028 0.0008 0.0028 0.0008 0.0009
Aprod 0.0004 0.0001 0.0003 0.0001 0.0003 0.0001 0.0001
Osyst. 0.0248 0.0126 0.0133 0.0101 0.0244 0.0113 0.0065
11.0 < ¢® < 12.5GeV?/c?
g P1 P2 P3 P4 P5 P(; Pg
Ostat. 0.2808 0.0384 0.1152 0.1271 0.1162 0.1385 0.1285
m reweighting 0.0012 0.0012 0.0000 0.0021 0.0005 0.0000 0.0000
K reweighting 0.0007 0.0001 0.0000 0.0003 0.0001 0.0000 0.0000

pr(B°) reweighting  0.0000  0.0005 0.0000 0.0003 0.0005 0.0000 0.0000
X%, Teweighting 0.0003 0.0001 0.0000 0.0003 0.0004 0.0000 0.0000
Niracks reweighting — 0.0025 0.0001  0.0000 0.0005 0.0009 0.0000 0.0000
higher order acc. 0.0005 0.0005 0.0013 0.0001 0.0047 0.0028 0.0047

e(q?) 0.0035 0.0000 0.0001 0.0013 0.0015 0.0002 0.0002
peaking bkg. 0.0082 0.0014 0.0075 0.0127 0.0091 0.0055 0.0016
angular bkg. model 0.0040 0.0032 0.0058 0.0030 0.0049 0.0004 0.0005
sig. mass 0.0049 0.0013 0.0000 0.0007 0.0039 0.0001 0.0002
Mk, isobar 0.0005 0.0003 0.0000 0.0005 0.0011 0.0000 0.0000
Mg r bkg. 0.0033 0.0022 0.0001 0.0036 0.0077 0.0000 0.0000
Mg, eff. 0.0051 0.0018 0.0026 0.0013 0.0028 0.0025 0.0008
acc. stat. 0.0057  0.0005 0.0000 0.0024 0.0038 0.0000 0.0000
Adet 0.0059 0.0003 0.0013 0.0023 0.0006 0.0002 0.0003
Aprod 0.0006 0.0000 0.0001 0.0002 0.0001 0.0000 0.0000
Osyst. 0.0152 0.0049 0.0100 0.0143 0.0151 0.0067 0.0050
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Table 75: Summary of systematic uncertainties for the Pi(/) in the ¢ bins 15.0 < ¢? <
17.0GeV?/c* and 17.0 < ¢* < 19.0 GeV?/ ™.

15.0 < ¢® < 17.0GeV?/c?

g P1 P2 P3 P4 P5 PG Pg
Ostat. 0.1196 0.0316 0.0768 0.0994 0.1012 0.1149 0.1158
7w reweighting 0.0023 0.0008 0.0000 0.0010 0.0010 0.0000 0.0000
K reweighting 0.0013 0.0000 0.0000 0.0002 0.0003 0.0000 0.0000

pr(BP) reweighting  0.0018  0.0004 0.0000 0.0011 0.0005 0.0000 0.0000
X%, reweighting 0.0000 0.0002 0.0000 0.0001 0.0003 0.0000 0.0000
Niracks Teweighting  0.0003  0.0001  0.0000 0.0001 0.0003 0.0000 0.0000
higher order acc. 0.0028 0.0008 0.0036 0.0013 0.0037 0.0034 0.0038

e(q?) 0.0078 0.0008 0.0000 0.0046 0.0029 0.0002 0.0001
peaking bkg. 0.0031 0.0042 0.0039 0.0123 0.0128 0.0042 0.0018
angular bkg. model 0.0004 0.0005 0.0011 0.0033 0.0021 0.0000 0.0000
sig. mass 0.0113 0.0015 0.0005 0.0012 0.0044 0.0000 0.0002
Mg, isobar 0.0020 0.0006 0.0000 0.0014 0.0022 0.0000 0.0000
Mpr bkg. 0.0049 0.0015 0.0000 0.0036 0.0055 0.0000 0.0000
Mg, eff. 0.0018 0.0016 0.0016 0.0056 0.0035 0.0025 0.0027
acc. stat. 0.0091 0.0010 0.0000 0.0043 0.0063 0.0000 0.0000
Adet 0.0012 0.0008 0.0017 0.0018 0.0019 0.0026 0.0012
Aprod 0.0001 0.0001 0.0002 0.0002 0.0002 0.0003 0.0001
Osyst. 0.0182 0.0054 0.0059 0.0160 0.0174 0.0065 0.0051
17.0 < ¢® < 19.0 GeV?/c?
g P1 P2 P3 P4 P5 P(; Pg
Ostat. 0.2002 0.0436 0.0890 0.1148 0.1127 0.1424 0.1371
m reweighting 0.0038 0.0007 0.0000 0.0011 0.0014 0.0000 0.0000
K reweighting 0.0016 0.0002 0.0000 0.0002 0.0004 0.0000 0.0000

pr(B°) reweighting  0.0040  0.0002 0.0000 0.0024 0.0005 0.0000 0.0000
X%, Teweighting 0.0007 0.0005 0.0000 0.0002 0.0001 0.0000 0.0000
Niracks reweighting — 0.0019  0.0008  0.0000 0.0011 0.0009 0.0000 0.0000
higher order acc. 0.0012 0.0014 0.0022 0.0039 0.0031 0.0238 0.0058

e(q?) 0.0079 0.0056 0.0001 0.0016 0.0016 0.0002 0.0002
peaking bkg. 0.0104 0.0016 0.0063 0.0094 0.0084 0.0081 0.0036
angular bkg. model 0.0162 0.0004 0.0028 0.0003 0.0001 0.0001 0.0003
sig. mass 0.0193 0.0020 0.0002 0.0036 0.0054 0.0003 0.0001
Mk, isobar 0.0095 0.0019 0.0000 0.0055 0.0059 0.0001 0.0000
Mg r bkg. 0.0070 0.0014 0.0000 0.0041 0.0044 0.0000 0.0000
Mg, eff. 0.0031 0.0007 0.0031 0.0039 0.0043 0.0006 0.0058
acc. stat. 0.0195 0.0025 0.0000 0.0080 0.0097 0.0001 0.0001
Adet 0.0021  0.0012 0.0008 0.0018 0.0002 0.0012 0.0006
Aprod 0.0002 0.0001 0.0001 0.0002 0.0000 0.0001 0.0001
Osyst. 0.0371 0.0074 0.0079 0.0161 0.0168 0.0252 0.0090
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Table 76: Summary of systematic uncertainties for the CP asymmetries A; in the ¢* bins
1.1 < ¢ <6.0GeV¥ct and 15.0 < ¢2 < 19.0 GeV¥/ 4

1.1 < ¢? <6.0GeV¥c?

g Ag A4 A5 AG A7 Ag Ag
Ostat. 0.0375 0.0497 0.0457 0.0294 0.0460 0.0500 0.0405
m reweighting 0.0004 0.0001 0.0011 0.0031 0.0002 0.0001 0.0001
K reweighting 0.0000 0.0013 0.0000 0.0001 0.0000 0.0000 0.0000

pr(B°) reweighting  0.0000 0.0002 0.0001  0.0007 0.0000 0.0000 0.0000
X%, Teweighting 0.0001  0.0003 0.0003 0.0000 0.0000 0.0000 0.0000
Niracks reweighting — 0.0002  0.0011  0.0003 0.0005 0.0000 0.0000 0.0000
higher order acc. 0.0000 0.0006 0.0001 0.0001 0.0014 0.0011 0.0007

e(q?) 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
peaking bkg. 0.0032 0.0012 0.0041 0.0078 0.0055 0.0066 0.0037
angular bkg. model 0.0010 0.0017 0.0005 0.0018 0.0002 0.0001 0.0004
sig. mass 0.0001  0.0003 0.0005 0.0001 0.0003 0.0002 0.0001
Mg isobar 0.0000 0.0001 0.0002 0.0000 0.0000 0.0000 0.0000
Mg n bkg. 0.0001  0.0013 0.0026 0.0006 0.0006 0.0001 0.0000
Mg, eff. 0.0017 0.0027 0.0002 0.0023 0.0007 0.0041 0.0021
acc. stat. 0.0011 0.0016 0.0018 0.0010 0.0001 0.0001 0.0000
Adet 0.0001 0.0016 0.0002 0.0011 0.0008 0.0003 0.0007
Aprod 0.0000 0.0002 0.0000 0.0001 0.0001 0.0000 0.0001
Osyst. 0.0039 0.0047 0.0054 0.0090 0.0058 0.0078 0.0044

15.0 < ¢® < 19.0 GeV?/c?

g Ag A4 A5 Aﬁ A7 AS A9
Ostat. 0.0335 0.0364 0.0349 0.0279 0.0414 0.0425 0.0402
T reweighting 0.0021 0.0009 0.0015 0.0023 0.0000 0.0000 0.0000
K reweighting 0.0004 0.0000 0.0001 0.0004 0.0000 0.0000 0.0000

pr(BP) reweighting  0.0002 0.0003 0.0004 0.0019 0.0000 0.0000 0.0000
X%, reweighting 0.0004 0.0003 0.0003 0.0004 0.0000 0.0000 0.0000
Niracks Teweighting  0.0002  0.0003  0.0002  0.0007 0.0000 0.0000 0.0000
higher order acc. 0.0010 0.0002 0.0002 0.0006 0.0050 0.0003 0.0002

e(q?) 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
peaking bkg. 0.0050 0.0037 0.0032 0.0074 0.0025 0.0014 0.0012
angular bkg. model 0.0008 0.0015 0.0010 0.0000 0.0001 0.0000 0.0007
sig. mass 0.0037 0.0005 0.0019 0.0036 0.0000 0.0000 0.0001
M, isobar 0.0011 0.0009 0.0013 0.0015 0.0000 0.0000 0.0000
My bkg. 0.0042 0.0035 0.0048 0.0056 0.0000 0.0000 0.0000
Mg, eff. 0.0034 0.0036 0.0060 0.0047 0.0031 0.0026 0.0008
acc. stat. 0.0039 0.0023 0.0031 0.0030 0.0001 0.0001 0.0000
Adet 0.0020 0.0034 0.0039 0.0057 0.0006 0.0003 0.0006
Aprod 0.0002 0.0003 0.0004 0.0006 0.0001 0.0000 0.0001
Osyst. 0.0097 0.0078 0.0102 0.0132 0.0065 0.0030 0.0018
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Table 77: Summary of systematic uncertainties for the CP asymmetries A; in the ¢* bins
0.1 <q?><098GeV?ctand 1.1 < ¢% < 2.5GeV?/ .

0.1< ¢ < 0.98GVc*

g Ag A4 A5 AG A7 Ag Ag
Ostat. 0.0608 0.06568 0.0569 0.0563 0.0580 0.0738 0.0576
m reweighting 0.0010 0.0005 0.0030 0.0005 0.0003 0.0000 0.0001
K reweighting 0.0010 0.0003 0.0010 0.0011 0.0002 0.0001 0.0001

pr(B°) reweighting  0.0002  0.0003 0.0004 0.0004 0.0000 0.0001 0.0000
X%, Teweighting 0.0001 0.0019 0.0004 0.0025 0.0002 0.0000 0.0001
Niracks reweighting — 0.0000  0.0005 0.0003 0.0029 0.0001 0.0002 0.0000
higher order acc. 0.0007 0.0042 0.0162 0.0005 0.0036 0.0003 0.0017

e(q?) 0.0014 0.0037 0.0014 0.0037 0.0001 0.0003 0.0000
peaking bkg. 0.0023 0.0039 0.0040 0.0082 0.0038 0.0066 0.0030
angular bkg. model 0.0010 0.0007 0.0002 0.0001 0.0001 0.0000 0.0006
sig. mass 0.0001  0.0000 0.0008 0.0007 0.0000 0.0000 0.0000
Mg isobar 0.0000 0.0001 0.0004 0.0002 0.0000 0.0000 0.0000
MEr bkg. 0.0000 0.0003 0.0009 0.0004 0.0001 0.0000 0.0000
Mg, eff. 0.0008 0.0025 0.0011 0.0007 0.0019 0.0033 0.0009
acc. stat. 0.0038 0.0040 0.0045 0.0051 0.0003 0.0001 0.0000
Adet 0.0004 0.0008 0.0018 0.0000 0.0002 0.0008 0.0009
Aprod 0.0000 0.0001 0.0002 0.0000 0.0000 0.0001 0.0001
Osyst. 0.0051 0.0086 0.0178 0.0112 0.0056 0.0074 0.0037

1.1 < ¢® <2.5GeV?c?

g Ag A4 A5 Aﬁ A7 AS A9
Ostat. 0.0744 0.0939 0.0872 0.0596 0.0883 0.0977 0.0741
T reweighting 0.0002 0.0017 0.0006 0.0103 0.0001 0.0001 0.0001
K reweighting 0.0002 0.0006 0.0004 0.0005 0.0000 0.0000 0.0000

pr(BP) reweighting  0.0000 0.0002 0.0005 0.0018 0.0000 0.0000 0.0000
X%, reweighting 0.0001  0.0001 0.0006 0.0004 0.0000 0.0000 0.0000
Niracks reweighting  0.0002  0.0010 0.0003 0.0001 0.0000 0.0000 0.0000
higher order acc. 0.0015 0.0007 0.0065 0.0027 0.0030 0.0030 0.0013

e(q?) 0.0005 0.0029 0.0005 0.0057 0.0001 0.0001 0.0000
peaking bkg. 0.0029 0.0012 0.0040 0.0100 0.0011 0.0034 0.0042
angular bkg. model 0.0031 0.0004 0.0010 0.0011 0.0005 0.0004 0.0013
sig. mass 0.0001 0.0001 0.0006 0.0014 0.0005 0.0001 0.0001
M, isobar 0.0000 0.0000 0.0002 0.0002 0.0001 0.0000 0.0000
My bkg. 0.0000 0.0002 0.0011 0.0012 0.0003 0.0001 0.0000
Mg, eff. 0.0006 0.0003 0.0029 0.0008 0.0009 0.0008 0.0003
acc. stat. 0.0015 0.0025 0.0026 0.0017 0.0002 0.0001 0.0001
Adet 0.0008 0.0008 0.0014 0.0027 0.0023 0.0010 0.0013
Aprod 0.0001  0.0001 0.0002 0.0003 0.0003 0.0001 0.0001
Osyst. 0.0049 0.0046 0.0089 0.0163 0.0042 0.0048 0.0048

174



Table 78: Summary of systematic uncertainties for the CP asymmetries A; in the ¢* bins
2.5 < ¢? <4.0GeV?/ct and 4.0 < ¢ < 6.0 GeV¥/ .

2.5 < ¢> <4.0GeVZc!

o As Ay As Ag Aq Ag Ag
Ostat. 0.0694 0.1162 0.0952 0.0661 0.1017 0.1124 0.0847
T reweighting 0.0005 0.0007 0.0017 0.0057 0.0003 0.0002 0.0002
K reweighting 0.0001 0.0010 0.0000 0.0001 0.0000 0.0000 0.0000

pr(B°) reweighting  0.0001  0.0005 0.0001 0.0013 0.0001 0.0001 0.0000
X%, Teweighting 0.0001  0.0003 0.0004 0.0001 0.0000 0.0000 0.0000
Niracks reweighting — 0.0002  0.0010 0.0001  0.0006 0.0000 0.0000 0.0000
higher order acc. 0.0003 0.0017 0.0025 0.0000 0.0005 0.0009 0.0012

e(q?) 0.0002 0.0002 0.0019 0.0045 0.0002 0.0002 0.0001
peaking bkg. 0.0048 0.0052 0.0051 0.0044 0.0050 0.0048 0.0060
angular bkg. model 0.0024 0.0003 0.0010 0.0019 0.0002 0.0002 0.0019
sig. mass 0.0003 0.0003 0.0007 0.0003 0.0001 0.0000 0.0002
Mg isobar 0.0000 0.0001 0.0002 0.0001 0.0000 0.0000 0.0000
Mg n bkg. 0.0002 0.0011 0.0024 0.0008 0.0005 0.0001 0.0001
Mg, eff. 0.0034 0.0023 0.0025 0.0042 0.0020 0.0033 0.0025
acc. stat. 0.0012 0.0018 0.0022 0.0012 0.0001 0.0001 0.0000
Adet 0.0004 0.0025 0.0002 0.0017 0.0007 0.0003 0.0010
Aprod 0.0000 0.0003 0.0000 0.0002 0.0001 0.0000 0.0001
Osyst. 0.0065 0.0070 0.0076 0.0100 0.0055 0.0059 0.0070

4.0 < ¢ < 6.0GeV?/c?

g Ag A4 A5 Aﬁ A7 AS A9
Ostat. 0.0646 0.0802 0.0747 0.0493 0.0785 0.0878 0.0674
T reweighting 0.0011 0.0021 0.0020 0.0027 0.0002 0.0002 0.0002
K reweighting 0.0001 0.0010 0.0004 0.0002 0.0000 0.0000 0.0000

pr(BP) reweighting  0.0001  0.0004 0.0005 0.0006 0.0000 0.0000 0.0000
X%, reweighting 0.0001  0.0002 0.0000 0.0002 0.0000 0.0000 0.0000
Niracks reweighting  0.0000 0.0008 0.0001 0.0008 0.0000 0.0000 0.0000
higher order acc. 0.0003 0.0015 0.0020 0.0015 0.0001 0.0006 0.0008

e(q?) 0.0005 0.0009 0.0020 0.0017 0.0002 0.0000 0.0001
peaking bkg. 0.0050 0.0069 0.0085 0.0017 0.0037 0.0032 0.0014
angular bkg. model 0.0022 0.0010 0.0010 0.0006 0.0002 0.0002 0.0033
sig. mass 0.0004 0.0004 0.0013 0.0009 0.0001 0.0001 0.0004
M, isobar 0.0000 0.0001 0.0004 0.0001 0.0000 0.0000 0.0000
My bkg. 0.0003 0.0020 0.0047 0.0008 0.0004 0.0001 0.0000
Mg, eff. 0.0028 0.0002 0.0012 0.0015 0.0023 0.0031 0.0016
acc. stat. 0.0012 0.0015 0.0018 0.0011 0.0001 0.0000 0.0000
Adet 0.0004 0.0023 0.0015 0.0003 0.0002 0.0018 0.0003
Aprod 0.0000 0.0003 0.0002 0.0000 0.0000 0.0002 0.0000
Osyst. 0.0064 0.0083 0.0108 0.0047 0.0044 0.0048 0.0041
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Table 79: Summary of systematic uncertainties for the CP asymmetries A; in the ¢* bins
6.0 < ¢*> <8.0GeV?¥c! and 11.0 < ¢? < 12.5 GeV¥/ .

6.0 < ¢% < 8.0GeV?/c?

o As Ay As Ag Aq Ag Ag
Ostat. 0.0551 0.0606 0.0574 0.0390 0.0647 0.0682 0.0571
T reweighting 0.0014 0.0020 0.0010 0.0077 0.0001 0.0001 0.0001
K reweighting 0.0002 0.0008 0.0004 0.0002 0.0000 0.0000 0.0000

pr(B°) reweighting  0.0001  0.0001  0.0005 0.0022 0.0000 0.0000 0.0000
X%, Teweighting 0.0000 0.0001 0.0001 0.0003 0.0000 0.0000 0.0000
Niracks reweighting  0.0001  0.0006  0.0001  0.0008 0.0000 0.0000 0.0000
higher order acc. 0.0010 0.0014 0.0021 0.0028 0.0009 0.0013 0.0020

e(q?) 0.0003 0.0001 0.0004 0.0027 0.0001 0.0001 0.0001
peaking bkg. 0.0100 0.0097 0.0082 0.0053 0.0009 0.0057 0.0016
angular bkg. model 0.0039 0.0016 0.0034 0.0010 0.0003 0.0001 0.0018
sig. mass 0.0006 0.0006 0.0019 0.0015 0.0002 0.0002 0.0002
Mg isobar 0.0000 0.0002 0.0004 0.0002 0.0000 0.0000 0.0000
Mg n bkg. 0.0005 0.0019 0.0047 0.0018 0.0003 0.0001 0.0000
Mg, eff. 0.0016 0.0030 0.0054 0.0025 0.0023 0.0018 0.0034
acc. stat. 0.0013 0.0012 0.0018 0.0012 0.0001 0.0000 0.0000
Adet 0.0005 0.0032 0.0027 0.0022 0.0005 0.0009 0.0003
Aprod 0.0001  0.0004 0.0003 0.0002 0.0001 0.0001 0.0000
Osyst. 0.0111 0.0113 0.0123 0.0113 0.0027 0.0062 0.0047

11.0 < ¢? < 12.5GeV¥/?

g Ag A4 A5 Aﬁ A7 AS A9
Ostat. 0.0434 0.0676 0.0613 0.0363 0.0689 0.0636 0.0581
T reweighting 0.0015 0.0002 0.0016 0.0088 0.0000 0.0000 0.0000
K reweighting 0.0001 0.0002 0.0002 0.0010 0.0000 0.0000 0.0000

pr(BP) reweighting  0.0005 0.0006 0.0009 0.0038 0.0000 0.0000 0.0000
X%, reweighting 0.0000  0.0001 0.0001 0.0009 0.0000 0.0000 0.0000
Niracks reweighting  0.0007  0.0003 0.0005 0.0002 0.0000 0.0000 0.0000
higher order acc. 0.0005 0.0003 0.0028 0.0024 0.0014 0.0023 0.0008

e(q?) 0.0009 0.0005 0.0005 0.0012 0.0001 0.0002 0.0000
peaking bkg. 0.0031 0.0080 0.0058 0.0030 0.0047 0.0042 0.0051
angular bkg. model 0.0011 0.0014 0.0024 0.0028 0.0003 0.0002 0.0034
sig. mass 0.0014 0.0005 0.0019 0.0025 0.0000 0.0000 0.0000
M, isobar 0.0001  0.0002 0.0005 0.0004 0.0000 0.0000 0.0000
My bkg. 0.0012 0.0021 0.0044 0.0037 0.0000 0.0000 0.0000
Mg, eff. 0.0013 0.0013 0.0023 0.0007 0.0017 0.0020 0.0019
acc. stat. 0.0017 0.0012 0.0019 0.0016 0.0000 0.0000 0.0000
Adet 0.0021  0.0032 0.0037 0.0048 0.0016 0.0001 0.0000
Aprod 0.0002 0.0003 0.0004 0.0005 0.0002 0.0000 0.0000
Osyst. 0.0052 0.0092 0.0099 0.0128 0.0055 0.0052 0.0065
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Table 80: Summary of systematic uncertainties for the CP asymmetries A; in the ¢* bins
15.0 < ¢ < 17.0GeV¥ct and 17.0 < ¢* < 19.0 GeV¥/ ™.

15.0 < ¢ < 17.0GeV¥/?

g Ag A4 A5 AG A7 Ag Ag
Ostat. 0.0402 0.0475 0.0469 0.0351 0.0547 0.0552 0.0501
m reweighting 0.0020 0.0006 0.0018 0.0042 0.0000 0.0000 0.0000
K reweighting 0.0002 0.0000 0.0000 0.0007 0.0000 0.0000 0.0000

pr(B°) reweighting  0.0001  0.0001  0.0005 0.0023 0.0000 0.0000 0.0000
X%, Teweighting 0.0002 0.0003 0.0004 0.0006 0.0000 0.0000 0.0000
Niracks reweighting  0.0001  0.0002  0.0004 0.0007 0.0000 0.0000 0.0000
higher order acc. 0.0013 0.0009 0.0022 0.0005 0.0016 0.0018 0.0024

e(q?) 0.0033 0.0030 0.0024 0.0019 0.0002 0.0002 0.0001
peaking bkg. 0.0018 0.0049 0.0068 0.0072 0.0050 0.0025 0.0034
angular bkg. model 0.0002 0.0012 0.0005 0.0003 0.0000 0.0000 0.0004
sig. mass 0.0039 0.0003 0.0019 0.0031 0.0000 0.0001 0.0001
Mg isobar 0.0007 0.0006 0.0010 0.0010 0.0000 0.0000 0.0000
Mg n bkg. 0.0013 0.0012 0.0018 0.0020 0.0000 0.0000 0.0000
Mg, eff. 0.0017 0.0009 0.0012 0.0009 0.0010 0.0010 0.0013
acc. stat. 0.0030 0.0021 0.0028 0.0026 0.0000 0.0000 0.0000
Adet 0.0017 0.0038 0.0037 0.0065 0.0007 0.0000 0.0002
Aprod 0.0002 0.0004 0.0004 0.0007 0.0001 0.0000 0.0000
Osyst. 0.0072 0.0076 0.0096 0.0120 0.0054 0.0032 0.0043

17.0 < ¢®> < 19.0GeV?/c?

g Ag A4 A5 Aﬁ A7 AS A9
Ostat. 0.0642 0.0538 0.0527 0.0445 0.0682 0.0656 0.0576
T reweighting 0.0019 0.0010 0.0011 0.0006 0.0000 0.0000 0.0000
K reweighting 0.0006 0.0001 0.0002 0.0001 0.0000 0.0000 0.0000

pr(BP) reweighting  0.0005 0.0005 0.0003 0.0015 0.0000 0.0000 0.0000
X%, reweighting 0.0007  0.0004 0.0002 0.0002 0.0000 0.0000 0.0000
Niracks reweighting  0.0001  0.0009 0.0001 0.0021 0.0000 0.0000 0.0000
higher order acc. 0.0025 0.0002 0.0031 0.0079 0.0112 0.0027 0.0015

e(q?) 0.0102 0.0062 0.0044 0.0084 0.0000 0.0000 0.0000
peaking bkg. 0.0049 0.0061 0.0038 0.0098 0.0037 0.0043 0.0033
angular bkg. model 0.0059 0.0002 0.0001 0.0003 0.0001 0.0002 0.0018
sig. mass 0.0072 0.0011 0.0020 0.0045 0.0003 0.0000 0.0001
M, isobar 0.0035 0.0024 0.0026 0.0032 0.0000 0.0000 0.0000
My bkg. 0.0015 0.0010 0.0011 0.0013 0.0000 0.0000 0.0000
Mg, eff. 0.0015 0.0014 0.0009 0.0018 0.0056 0.0007 0.0020
acc. stat. 0.0067 0.0037 0.0046 0.0049 0.0000 0.0000 0.0000
Adet 0.0023 0.0032 0.0039 0.0050 0.0005 0.0002 0.0011
Aprod 0.0002 0.0003 0.0004 0.0005 0.0001 0.0000 0.0001
Osyst. 0.0171 0.0106 0.0097 0.0179 0.0131 0.0051 0.0046
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10.2 Systematics for the method of moments

For the method of moments a similar strategy as the one described for the likelihood fit
(Sec. is used to evaluate the systematics. The same procudere is used to determine
the systematic uncertainty on the observables S;, A; and P;. The following sources of
systematic uncertainty are evaluated for the moments:

e Statistical uncertainty of the four-dimensional acceptance

Difference between data and simulation

Higher order acceptance model

Peaking backgrounds

Signal mass modelling

® My, invariant mass model

10.2.1 Statistical uncertainty of the four-dimensional acceptance

In order to evaluate the systematics due to the limited knowledge of the acceptance,
the same procedure described in Sec. is applied. We have generated 500 pseudo-
experiments, varying the acceptance according with its statistical uncertainty and fit back
with the nominal acceptance correction. The distribution of the fit results is shown in
Fig 93| for the last ¢*>-bin, where the statistical uncertainty on the acceptance is largest..
Numerical results for all ¢ bins are summarized in Tables [81], [83] and [82]
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Table 81: Systematic uncertainties due to the statistical uncertainty on the four-dimensional
acceptance on the S; observables. Ranges of ¢? bins are given in GeV?/c?.

¢ I, S3 Sy Sy App S Sg Sy Ses Seec
0.1< q2 < 0.98 | 0.0002 | 0.0004 | 0.0003 | 0.0003 | 0.0002 | 0.0003 | 0.0003 | 0.0004 | 0.0001 0.0
1.1 < q2 < 2.0 | 0.0004 | 0.0003 | 0.0006 | 0.0007 | 0.0003 | 0.0004 | 0.0004 | 0.0002 | 0.0001 0.0

2.0 < ¢? < 3.0 | 0.0004 | 0.0004 | 0.0005 | 0.0006 | 0.0002 | 0.0005 | 0.0005 | 0.0003 0.0 0.0
3.0 < ¢? < 4.0 | 0.0003 | 0.0003 | 0.0003 | 0.0004 | 0.0002 | 0.0004 | 0.0004 | 0.0003 | 0.0001 0.0
4.0 < g2 < 5.0 | 0.0002 | 0.0002 | 0.0003 | 0.0004 | 0.0002 | 0.0003 | 0.0002 | 0.0003 0.0 0.0
5.0 < ¢? < 6.0 | 0.0003 | 0.0002 | 0.0004 | 0.0004 | 0.0002 | 0.0003 | 0.0002 | 0.0002 | 0.0001 0.0
6.0 < ¢? < 7.0 | 0.0002 | 0.0002 | 0.0003 | 0.0003 | 0.0002 | 0.0003 | 0.0002 | 0.0002 0.0 0.0
7.0 < ¢® < 8.0 | 0.0003 | 0.0002 | 0.0003 | 0.0002 | 0.0002 | 0.0003 | 0.0002 | 0.0001 0.0 0.0
11.0 < ¢® < 11.75 | 0.0002 | 0.0001 | 0.0002 | 0.0002 | 0.0002 | 0.0001 | 0.0001 | 0.0001 0.0 0.0

11.75 < ¢% < 12.5 | 0.0002 | 0.0002 | 0.0002 | 0.0002 | 0.0003 | 0.0001 | 0.0001 | 0.0001 | 0.0001 0.0
15.0 < ¢? < 16.0 | 0.0003 | 0.0003 | 0.0004 | 0.0003 | 0.0004 | 0.0002 | 0.0002 | 0.0002 | 0.0001 0.0
16.0 < ¢*> < 17.0 | 0.0003 | 0.0003 | 0.0004 | 0.0003 | 0.0004 | 0.0002 | 0.0002 | 0.0002 | 0.0001 0.0
17.0 < ¢*> < 18.0 | 0.0004 | 0.0004 | 0.0004 | 0.0004 | 0.0004 | 0.0003 | 0.0002 | 0.0003 | 0.0001 0.0
18.0 < g% < 19.0 | 0.0011 | 0.0006 | 0.0007 | 0.0005 | 0.001 | 0.0005 | 0.0004 | 0.0005 | 0.0002 | 0.0001
15.0 < g% < 19.0 | 0.0003 | 0.0002 | 0.0003 | 0.0002 | 0.0003 | 0.0001 | 0.0001 | 0.0001 | 0.0001 0.0

1.1 < ¢*< 2.5 | 0.0003 | 0.0003 | 0.0005 | 0.0005 | 0.0002 | 0.0003 | 0.0003 | 0.0003 | 0.0001 0.0

2.5 < ¢? < 4.0 | 0.0002 | 0.0002 | 0.0003 | 0.0003 | 0.0002 | 0.0003 | 0.0004 | 0.0002 0.0 0.0
4.0 < ¢? < 6.0 | 0.0002 | 0.0002 | 0.0002 | 0.0003 | 0.0002 | 0.0002 | 0.0002 | 0.0002 0.0 0.0
6.0 < ¢? < 8.0 | 0.0002 | 0.0002 | 0.0002 | 0.0002 | 0.0001 | 0.0002 | 0.0002 | 0.0001 0.0 0.0

11.0 < ¢? < 12.5 | 0.0002 | 0.0001 | 0.0002 | 0.0002 | 0.0002 | 0.0001 | 0.0001 | 0.0001 | 0.0001 0.0
15.0 < ¢* < 17.0 | 0.0003 | 0.0002 | 0.0004 | 0.0003 | 0.0003 | 0.0001 | 0.0001 | 0.0001 | 0.0001 0.0
17.0 < ¢® < 19.0 | 0.0005 | 0.0004 | 0.0004 | 0.0003 | 0.0005 | 0.0002 | 0.0002 | 0.0002 | 0.0001 0.0
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Table 82: Systematic uncertainties due to the statistical uncertainty on the four-dimensional
acceptance on the P; observables. Ranges of ¢® bins are given in GeV?/ct.

q2 FL P1 P2 P3 Pi Pé Pé Pg
0.1 <¢><0.98 [ 0.0002 | 0.0009 | 0.0002 | 0.0005 | 0.0011 | 0.001 | 0.0011 | 0.0009
1.1 < ¢? < 2.0 | 0.0004 | 0.0014 | 0.0005 | 0.0006 | 0.0012 | 0.0013 | 0.0007 | 0.0008
2.0 < ¢? < 3.0 | 0.0004 | 0.0028 | 0.0005 | 0.0013 | 0.001 | 0.0014 | 0.0011 | 0.001
3.0 < ¢*> < 4.0 | 0.0003 | 0.0022 | 0.0006 | 0.0011 | 0.0008 | 0.0009 | 0.001 0.001
4.0 < ¢> < 5.0 | 0.0002 | 0.0016 | 0.0005 | 0.0008 | 0.0007 | 0.0009 | 0.0006 | 0.0005
5.0 < ¢ < 6.0 | 0.0003 | 0.0013 | 0.0005 | 0.0006 | 0.0007 | 0.0008 | 0.0006 | 0.0005
6.0 < ¢> < 7.0 | 0.0002 | 0.0008 | 0.0003 | 0.0004 | 0.0006 | 0.0006 | 0.0005 | 0.0005
7.0 < ¢*> < 8.0 | 0.0003 | 0.001 | 0.0003 | 0.0002 | 0.0005 | 0.0005 | 0.0006 | 0.0004
11.0 < ¢® < 11.75 | 0.0002 | 0.0005 | 0.0001 | 0.0002 | 0.0004 | 0.0003 | 0.0002 | 0.0002
11.75 < ¢ < 12.5 | 0.0002 | 0.0005 | 0.0002 | 0.0002 | 0.0005 | 0.0004 | 0.0002 | 0.0002
15.0 < ¢? < 16.0 | 0.0003 | 0.0008 | 0.0003 | 0.0003 | 0.0008 | 0.0007 | 0.0005 | 0.0004
16.0 < ¢2 < 17.0 | 0.0003 | 0.0009 | 0.0003 | 0.0002 | 0.0009 | 0.0007 | 0.0004 | 0.0003
17.0 < ¢®> < 18.0 | 0.0004 | 0.0011 | 0.0004 | 0.0005 | 0.0008 | 0.0008 | 0.0006 | 0.0004
18.0 < ¢ < 19.0 | 0.0011 | 0.0023 | 0.0009 | 0.0007 | 0.0015 | 0.0012 | 0.001 | 0.0009
15.0 < ¢? < 19.0 | 0.0003 | 0.0007 | 0.0002 | 0.0002 | 0.0006 | 0.0005 | 0.0003 | 0.0002
1.1 < ¢?> <25 [0.0003 | 0.0015 | 0.0004 | 0.0007 [ 0.001 | 0.0011 | 0.0007 | 0.0007
2.5 < ¢? < 4.0 | 0.0002 | 0.0019 | 0.0005 | 0.0009 | 0.0006 | 0.0008 | 0.0008 | 0.0008
4.0 < ¢®> < 6.0 | 0.0002 | 0.0011 | 0.0004 | 0.0005 | 0.0005 | 0.0006 | 0.0004 | 0.0004
6.0 < ¢ < 8.0 | 0.0002 | 0.0007 | 0.0002 | 0.0002 | 0.0004 | 0.0004 | 0.0004 | 0.0003
11.0 < ¢® < 12.5 | 0.0002 | 0.0004 | 0.0001 | 0.0001 | 0.0004 | 0.0003 | 0.0002 | 0.0001
15.0 < ¢? < 17.0 | 0.0003 | 0.0007 | 0.0002 | 0.0002 | 0.0007 | 0.0006 | 0.0003 | 0.0003
17.0 < ¢® < 19.0 | 0.0005 | 0.0012 | 0.0005 | 0.0003 | 0.0009 | 0.0007 | 0.0005 | 0.0004

10.2.2 Difference between data and simulation

The acceptance is determined as a function of the three angles 6,0k, ¢ and ¢*>. This
approach relies on having a good agreement between data and Monte-Carlo for what
concerns detector description and B-meson production mechanism. The control channel
BY — J/hp K*¥ is used to evaluate the data/MC agreement. Known data/MC discrepancies
are corrected for, as described in Ref. [13]. These discrepancies are in the following
observables: the transverse momentum of the signal B°, as well as the B vertex y? and
the track multiplicity in the event. The effect of these corrections on the acceptance is
evaluated by redetermining the acceptance correction without the reweighting. Toy studies
are performed to evaluate the effect on the observables. These effects are negligibly small
and are shown in Tables for the vertex y? reweight, Tab. and for the

B-meson momentum reweight. The systematic uncertainty due to the reweighting for the
track multiplicity is shown in Tab. [96] and 77.

In addition, small differences in the momentum and transverse momentum of the
daughter of the B-meson is observed. The distributions for data are extracted using the
sWeighting technique. To minimize the influence of pollution from an S-wave component
which is not simulated in data, the window for invariant mass of the K7~ system
is reduced from the nominal +100MeV/c?* to £20 MeV/c?. From the two-dimensional
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Table 83: Systematic uncertainties due to the statistical uncertainty on the four-dimensional
acceptance on the A; observables. Ranges of ¢? bins are given in GeV?/¢?*.

¢ As Ay As A(Arg) Ar Ag Ag Ags Asgec

0.1 <¢?<0.98 [ 0.0004 | 0.0003 | 0.0003 | 0.0002 | 0.0003 | 0.0003 | 0.0004 | 0.0001 0.0
1.1 < ¢? < 2.0 | 0.0003 | 0.0006 | 0.0007 | 0.0003 | 0.0004 | 0.0004 | 0.0002 | 0.0001 0.0

2.0 < ¢? < 3.0 | 0.0004 | 0.0005 | 0.0006 | 0.0002 | 0.0005 | 0.0005 | 0.0003 0.0 0.0
3.0 < ¢? < 4.0 | 0.0003 | 0.0003 | 0.0004 | 0.0002 | 0.0004 | 0.0004 | 0.0003 | 0.0001 0.0
4.0 < ¢*> < 5.0 | 0.0002 | 0.0003 | 0.0004 | 0.0002 | 0.0003 | 0.0002 | 0.0003 0.0 0.0
5.0 < ¢? < 6.0 | 0.0002 | 0.0004 | 0.0004 | 0.0002 | 0.0003 | 0.0002 | 0.0002 | 0.0001 0.0
6.0 < ¢? < 7.0 | 0.0002 | 0.0003 | 0.0003 | 0.0002 | 0.0003 | 0.0002 | 0.0002 0.0 0.0
7.0 < ¢> < 8.0 | 0.0002 | 0.0003 | 0.0002 | 0.0002 | 0.0003 | 0.0002 | 0.0001 0.0 0.0
11.0 < ¢® < 11.75 | 0.0001 | 0.0002 | 0.0002 | 0.0002 | 0.0001 | 0.0001 | 0.0001 0.0 0.0

11.75 < ¢® < 12.5 | 0.0002 | 0.0002 | 0.0002 | 0.0003 | 0.0001 | 0.0001 | 0.0001 | 0.0001 0.0
15.0 < ¢* < 16.0 | 0.0003 | 0.0004 | 0.0003 | 0.0004 | 0.0002 | 0.0002 | 0.0002 | 0.0001 0.0
16.0 < ¢ < 17.0 | 0.0003 | 0.0004 | 0.0003 | 0.0004 | 0.0002 | 0.0002 | 0.0002 | 0.0001 0.0
17.0 < ¢? < 18.0 | 0.0004 | 0.0004 | 0.0004 | 0.0004 | 0.0003 | 0.0002 | 0.0003 | 0.0001 0.0
18.0 < ¢? < 19.0 | 0.0006 | 0.0007 | 0.0005 0.001 0.0005 | 0.0004 | 0.0005 | 0.0002 | 0.0001
15.0 < ¢ < 19.0 | 0.0002 | 0.0003 | 0.0002 | 0.0003 | 0.0001 | 0.0001 | 0.0001 | 0.0001 0.0

1.1 < ¢®> < 2.5 | 0.0003 | 0.0005 | 0.0005 | 0.0002 | 0.0003 | 0.0003 | 0.0003 | 0.0001 0.0

2.5 < ¢? < 4.0 | 0.0002 | 0.0003 | 0.0003 | 0.0002 | 0.0003 | 0.0004 | 0.0002 0.0 0.0
4.0 < ¢® < 6.0 | 0.0002 | 0.0002 | 0.0003 | 0.0002 | 0.0002 | 0.0002 | 0.0002 0.0 0.0
6.0 < ¢? < 8.0 | 0.0002 | 0.0002 | 0.0002 | 0.0001 | 0.0002 | 0.0002 | 0.0001 0.0 0.0

11.0 < ¢ < 12.5 | 0.0001 | 0.0002 | 0.0002 | 0.0002 | 0.0001 | 0.0001 | 0.0001 | 0.0001 0.0
15.0 < ¢ < 17.0 | 0.0002 | 0.0004 | 0.0003 | 0.0003 | 0.0001 | 0.0001 | 0.0001 | 0.0001 0.0
17.0 < ¢? < 19.0 | 0.0004 | 0.0004 | 0.0003 | 0.0005 | 0.0002 | 0.0002 | 0.0002 | 0.0001 0.0

distributions of K and 7~ in data and simulation a correction factor is determined. This
correction factor, depending on the particles momentum and transverse momentum is
given in shown in Fig. 87} The systematic uncertainty from the modeling of the signal
decay is then evaluated using toy studies where the acceptance is redetermined using the
reweightings. The systematics uncertainty for the pion and kaon momentum reweighting

are shown in Tables [34] [85] [36] and [89

10.2.3 Higher order acceptance model

As discussed in Sec. [I0.1.4] the systematic uncertainty due to the maximum order of
the Legendre polynomials used to model the four-dimensional acceptance are studied
by including higer order polynomials for the description of cosfx and ¢?, choosing a
maximal order of seven for both. High statistics toys are performed, where events are
generated using the higher order acceptance model and fit with the nominal one. Since a
high order acceptance is used to weight than to reject events, we find in the toys a small
numbers of events with very high weight. Event with large weight are instead not present
in the dataset. We therefore remove these few events with large weights and they are
not considered in the toys. The bias obtained when the low order acceptance is used to
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156 generate and the high order acceptance is used to weight, is assigned as systematics. The
1557 resulting deviations are given in Tab. [99| - [101} they are negligible for all bins.

Figure 93: Distributions of deviations of observables from toy experiment for the first ¢?
bin in the last ¢ bin. Events are generated with an acceptance varied according to its
statistical uncertainty and fit back using the nominal acceptance.
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Table 84: Systematic uncertainties from reweighting depending on kaon p and pr on the
S; observables. Ranges of ¢? bins are given in GeV?/c?.

¢ Iy, Ss3 Sy Sy Arpp Sy Ss Sy Ses See

0.1< q2 < 0.98 | 0.0006 | 0.0012 | 0.0033 | 0.0003 | 0.0112 | 0.0008 | 0.0017 | 0.0002 | 0.0025 | 0.0008
1.1 < q2 < 2.0 | 0.003 | 0.0002 | 0.0117 | 0.0019 | 0.002 | 0.0001 | 0.0001 | 0.0001 | 0.0006 | 0.0003
20< q2 < 3.0 | 0.0027 | 0.0001 | 0.0182 | 0.0012 | 0.0011 | 0.0001 | 0.0002 | 0.0001 | 0.0004 | 0.0003
3.0 < q2 < 4.0 | 0.0029 | 0.0009 0.02 0.0007 | 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001
4.0 < q2 < 5.0 | 0.0028 | 0.0014 | 0.0205 | 0.0003 0.001 0.0001 | 0.0002 | 0.0001 | 0.0003 | 0.0002
5.0 < q2 < 6.0 | 0.0026 | 0.0018 | 0.0211 | 0.0004 | 0.0018 | 0.0001 | 0.0002 | 0.0001 | 0.0005 | 0.0003
6.0 < q2 < 7.0 | 0.0026 | 0.0021 | 0.0229 | 0.0011 | 0.0028 | 0.0001 | 0.0002 | 0.0001 | 0.0008 | 0.0004
7.0 < q2 < 8.0 | 0.0027 | 0.0023 | 0.0259 | 0.0019 | 0.0038 | 0.0001 | 0.0002 | 0.0001 0.001 | 0.0005
11.0 < q2 < 11.75 | 0.0034 | 0.0035 | 0.0279 | 0.0055 | 0.0057 | 0.0001 | 0.0001 | 0.0001 | 0.0013 | 0.0004
11.75 < q2 < 12.5 | 0.0036 | 0.0036 | 0.025 | 0.0053 | 0.0053 | 0.0001 | 0.0001 | 0.0001 | 0.0012 | 0.0004
15.0 < q2 < 16.0 | 0.0034 | 0.0011 | 0.0025 | 0.0003 | 0.0009 | 0.0001 | 0.0001 | 0.0001 | 0.0002 | 0.0001
16.0 < q2 < 17.0 | 0.0032 | 0.0002 | 0.0119 | 0.0026 | 0.0005 | 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001
17.0 < q2 < 18.0 | 0.0034 | 0.0011 | 0.0197 | 0.0052 | 0.0002 | 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001
18.0 < q2 < 19.0 | 0.0054 | 0.0018 | 0.0256 | 0.0051 | 0.006 | 0.0001 | 0.0003 | 0.0002 | 0.0012 | 0.0003
17.0 < q2 < 19.0 | 0.0042 | 0.0014 | 0.022 | 0.0051 | 0.0025 | 0.0001 | 0.0001 | 0.0001 | 0.0005 | 0.0001
1.1 < q2 < 2.5 1 0.0029 | 0.0002 | 0.0134 | 0.0017 | 0.0018 | 0.0001 | 0.0001 | 0.0001 | 0.0005 | 0.0003
25 < q2 < 4.0 | 0.0028 | 0.0007 | 0.0199 | 0.0008 | 0.0002 | 0.0001 | 0.0002 | 0.0001 | 0.0001 | 0.0001
4.0 < q2 < 6.0 | 0.0027 | 0.0016 | 0.0208 | 0.0001 | 0.0015 | 0.0001 | 0.0002 | 0.0001 | 0.0004 | 0.0002
6.0 < q2 < 8.0 | 0.0027 | 0.0022 | 0.0245 | 0.0016 | 0.0033 | 0.0001 | 0.0002 | 0.0001 | 0.0009 | 0.0005
11.0 < q2 < 12.5 | 0.0035 | 0.0036 | 0.0264 | 0.0054 | 0.0055 | 0.0001 | 0.0001 | 0.0001 | 0.0012 | 0.0004
15.0 < q2 < 17.0 | 0.0033 | 0.0005 | 0.007 | 0.0011 | 0.0003 | 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001
17.0 < q2 < 19.0 | 0.0042 | 0.0014 | 0.022 | 0.0051 | 0.0025 | 0.0001 | 0.0001 | 0.0001 | 0.0005 | 0.0001
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Table 85: Systematic uncertainties from reweighting depending on kaon p and pr on the
P; observables. Ranges of ¢* bins are given in GeV?/c?.

(]2 FL P1 P2 P3 Pi Pé Pé Pé
0.1 <¢?<0.98 | 0.0006 | 0.003 | 0.0097 | 0.0003 | 0.0075 | 0.0012 | 0.0019 | 0.004
1.1 <¢?><20 | 0.003 | 0.0012 | 0.0005 | 0.0001 | 0.0249 | 0.0032 | 0.0001 | 0.0003
2.0 < ¢* < 3.0 | 0.0027 | 0.0013 | 0.0022 | 0.0002 | 0.0439 | 0.0033 | 0.0003 | 0.0006
3.0 < ¢? < 4.0 | 0.0029 | 0.0087 | 0.0028 | 0.0004 | 0.048 | 0.0044 | 0.0006 | 0.0005
4.0 < ¢*> < 5.0 | 0.0028 | 0.0127 | 0.0018 | 0.0005 | 0.0466 | 0.0035 | 0.0005 | 0.0006
5.0 < ¢*> < 6.0 | 0.0026 | 0.0133 | 0.0018 | 0.0005 | 0.0453 | 0.0014 | 0.0004 | 0.0004
6.0 < ¢ < 7.0 | 0.0026 | 0.0131 | 0.0028 | 0.0003 | 0.0477 | 0.0007 | 0.0004 | 0.0006
7.0 < ¢> < 8.0 | 0.0027 | 0.0126 | 0.0036 | 0.0003 | 0.0526 | 0.0028 | 0.0003 | 0.0005
11.0 < ¢ < 11.75 | 0.0034 | 0.0135 | 0.0038 | 0.0001 | 0.0571 | 0.0121 | 0.0001 | 0.0001
11.75 < ¢® < 12.5 | 0.0036 | 0.0138 | 0.0032 | 0.0001 | 0.0512 | 0.0117 | 0.0001 | 0.0002
15.0 < ¢> < 16.0 | 0.0034 | 0.0055 | 0.0015 | 0.0001 | 0.0039 | 0.0022 | 0.0001 | 0.0002
16.0 < ¢> < 17.0 | 0.0032 | 0.0017 | 0.0026 | 0.0001 | 0.0237 | 0.004 | 0.0001 | 0.0001
17.0 < ¢® < 18.0 | 0.0034 | 0.0004 | 0.0019 | 0.0001 0.04 | 0.0094 | 0.0001 | 0.0002
18.0 < ¢? < 19.0 | 0.0054 | 0.001 | 0.0036 | 0.0002 | 0.0516 | 0.009 | 0.0002 | 0.0006
17.0 < ¢ < 19.0 | 0.0042 | 0.0002 | 0.0003 | 0.0002 | 0.0446 | 0.0091 | 0.0002 | 0.0001
1.1 <¢?><25]0.0029 | 0.0011 | 0.0001 | 0.0001 | 0.0293 | 0.0031 | 0.0001 | 0.0003
2.5 < ¢? < 4.0 | 0.0028 | 0.0065 | 0.0029 | 0.0003 | 0.0479 | 0.0039 | 0.0005 | 0.0006
4.0 < ¢*> < 6.0 | 0.0027 | 0.0131 | 0.0018 | 0.0005 | 0.0458 | 0.0023 | 0.0005 | 0.0005
6.0 < ¢? < 8.0 | 0.0027 | 0.0128 | 0.0033 | 0.0003 | 0.0502 | 0.0018 | 0.0003 | 0.0005
11.0 < ¢ < 12.5 | 0.0035 | 0.0137 | 0.0035 | 0.0001 | 0.0542 | 0.0119 | 0.0001 | 0.0001
15.0 < ¢> < 17.0 | 0.0033 | 0.0038 | 0.002 | 0.0001 | 0.0133 | 0.0007 | 0.0001 | 0.0001
17.0 < ¢ < 19.0 | 0.0042 | 0.0002 | 0.0003 | 0.0002 | 0.0446 | 0.0091 | 0.0002 | 0.0001

184



Table 86: Systematic uncertainties from reweighting depending on kaon p and pr on the
Aj; observables. Ranges of ¢? bins are given in GeV?/c?.

¢ As Ay As A(Arg) Az Ag Ag Ags Age

0.1 <¢?<0.98 [ 0.0012 | 0.0033 | 0.0003 [ 0.0112 [ 0.0008 | 0.0017 | 0.0002 | 0.0025 | 0.0008
1.1 < ¢*<2.0 | 0.0002 | 0.0117 | 0.0019 0.002 0.0001 | 0.0001 | 0.0001 | 0.0006 | 0.0003
2.0 < ¢? < 3.0 | 0.0001 | 0.0182 | 0.0012 | 0.0011 | 0.0001 | 0.0002 | 0.0001 | 0.0004 | 0.0003
3.0<¢?<4.0 | 0.0009 | 0.02 | 0.0007 [ 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001
4.0 < ¢®> <5.0 | 0.0014 | 0.0205 | 0.0003 0.001 0.0001 | 0.0002 | 0.0001 | 0.0003 | 0.0002
5.0 < ¢* < 6.0 | 0.0018 | 0.0211 | 0.0004 | 0.0018 | 0.0001 | 0.0002 | 0.0001 | 0.0005 | 0.0003
6.0 < ¢* < 7.0 | 0.0021 | 0.0229 | 0.0011 | 0.0028 | 0.0001 | 0.0002 | 0.0001 | 0.0008 | 0.0004
7.0 < ¢? < 8.0 | 0.0023 | 0.0259 | 0.0019 | 0.0038 | 0.0001 | 0.0002 | 0.0001 | 0.001 | 0.0005

11.0 < ¢® < 11.75 | 0.0035 | 0.0279 | 0.0055 | 0.0057 | 0.0001 | 0.0001 | 0.0001 | 0.0013 | 0.0004
11.75 < ¢> < 12.5 | 0.0036 | 0.025 | 0.0053 | 0.0053 | 0.0001 | 0.0001 | 0.0001 | 0.0012 | 0.0004
15.0 < ¢ < 16.0 | 0.0011 | 0.0025 | 0.0003 | 0.0009 | 0.0001 | 0.0001 | 0.0001 | 0.0002 | 0.0001
16.0 < ¢ < 17.0 | 0.0002 | 0.0119 | 0.0026 | 0.0005 | 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001
17.0 < ¢> < 18.0 | 0.0011 | 0.0197 | 0.0052 | 0.0002 | 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001
18.0 < ¢* < 19.0 | 0.0018 | 0.0256 | 0.0051 0.006 0.0001 | 0.0003 | 0.0002 | 0.0012 | 0.0003
17.0 < ¢ <19.0 | 0.0014 | 0.022 | 0.0051 | 0.0025 | 0.0001 | 0.0001 | 0.0001 | 0.0005 | 0.0001

1.1 <¢?<25]0.0002 [ 0.0134 | 0.0017 [ 0.0018 | 0.0001 | 0.0001 | 0.0001 | 0.0005 | 0.0003
2.5 < ¢? < 4.0 | 0.0007 | 0.0199 | 0.0008 | 0.0002 | 0.0001 | 0.0002 | 0.0001 | 0.0001 | 0.0001
4.0 < ¢®> < 6.0 | 0.0016 | 0.0208 | 0.0001 | 0.0015 | 0.0001 | 0.0002 | 0.0001 | 0.0004 | 0.0002
6.0 < ¢? < 8.0 | 0.0022 | 0.0245 | 0.0016 | 0.0033 | 0.0001 | 0.0002 | 0.0001 | 0.0009 | 0.0005
11.0 < ¢ < 12,5 | 0.0036 | 0.0264 | 0.0054 | 0.0055 | 0.0001 | 0.0001 | 0.0001 | 0.0012 | 0.0004
15.0 < ¢ < 17.0 | 0.0005 | 0.007 | 0.0011 | 0.0003 | 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001
17.0 < ¢> < 19.0 | 0.0014 | 0.022 | 0.0051 | 0.0025 | 0.0001 | 0.0001 | 0.0001 | 0.0005 | 0.0001
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Table 87: Systematic uncertainties from reweighting depending on pion p and pr for the
S; observables. Ranges of ¢? bins are given in GeV?/c?.

¢ Iy, Ss3 Sy Sy Arpp Sy Ss Sy Ses See

0.1< q2 < 0.98 | 0.0131 | 0.0011 | 0.0008 | 0.0031 | 0.0058 | 0.0006 | 0.0033 | 0.0005 | 0.0013 | 0.0004
1.1 < q2 < 2.0 ] 0.0232 | 0.0002 | 0.0124 | 0.0029 | 0.0086 | 0.0002 | 0.0001 | 0.0001 0.002 | 0.0007
20< q2 < 3.0 | 0.0215 | 0.0003 | 0.0202 | 0.0024 | 0.0063 | 0.0004 | 0.0002 | 0.0001 | 0.0015 | 0.0006
3.0 < q2 < 4.0 | 0.0211 | 0.0007 | 0.0225 | 0.0004 | 0.0019 | 0.0001 | 0.0001 | 0.0002 | 0.0005 | 0.0002
4.0 < q2 < 5.0 | 0.0209 0.001 0.0239 | 0.0012 | 0.0023 | 0.0001 | 0.0001 | 0.0001 | 0.0006 | 0.0003
5.0 < q2 < 6.0 | 0.0211 | 0.0009 | 0.024 | 0.0024 | 0.0052 | 0.0001 | 0.0001 | 0.0001 | 0.0013 | 0.0006
6.0 < q2 < 7.0 | 0.0209 | 0.0011 | 0.0256 | 0.0026 | 0.0075 | 0.0002 | 0.0003 | 0.0003 | 0.0018 | 0.0007
7.0 < q2 < 8.0 | 0.0203 | 0.0013 | 0.0285 | 0.003 | 0.0092 | 0.0004 | 0.0005 | 0.0002 | 0.0022 | 0.0009
11.0 < q2 < 11.75 | 0.0178 | 0.0017 | 0.0285 | 0.0039 | 0.0106 | 0.0003 | 0.0001 | 0.0001 | 0.0023 | 0.0006
11.75 < q2 < 12.5 | 0.017 | 0.0016 | 0.0251 | 0.0038 | 0.0099 | 0.0003 | 0.0003 | 0.0001 | 0.0021 | 0.0006
15.0 < q2 < 16.0 0.011 0.0027 | 0.0043 | 0.0018 | 0.0035 | 0.0001 | 0.0001 | 0.0001 | 0.0007 | 0.0001
16.0 < q2 < 17.0 | 0.0089 | 0.0047 | 0.0141 | 0.0047 | 0.0014 | 0.0002 | 0.0001 | 0.0001 | 0.0003 | 0.0001
17.0 < q2 < 18.0 | 0.0071 | 0.006 | 0.0216 | 0.007 | 0.0011 | 0.0001 | 0.0001 | 0.0001 | 0.0002 | 0.0001
18.0 < q2 < 19.0 | 0.0061 | 0.0063 | 0.0269 | 0.0062 | 0.0056 | 0.0001 | 0.0003 | 0.0003 | 0.0012 | 0.0003
15.0 < q2 < 19.0 | 0.0086 | 0.0042 | 0.0149 | 0.004 | 0.0031 | 0.0001 | 0.0001 | 0.0001 | 0.0006 | 0.0001
1.1 < q2 < 2.5 ] 0.0229 | 0.0002 | 0.0144 | 0.0032 | 0.0082 | 0.0002 | 0.0001 | 0.0001 0.002 | 0.0007
25 < q2 < 4.0 | 0.0211 | 0.0004 | 0.0223 | 0.0008 | 0.003 | 0.0003 | 0.0001 | 0.0002 | 0.0007 | 0.0003
4.0 < q2 < 6.0 | 0.021 0.001 0.0239 | 0.0018 | 0.0038 | 0.0001 | 0.0001 | 0.0001 0.001 | 0.0004
6.0 < q2 < 8.0 | 0.0206 | 0.0012 | 0.0271 | 0.0028 | 0.0084 | 0.0003 | 0.0004 | 0.0002 0.002 0.0008
11.0 < q2 < 12.5 | 0.0174 | 0.0016 | 0.0268 | 0.0038 | 0.0102 | 0.0001 | 0.0002 | 0.0001 | 0.0022 | 0.0006
15.0 < q2 < 17.0 0.01 0.0036 | 0.009 | 0.0031 | 0.0025 | 0.0001 | 0.0001 | 0.0001 | 0.0005 | 0.0001
17.0 < q2 < 19.0 | 0.0067 | 0.006 | 0.0237 | 0.0065 | 0.0031 | 0.0001 | 0.0001 | 0.0001 | 0.0006 | 0.0001
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Table 88: Systematic uncertainties from reweighting depending on pion p and pr for the
P; observables. Ranges of ¢* bins are given in GeV?/c?.

(]2 FL P1 P2 P3 Pi Pé Pé Pé

0.1 <¢?><0.98 | 0.0131 | 0.003 | 0.0037 | 0.0007 | 0.0019 | 0.0026 | 0.0024 | 0.0075
1.1 < ¢?<2.0 | 0.0232 | 0.0015 | 0.0099 | 0.0003 | 0.0282 | 0.0001 | 0.001 | 0.0003
2.0 < ¢* < 3.0 | 0.0215 | 0.0001 | 0.0283 | 0.0001 | 0.0464 | 0.0087 | 0.0024 | 0.0002
3.0 < ¢?<4.0 | 0.0211 | 0.0072 | 0.0138 | 0.0012 | 0.0447 | 0.0208 | 0.003 | 0.0009
4.0 < ¢®> < 5.0 | 0.0209 | 0.0148 | 0.0024 | 0.0014 | 0.0445 | 0.0199 | 0.0026 | 0.0014
5.0 < ¢*> < 6.0 | 0.0211 | 0.0121 | 0.0081 | 0.0012 | 0.0431 | 0.0136 | 0.0013 | 0.0006
6.0 < ¢ < 7.0 | 0.0209 | 0.0119 | 0.0079 | 0.0006 | 0.047 | 0.0089 | 0.0006 | 0.001
7.0 < ¢* < 8.0 | 0.0203 | 0.0105 | 0.006 | 0.0002 | 0.0537 | 0.0037 | 0.0001 | 0.0013
11.0 < ¢ < 11.75 | 0.0178 | 0.0123 | 0.0024 | 0.0001 | 0.0603 | 0.0123 | 0.0006 | 0.0002
11.75 < ¢ < 12,5 | 0.017 | 0.0123 | 0.0026 | 0.0002 | 0.0533 | 0.012 | 0.0007 | 0.0006
15.0 < ¢> < 16.0 | 0.011 | 0.0015 | 0.0042 | 0.0001 | 0.0051 | 0.0013 | 0.0002 | 0.0001
16.0 < ¢> < 17.0 | 0.0089 | 0.0079 | 0.0045 | 0.0001 | 0.0259 | 0.0056 | 0.0004 | 0.0002
17.0 < ¢® < 18.0 | 0.0071 | 0.0117 | 0.0032 | 0.0001 | 0.0423 | 0.0116 | 0.0003 | 0.0001
18.0 < ¢? < 19.0 | 0.0061 | 0.0119 | 0.0028 | 0.0005 | 0.0539 | 0.0111 | 0.0002 | 0.0006
15.0 < ¢ < 19.0 | 0.0086 | 0.0058 | 0.0023 | 0.0001 | 0.0277 | 0.0046 | 0.0001 | 0.0001
1.1 <q¢?><2510.0229 | 0.0012 | 0.0137 | 0.0001 | 0.0329 | 0.001 | 0.0014 | 0.0001
2.5 < ¢? < 4.0 | 0.0211 | 0.0047 | 0.0184 | 0.0006 | 0.0461 | 0.018 | 0.0026 | 0.001
4.0 < ¢*><6.0 | 0.021 | 0.0133 | 0.0062 | 0.0013 | 0.0436 | 0.0165 | 0.0018 | 0.0009
6.0 < ¢? <8.0 | 0.0206 | 0.0111 | 0.007 | 0.0004 | 0.0505 | 0.0061 | 0.0002 | 0.0012
11.0 < ¢> < 12,5 | 0.0174 | 0.0123 | 0.0025 | 0.0002 | 0.0568 | 0.0122 | 0.0001 | 0.0004
15.0 < ¢? < 17.0 0.01 0.0043 | 0.0043 | 0.0001 | 0.015 | 0.0018 | 0.0001 | 0.0001
17.0 < ¢ < 19.0 | 0.0067 | 0.0113 | 0.0005 | 0.0002 | 0.0469 | 0.011 | 0.0001 | 0.0002
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Table 89: Systematic uncertainties from reweighting depending on pion p and pr for the
Aj; observables. Ranges of ¢? bins are given in GeV?/c?.

¢ As Ay As A(Arg) Az Ag Ag Ags Age

0.1 <¢?<0.98 [ 0.0011 | 0.0008 | 0.0031 [ 0.0058 [ 0.0006 | 0.0033 | 0.0005 | 0.0013 | 0.0004
1.1 < ¢?<2.0 | 0.0002 | 0.0124 | 0.0029 | 0.0086 | 0.0002 | 0.0001 | 0.0001 | 0.002 | 0.0007
2.0 < ¢? < 3.0 | 0.0003 | 0.0202 | 0.0024 | 0.0063 | 0.0004 | 0.0002 | 0.0001 | 0.0015 | 0.0006
3.0 < ¢? < 4.0 | 0.0007 | 0.0225 | 0.0004 | 0.0019 | 0.0001 | 0.0001 | 0.0002 | 0.0005 | 0.0002
4.0 < ¢q?><5.0 | 0.001 | 0.0239 | 0.0012 | 0.0023 | 0.0001 | 0.0001 | 0.0001 | 0.0006 | 0.0003
5.0 < ¢* < 6.0 | 0.0009 | 0.024 | 0.0024 | 0.0052 | 0.0001 | 0.0001 | 0.0001 | 0.0013 | 0.0006
6.0 < ¢* < 7.0 | 0.0011 | 0.0256 | 0.0026 | 0.0075 | 0.0002 | 0.0003 | 0.0003 | 0.0018 | 0.0007
7.0 < ¢? < 8.0 | 0.0013 | 0.0285 | 0.003 0.0092 | 0.0004 | 0.0005 | 0.0002 | 0.0022 | 0.0009

11.0 < ¢® < 11.75 | 0.0017 | 0.0285 | 0.0039 | 0.0106 | 0.0003 | 0.0001 | 0.0001 | 0.0023 | 0.0006
11.75 < ¢> < 12.5 | 0.0016 | 0.0251 | 0.0038 | 0.0099 | 0.0003 | 0.0003 | 0.0001 | 0.0021 | 0.0006
15.0 < ¢? < 16.0 | 0.0027 | 0.0043 | 0.0018 | 0.0035 | 0.0001 | 0.0001 | 0.0001 | 0.0007 | 0.0001
16.0 < ¢ < 17.0 | 0.0047 | 0.0141 | 0.0047 | 0.0014 | 0.0002 | 0.0001 | 0.0001 | 0.0003 | 0.0001
17.0 < ¢> <18.0 | 0.006 | 0.0216 | 0.007 | 0.0011 | 0.0001 | 0.0001 | 0.0001 | 0.0002 | 0.0001
18.0 < ¢* < 19.0 | 0.0063 | 0.0269 | 0.0062 | 0.0056 | 0.0001 | 0.0003 | 0.0003 | 0.0012 | 0.0003
15.0 < ¢ < 19.0 | 0.0042 | 0.0149 | 0.004 0.0031 | 0.0001 | 0.0001 | 0.0001 | 0.0006 | 0.0001

1.1 < ¢? <25 [0.0002 [ 0.0144 [ 0.0032 [ 0.0082 | 0.0002 | 0.0001 | 0.0001 [ 0.002 | 0.0007
2.5 < ¢? < 4.0 | 0.0004 | 0.0223 | 0.0008 0.003 0.0003 | 0.0001 | 0.0002 | 0.0007 | 0.0003
4.0 < q?><6.0 | 0.001 | 0.0239 | 0.0018 | 0.0038 | 0.0001 | 0.0001 | 0.0001 | 0.001 | 0.0004
6.0 < ¢? < 8.0 | 0.0012 | 0.0271 | 0.0028 | 0.0084 | 0.0003 | 0.0004 | 0.0002 | 0.002 | 0.0008
11.0 < ¢ < 12,5 | 0.0016 | 0.0268 | 0.0038 | 0.0102 | 0.0001 | 0.0002 | 0.0001 | 0.0022 | 0.0006
15.0 < ¢ < 17.0 | 0.0036 | 0.009 | 0.0031 | 0.0025 | 0.0001 | 0.0001 | 0.0001 | 0.0005 | 0.0001
17.0 < ¢> <19.0 | 0.006 | 0.0237 | 0.0065 | 0.0031 | 0.0001 | 0.0001 | 0.0001 | 0.0006 | 0.0001
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Table 90: Systematic uncertainties form neglecting the explicit reweighting of the B°
vertex x? for S; observables. Ranges of ¢* bins are given in GeV?/c'.

¢ I S3 Sy Sy ArB Sy Sg So Ses Sée
0.1 < q2 < 0.98 | 0.0062 | 0.0016 | 0.0016 0.005 0.0704 | 0.002 0.0006 | 0.0423 | 0.0151 | 0.0039
1.1 < q2 < 2.0 | 0.0009 | 0.0003 | 0.0117 | 0.003 0.0014 | 0.0003 | 0.0003 | 0.0006 | 0.0005 | 0.0003
2.0 < q2 < 3.0 | 0.0012 | 0.0003 | 0.0181 | 0.0027 | 0.0006 | 0.0003 | 0.0003 | 0.0006 | 0.0003 | 0.0003
3.0 < q2 < 4.0 | 0.0016 | 0.0006 | 0.0198 | 0.0017 | 0.0002 | 0.0003 | 0.0003 | 0.0014 | 0.0001 | 0.0001
4.0 < q2 < 5.0 | 0.0012 | 0.0012 0.02 0.0007 | 0.0008 | 0.0003 | 0.0003 | 0.0019 | 0.0002 | 0.0001
5.0 < q2 < 6.0 | 0.0007 | 0.0017 | 0.0206 | 0.0005 | 0.0013 | 0.0003 | 0.0003 | 0.002 | 0.0004 | 0.0003
6.0 < q2 < 7.0 | 0.0006 0.002 0.0224 | 0.0015 0.002 0.0003 | 0.0003 | 0.0022 | 0.0006 | 0.0004
7.0 < q2 < 8.0 | 0.0009 | 0.0022 | 0.0255 | 0.0023 | 0.0028 | 0.0003 | 0.0003 | 0.0027 | 0.0008 | 0.0004
11.0 < q2 < 11.75 | 0.0026 | 0.0028 | 0.0278 | 0.0057 | 0.0045 | 0.0003 | 0.0003 | 0.0042 | 0.001 | 0.0003
11.75 < q2 < 12.5 | 0.003 | 0.0029 | 0.0248 | 0.0054 | 0.0043 | 0.0003 | 0.0003 | 0.0035 | 0.001 | 0.0003
15.0 < q2 < 16.0 | 0.0033 | 0.0005 | 0.0025 | 0.0004 | 0.0007 | 0.0003 | 0.0003 | 0.0005 | 0.0002 | 0.0001
16.0 < q2 < 17.0 | 0.0035 | 0.0009 | 0.012 | 0.0028 | 0.0003 | 0.0003 | 0.0003 | 0.001 | 0.0001 0.0
17.0 < q2 < 18.0 | 0.0047 | 0.0023 | 0.0198 | 0.0062 | 0.0006 | 0.0003 | 0.0003 | 0.0003 | 0.0001 0.0
18.0 < q2 < 19.0 0.007 | 0.0039 | 0.0256 | 0.0075 0.006 0.0003 | 0.0003 | 0.0026 | 0.0013 | 0.0003
15.0 < q2 < 19.0 | 0.0028 | 0.0099 | 0.003 | 0.0021 | 0.0008 | 0.0126 | 0.0088 | 0.014 | 0.0002 | 0.0001
1.1 < q2 <25 0.001 0.0003 | 0.0133 | 0.0029 | 0.0012 | 0.0003 | 0.0003 | 0.0003 | 0.0004 | 0.0003
25 < q2 < 4.0 | 0.0015 | 0.0004 | 0.0196 | 0.0019 | 0.0002 | 0.0003 | 0.0003 | 0.0012 | 0.0001 | 0.0001
4.0 < q2 < 6.0 | 0.001 | 0.0015 | 0.0203 | 0.0003 | 0.0011 | 0.0003 | 0.0003 | 0.0019 | 0.0003 | 0.0002
6.0 < q2 < &80 | 0.0008 | 0.0021 | 0.024 | 0.0019 | 0.0024 | 0.0003 | 0.0003 | 0.0025 | 0.0007 | 0.0004
11.0 < q2 < 12.5 | 0.0028 | 0.0029 | 0.0263 | 0.0056 | 0.0044 | 0.0003 | 0.0003 | 0.0039 | 0.001 | 0.0003
15.0 < q2 < 17.0 | 0.0034 | 0.0003 | 0.007 | 0.0011 | 0.0002 | 0.0003 | 0.0003 | 0.0007 | 0.0001 0.0
17.0 < q2 < 19.0 | 0.0056 | 0.0029 | 0.0221 | 0.0067 | 0.0027 | 0.0003 | 0.0003 | 0.0009 | 0.0006 | 0.0002
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Table 91: Systematic uncertainties form neglecting the explicit reweighting of the B°
vertex x? for the P; observables. Ranges of ¢? bins are given in GeV?/c?,

q2 FL Pl P2 P3 Pi Pé PG/ PSI
0.1 < ¢*<0.98 | 0.0062 | 0.0042 | 0.0614 | 0.0008 | 0.0058 | 0.0068 | 0.0052 | 0.0173
1.1 <¢?<2.0 | 0.0009 | 0.0002 | 0.0018 | 0.0001 | 0.0246 | 0.006 | 0.0001 | 0.0004
2.0 < ¢?> < 3.0 | 0.0012 | 0.0008 | 0.0008 | 0.0002 | 0.0436 | 0.0067 | 0.0001 | 0.0006
3.0 < ¢?><4.0 | 0.0016 | 0.006 | 0.0022 | 0.0002 | 0.048 | 0.0056 | 0.0004 | 0.0004
4.0 < ¢*> < 5.0 | 0.0012 | 0.0105 | 0.0019 | 0.0003 | 0.0463 | 0.0028 | 0.0003 | 0.0005
5.0 < ¢> < 6.0 | 0.0007 | 0.0123 | 0.0023 | 0.0004 | 0.0451 | 0.0004 | 0.0003 | 0.0004
6.0 < ¢> < 7.0 | 0.0006 | 0.0122 | 0.0033 | 0.0002 | 0.0473 | 0.0027 | 0.0003 | 0.0005
7.0 < ¢®> < 8.0 | 0.0009 | 0.0115 | 0.0039 | 0.0003 | 0.0522 | 0.0043 | 0.0002 | 0.0004
11.0 < ¢* < 11.75 | 0.0026 | 0.0108 | 0.0031 | 0.0001 | 0.0567 | 0.0123 | 0.0001 | 0.0001
11.75 < ¢*> < 12,5 | 0.003 | 0.011 | 0.0025 | 0.0001 | 0.0508 | 0.0118 | 0.0001 | 0.0001
15.0 < ¢* < 16.0 | 0.0033 | 0.0036 | 0.0016 | 0.0001 | 0.0041 | 0.0024 | 0.0001 | 0.0001
16.0 < ¢ < 17.0 | 0.0035 | 0.0001 | 0.0027 | 0.0001 | 0.0238 | 0.0042 | 0.0001 | 0.0001
17.0 < ¢* < 18.0 | 0.0047 | 0.0026 | 0.0022 | 0.0001 | 0.0397 | 0.011 | 0.0002 | 0.0002
18.0 < ¢ < 19.0 | 0.007 | 0.0034 | 0.0028 | 0.0003 | 0.0507 | 0.0135 | 0.0001 | 0.0006
15.0 < ¢* < 19.0 | 0.0028 | 0.0248 | 0.0007 | 0.0183 | 0.01 0.0081 | 0.0297 | 0.0208
1.1<¢?><25 ] 0.001 | 0.0005 | 0.0014 | 0.0001 | 0.029 | 0.0061 | 0.0001 | 0.0004
2.5 < ¢?> < 4.0 | 0.0015 | 0.004 | 0.0021 | 0.0003 | 0.0478 | 0.0058 | 0.0003 | 0.0005
4.0 < ¢*><6.0 | 0.001 |0.0115 | 0.002 | 0.0004 | 0.0456 | 0.0011 | 0.0003 | 0.0004
6.0 < ¢* < 8.0 | 0.0008 | 0.0118 | 0.0037 | 0.0003 | 0.0498 | 0.0035 | 0.0003 | 0.0004
11.0 < ¢* < 12.5 | 0.0028 | 0.0109 | 0.0028 | 0.0001 | 0.0537 | 0.012 | 0.0001 | 0.0001
15.0 < ¢ < 17.0 | 0.0034 | 0.0019 | 0.0021 | 0.0001 | 0.0134 | 0.0007 | 0.0001 | 0.0001
17.0 < ¢*> < 19.0 | 0.0056 | 0.003 | 0.0003 | 0.0002 | 0.044 | 0.0119 | 0.0001 | 0.0001
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Table 92: Systematic uncertainties form neglecting the explicit reweighting of the B°
vertex x? for the A; observables. Ranges of ¢ bins are given in GeV?/¢?.

¢ As Ay As A(Arg) A7 Ag Ag Ags Agec

0.1 <¢*<0.98 | 0.0016 | 0.0016 | 0.005 0.0704 0.002 | 0.0072 | 0.0006 | 0.0151 | 0.0039
1.1 < ¢?><2.0 | 0.0001 | 0.0117 | 0.003 0.0014 | 0.0001 | 0.0002 | 0.0001 | 0.0005 | 0.0003
2.0 < ¢* < 3.0 | 0.0001 | 0.0181 | 0.0027 | 0.0006 | 0.0001 | 0.0002 | 0.0001 | 0.0003 | 0.0003
3.0 < ¢*< 4.0 | 0.0006 | 0.0198 | 0.0017 | 0.0002 | 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001
4.0 < ¢*><5.0 | 0.0012 | 0.02 | 0.0007 | 0.0008 | 0.0001 | 0.0002 | 0.0001 | 0.0002 | 0.0001
5.0 < ¢? < 6.0 | 0.0017 | 0.0206 | 0.0005 | 0.0013 | 0.0001 | 0.0002 | 0.0001 | 0.0004 | 0.0003
6.0 <¢?><7.0 | 0.002 | 0.0224 | 0.0015 0.002 0.0001 | 0.0002 | 0.0001 | 0.0006 | 0.0004
7.0 < ¢*> < 8.0 | 0.0022 | 0.0255 | 0.0023 | 0.0028 | 0.0001 | 0.0002 | 0.0001 | 0.0008 | 0.0004

11.0 < ¢® < 11.75 | 0.0028 | 0.0278 | 0.0057 | 0.0045 | 0.0001 | 0.0001 | 0.0001 | 0.001 | 0.0003
11.75 < ¢? < 12,5 | 0.0029 | 0.0248 | 0.0054 | 0.0043 | 0.0001 | 0.0001 | 0.0001 | 0.001 | 0.0003
15.0 < ¢ < 16.0 | 0.0005 | 0.0025 | 0.0004 | 0.0007 | 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001
16.0 < ¢ < 17.0 | 0.0009 | 0.012 | 0.0028 | 0.0003 | 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001
17.0 < ¢ < 18.0 | 0.0023 | 0.0198 | 0.0062 | 0.0006 | 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001
18.0 < ¢? < 19.0 | 0.0039 | 0.0256 | 0.0075 0.006 0.0001 | 0.0003 | 0.0002 | 0.0013 | 0.0003
15.0 < ¢> < 19.0 | 0.0099 | 0.003 | 0.0021 | 0.0008 | 0.0126 | 0.0088 | 0.014 | 0.0002 | 0.0001

1.1 < ¢?> <25 | 0.0001 | 0.0133 | 0.0029 | 0.0012 | 0.0001 | 0.0002 | 0.0001 | 0.0004 | 0.0003
2.5 < ¢* < 4.0 | 0.0004 | 0.0196 | 0.0019 | 0.0001 | 0.0001 | 0.0002 | 0.0001 | 0.0001 | 0.0001
4.0 < ¢? < 6.0 | 0.0015 | 0.0203 | 0.0001 | 0.0011 | 0.0001 | 0.0002 | 0.0001 | 0.0003 | 0.0002
6.0 < ¢? <8.0 | 0.0021 | 0.024 | 0.0019 | 0.0024 | 0.0001 | 0.0002 | 0.0001 | 0.0007 | 0.0004
11.0 < ¢* < 12.5 | 0.0029 | 0.0263 | 0.0056 | 0.0044 | 0.0001 | 0.0001 | 0.0001 | 0.001 | 0.0003
15.0 < ¢ < 17.0 | 0.0001 | 0.007 | 0.0011 | 0.0002 | 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001
17.0 < ¢ < 19.0 | 0.0029 | 0.0221 | 0.0067 | 0.0027 | 0.0001 | 0.0001 | 0.0001 | 0.0006 | 0.0001
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Table 93: Systematic uncertainties from neglecting the explicit reweighting of the BY pr
for the S; observables. Ranges of ¢ bins are given in GeV?/c*.

¢ I S3 Sy Sy ArB Sy Sg So Ses Sée

0.1 < q2 < 0.98 | 0.0077 | 0.0006 | 0.0016 | 0.0026 0.003 0.001 0.0007 | 0.0003 | 0.0007 | 0.0003
1.1 < q2 <20 0.006 | 0.0002 | 0.0118 | 0.0018 | 0.0011 | 0.0001 | 0.0002 | 0.0001 | 0.0004 | 0.0003
2.0 < q2 < 3.0 | 0.0065 | 0.0001 | 0.0178 | 0.0025 | 0.0002 | 0.0002 | 0.0003 | 0.0001 | 0.0001 | 0.0002
3.0 < q2 < 4.0 | 0.0059 | 0.0004 | 0.0193 | 0.0026 | 0.0006 | 0.0002 | 0.0002 | 0.0001 | 0.0001 | 0.0001
4.0 < q2 < 5.0 | 0.0059 | 0.0007 | 0.0194 | 0.0021 | 0.0006 | 0.0002 | 0.0002 | 0.0001 | 0.0002 | 0.0001
5.0 < q2 < 6.0 | 0.0063 | 0.001 0.02 0.0012 | 0.0004 | 0.0001 | 0.0002 | 0.0001 | 0.0002 | 0.0002
6.0 < q2 < 7.0 | 0.0065 | 0.0012 | 0.0218 | 0.0001 | 0.0005 | 0.0002 | 0.0002 | 0.0001 | 0.0003 | 0.0003
7.0 < q2 < 80 | 0.0064 | 0.0014 | 0.0248 | 0.0011 | 0.0008 | 0.0002 | 0.0001 | 0.0001 | 0.0003 | 0.0003
11.0 < q2 < 11.75 | 0.0054 | 0.0028 | 0.0276 | 0.0059 | 0.0011 | 0.0001 | 0.0001 | 0.0001 | 0.0003 | 0.0001
11.75 < q2 < 12.5 | 0.0049 | 0.0027 | 0.0248 | 0.0056 | 0.0008 | 0.0001 | 0.0001 | 0.0001 | 0.0002 | 0.0001
15.0 < q2 < 16.0 | 0.0031 | 0.0008 | 0.0021 | 0.0005 | 0.0025 | 0.0001 | 0.0001 | 0.0001 | 0.0005 | 0.0001
16.0 < q2 < 17.0 | 0.0026 | 0.0025 | 0.0117 | 0.0027 | 0.0033 | 0.0001 | 0.0001 | 0.0001 | 0.0007 | 0.0002
17.0 < q2 < 18.0 | 0.0014 | 0.0039 | 0.0199 | 0.0056 | 0.0021 | 0.0001 | 0.0001 | 0.0001 | 0.0005 | 0.0001
18.0 < q2 < 19.0 0.001 0.005 0.0264 | 0.0063 0.004 | 0.0001 | 0.0003 | 0.0001 | 0.0008 | 0.0002
15.0 < q2 < 19.0 | 0.0019 | 0.0028 | 0.0128 | 0.0031 | 0.0018 | 0.0001 | 0.0001 | 0.0001 | 0.0004 | 0.0001
1.1 < q2 < 2.5 | 0.0063 | 0.0002 | 0.0134 | 0.0019 | 0.0007 | 0.0002 | 0.0002 | 0.0001 | 0.0003 | 0.0003
25 < q2 < 4.0 0.006 | 0.0003 | 0.0192 | 0.0025 | 0.0005 | 0.0002 | 0.0003 | 0.0001 | 0.0001 | 0.0001
4.0 < q2 < 6.0 | 0.0061 | 0.0009 | 0.0197 | 0.0017 | 0.0005 | 0.0002 | 0.0002 | 0.0001 | 0.0002 | 0.0002
6.0 < q2 < 8.0 | 0.0064 | 0.0013 | 0.0234 | 0.0005 | 0.0006 | 0.0002 | 0.0002 | 0.0001 | 0.0003 | 0.0003
11.0 < q2 < 12.5 | 0.0051 | 0.0027 | 0.0262 | 0.0057 | 0.0009 | 0.0001 | 0.0001 | 0.0001 | 0.0003 | 0.0001
15.0 < q2 < 17.0 | 0.0029 | 0.0016 | 0.0067 | 0.001 | 0.0028 | 0.0001 | 0.0001 | 0.0001 | 0.0006 | 0.0002
17.0 < q2 < 19.0 | 0.0004 | 0.0044 | 0.0225 0.006 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001
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Table 94: Systematic uncertainties from neglecting the explicit reweighting of the BY pr
for the P; observables. Ranges of ¢% bins are given in GeV?/c?.

q2 FL Pl P2 P3 Pi P5/ Pé Pé
0.1 <¢?<0.98 [ 0.0077 [ 0.0016 | 0.0018 | 0.0004 | 0.0064 | 0.0002 | 0.0031 | 0.0017
1.1 <¢*<2.0 | 0.006 | 0.0013 | 0.0087 | 0.0002 | 0.0244 | 0.0052 | 0.0001 | 0.0004
2.0 < ¢ < 3.0 | 0.0065 | 0.0001 | 0.0126 | 0.0003 | 0.0439 | 0.0052 | 0.0005 | 0.0005
3.0 < ¢ < 4.0 | 0.0059 | 0.0039 | 0.0031 | 0.0001 | 0.0503 | 0.0014 | 0.0003 | 0.0003
4.0 < ¢® <5.0 | 0.0059 | 0.0043 | 0.0039 | 0.0001 | 0.0485 | 0.0008 | 0.0001 | 0.0002
5.0 < ¢? < 6.0 | 0.0063 | 0.0056 | 0.0065 | 0.0001 | 0.0469 | 0.0025 | 0.0001 | 0.0003
6.0 < ¢? < 7.0 | 0.0065 | 0.0056 | 0.0077 | 0.0003 | 0.0483 | 0.0039 | 0.0001 | 0.0004
7.0 < ¢*> < 8.0 | 0.0064 | 0.0063 | 0.008 | 0.0004 | 0.0525 | 0.0049 | 0.0002 | 0.0002
11.0 < ¢? < 11.75 | 0.0054 | 0.0076 | 0.0055 | 0.0001 | 0.0551 | 0.0103 | 0.0001 | 0.0001
11.75 < ¢> < 12.5 | 0.0049 | 0.0074 | 0.0049 | 0.0001 | 0.0495 | 0.0098 | 0.0002 | 0.0001
15.0 < ¢? < 16.0 | 0.0031 | 0.0044 | 0.0004 | 0.0001 | 0.0055 | 0.0005 | 0.0001 | 0.0002
16.0 < ¢> < 17.0 | 0.0026 | 0.0093 | 0.0016 | 0.0001 | 0.0258 | 0.0069 | 0.0001 | 0.0001
17.0 < ¢ < 18.0 | 0.0014 | 0.0129 | 0.0013 | 0.0001 | 0.0429 | 0.0126 | 0.0002 | 0.0002
18.0 < ¢? < 19.0 | 0.001 | 0.0138 | 0.0035 | 0.0002 | 0.0555 | 0.0129 | 0.0001 | 0.0006
15.0 < ¢? < 19.0 | 0.0019 0.01 0.0006 | 0.0001 | 0.0278 | 0.0073 | 0.0001 | 0.0001
1.1 <¢*<25]0.0063 | 0.001 | 0.0098 | 0.0001 | 0.0286 | 0.0057 | 0.0001 | 0.0004
2.5 < q¢?><4.0 | 0.006 | 0.0027 | 0.0055 | 0.0003 | 0.0496 | 0.0022 | 0.0003 | 0.0004
4.0 < ¢> < 6.0 | 0.0061 | 0.005 | 0.0055 | 0.0001 | 0.0476 | 0.0017 | 0.0001 | 0.0002
6.0 < ¢* < 8.0 | 0.0064 | 0.006 | 0.0079 | 0.0003 | 0.0504 | 0.0044 | 0.0002 | 0.0003
11.0 < ¢? < 12,5 | 0.0051 | 0.0075 | 0.0052 | 0.0001 | 0.0523 | 0.0101 | 0.0001 | 0.0001
15.0 < ¢ < 17.0 | 0.0029 | 0.0068 | 0.001 | 0.0001 | 0.0151 | 0.0035 | 0.0001 | 0.0001
17.0 < ¢ < 19.0 | 0.0004 | 0.0137 | 0.0004 | 0.0001 | 0.0478 | 0.0129 | 0.0001 | 0.0001
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Table 95: Systematic uncertainties from neglecting the explicit reweighting of the BY pr
for the A; observables. Ranges of ¢* bins are given in GeV?/c?.

¢ As Ay As A(Arg) A7 Ag Ag Ags Agec

0.1 <¢*<0.98 | 0.0006 | 0.0016 | 0.0026 0.003 0.001 | 0.0007 | 0.0003 | 0.0007 | 0.0003
1.1 < ¢? < 2.0 | 0.0002 | 0.0118 | 0.0018 | 0.0011 | 0.0001 | 0.0002 | 0.0001 | 0.0004 | 0.0003
2.0 < ¢* < 3.0 | 0.0001 | 0.0178 | 0.0025 | 0.0002 | 0.0002 | 0.0003 | 0.0001 | 0.0001 | 0.0002
3.0 < ¢* < 4.0 | 0.0004 | 0.0193 | 0.0026 | 0.0006 | 0.0002 | 0.0002 | 0.0001 | 0.0001 | 0.0001
4.0 < ¢*> < 5.0 | 0.0007 | 0.0194 | 0.0021 | 0.0006 | 0.0002 | 0.0002 | 0.0001 | 0.0002 | 0.0001
5.0 < ¢*<6.0 | 0.001 0.02 | 0.0012 | 0.0004 | 0.0001 | 0.0002 | 0.0001 | 0.0002 | 0.0002
6.0 < ¢?> < 7.0 | 0.0012 | 0.0218 | 0.0001 | 0.0005 | 0.0002 | 0.0002 | 0.0001 | 0.0003 | 0.0003
7.0 < ¢* < 8.0 | 0.0014 | 0.0248 | 0.0011 | 0.0008 | 0.0002 | 0.0001 | 0.0001 | 0.0003 | 0.0003

11.0 < ¢® < 11.75 | 0.0028 | 0.0276 | 0.0059 | 0.0011 | 0.0001 | 0.0001 | 0.0001 | 0.0003 | 0.0001
11.75 < ¢® < 12.5 | 0.0027 | 0.0248 | 0.0056 | 0.0008 | 0.0001 | 0.0001 | 0.0001 | 0.0002 | 0.0001
15.0 < ¢ < 16.0 | 0.0008 | 0.0021 | 0.0005 | 0.0025 | 0.0001 | 0.0001 | 0.0001 | 0.0005 | 0.0001
16.0 < ¢ < 17.0 | 0.0025 | 0.0117 | 0.0027 | 0.0033 | 0.0001 | 0.0001 | 0.0001 | 0.0007 | 0.0002
17.0 < ¢ < 18.0 | 0.0039 | 0.0199 | 0.0056 | 0.0021 | 0.0001 | 0.0001 | 0.0001 | 0.0005 | 0.0001
18.0 < ¢ < 19.0 | 0.005 | 0.0264 | 0.0063 0.004 0.0001 | 0.0003 | 0.0001 | 0.0008 | 0.0002
15.0 < ¢ < 19.0 | 0.0028 | 0.0128 | 0.0031 | 0.0018 | 0.0001 | 0.0001 | 0.0001 | 0.0004 | 0.0001

1.1 < ¢?> <25 [ 0.0002 | 0.0134 | 0.0019 | 0.0007 | 0.0002 | 0.0002 | 0.0001 | 0.0003 | 0.0003
2.5 < ¢* < 4.0 | 0.0003 | 0.0192 | 0.0025 | 0.0005 | 0.0002 | 0.0003 | 0.0001 | 0.0001 | 0.0001
4.0 < ¢? < 6.0 | 0.0009 | 0.0197 | 0.0017 | 0.0005 | 0.0002 | 0.0002 | 0.0001 | 0.0002 | 0.0002
6.0 < ¢? < 8.0 | 0.0013 | 0.0234 | 0.0005 | 0.0006 | 0.0002 | 0.0002 | 0.0001 | 0.0003 | 0.0003
11.0 < ¢* < 12.5 | 0.0027 | 0.0262 | 0.0057 | 0.0009 | 0.0001 | 0.0001 | 0.0001 | 0.0003 | 0.0001
15.0 < ¢ < 17.0 | 0.0016 | 0.0067 | 0.001 0.0028 | 0.0001 | 0.0001 | 0.0001 | 0.0006 | 0.0002
17.0 < ¢ < 19.0 | 0.0044 | 0.0225 | 0.006 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001
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Table 96: Systematic uncertainties form neglecting the explicit reweighting of the track
multiplicity on the S; observables. Ranges of ¢* bins are given in GeV?/c?.

q? I, S3 Sy Ss ArB Sy Ss Sy Ses Seec
0.1< q2 < 0.98 | 0.0192 | 0.0003 | 0.012 | 0.0027 | 0.0036 | 0.0016 | 0.0045 | 0.0001 | 0.0019 | 0.0019
1.1 < q2 < 2.0 | 0.0003 | 0.0008 | 0.0115 | 0.003 | 0.0018 | 0.0001 | 0.0002 | 0.0001 | 0.0005 | 0.0003
2.0< q2 < 3.0 | 0.0012 | 0.0005 | 0.018 | 0.0023 | 0.0005 | 0.0001 | 0.0003 | 0.0001 | 0.0003 | 0.0002
3.0 < q2 < 4.0 | 0.0004 | 0.0007 | 0.0197 | 0.0017 | 0.0003 | 0.0001 | 0.0002 | 0.0001 | 0.0001 | 0.0001
4.0 < q2 < 5.0 | 0.0001 | 0.0009 | 0.0199 | 0.0011 | 0.0008 | 0.0001 | 0.0002 | 0.0001 | 0.0002 | 0.0001
5.0 < q2 < 6.0 | 0.0004 | 0.0011 | 0.0206 | 0.0002 | 0.0014 | 0.0001 | 0.0002 | 0.0001 | 0.0004 | 0.0003
6.0 < q2 < 7.0 | 0.0005 | 0.0015 | 0.0224 | 0.0008 | 0.0021 | 0.0001 | 0.0002 | 0.0001 | 0.0006 | 0.0004
7.0 < q2 < 8.0 | 0.0006 | 0.0019 | 0.0254 | 0.0018 | 0.0029 | 0.0001 | 0.0002 | 0.0001 | 0.0008 | 0.0004
11.0 < q2 < 11.75 | 0.0005 | 0.0045 | 0.0278 | 0.0061 | 0.0042 | 0.0001 | 0.0001 | 0.0001 | 0.001 | 0.0003
11.75 < q2 < 12.5 | 0.0009 | 0.0046 | 0.025 | 0.0059 | 0.004 | 0.0001 | 0.0001 | 0.0001 | 0.0009 | 0.0003
15.0 < q2 < 16.0 | 0.003 | 0.0007 | 0.0021 | 0.0004 | 0.0011 | 0.0001 | 0.0001 | 0.0001 | 0.0002 | 0.0001
16.0 < q2 < 17.0 | 0.0031 | 0.0012 | 0.0118 | 0.0028 | 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001
17.0 < q2 < 18.0 | 0.0028 | 0.0028 0.02 0.0057 | 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001
18.0 < q2 < 19.0 | 0.0019 | 0.0037 | 0.0259 | 0.0063 | 0.004 | 0.0001 | 0.0003 | 0.0001 | 0.0008 | 0.0002
15.0 < q2 < 19.0 | 0.0028 | 0.0013 | 0.0128 | 0.003 0.001 0.0001 | 0.0001 | 0.0001 | 0.0002 | 0.0001
1.1 < q2 < 2.5 | 0.0006 | 0.0007 | 0.0132 | 0.0028 | 0.0015 | 0.0001 | 0.0002 | 0.0001 | 0.0005 | 0.0003
2.5 < q2 < 4.0 | 0.0006 | 0.0006 | 0.0195 | 0.0018 | 0.0001 | 0.0001 | 0.0002 | 0.0001 | 0.0001 | 0.0001
4.0 < q2 < 6.0 | 0.0003 | 0.001 | 0.0202 | 0.0006 | 0.0011 | 0.0001 | 0.0002 | 0.0001 | 0.0003 | 0.0002
6.0 < q2 < 8.0 | 0.0006 | 0.0017 | 0.024 | 0.0013 | 0.0025 | 0.0001 | 0.0002 | 0.0001 | 0.0007 | 0.0004
11.0 < q2 < 12.5 | 0.0007 | 0.0045 | 0.0264 | 0.006 0.0041 | 0.0001 | 0.0001 | 0.0001 | 0.0009 | 0.0003
15.0 < q2 < 17.0 | 0.003 | 0.0002 | 0.0067 | 0.0011 | 0.0005 | 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001
17.0 < q2 < 19.0 | 0.0024 | 0.0031 | 0.0223 | 0.006 | 0.0015 | 0.0001 | 0.0001 | 0.0001 | 0.0003 | 0.0001
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Table 97: Systematic uncertainties form neglecting the explicit reweighting of the track
multiplicity on the P; observables. Ranges of ¢ bins are given in GeV?/c?.

(]2 FL P1 P2 P3 Pi Pé Pé Pé
0.1 <¢?><0.98 | 0.0192 | 0.0009 | 0.0011 | 0.0001 | 0.0228 | 0.0101 | 0.0023 | 0.0108
1.1 < ¢? < 2.0 | 0.0003 | 0.0047 | 0.0038 | 0.0001 | 0.0241 | 0.0064 | 0.0001 | 0.0003
2.0 < ¢*< 3.0 | 0.0012 | 0.0046 | 0.004 | 0.0003 | 0.0437 | 0.0055 | 0.0001 | 0.0006
3.0 < ¢? < 4.0 | 0.0004 | 0.0069 | 0.0005 | 0.0003 | 0.0487 | 0.0038 | 0.0003 | 0.0004
4.0 < ¢*> < 5.0 | 0.0001 | 0.0072 | 0.0023 | 0.0004 | 0.0466 | 0.0027 | 0.0002 | 0.0004
5.0 < ¢*> < 6.0 | 0.0004 | 0.008 | 0.0028 | 0.0004 | 0.0452 | 0.0008 | 0.0002 | 0.0004
6.0 < ¢> < 7.0 | 0.0005 | 0.0088 | 0.0037 | 0.0002 | 0.0474 | 0.0014 | 0.0003 | 0.0004
7.0 < ¢> < 8.0 | 0.0006 | 0.0101 | 0.0044 | 0.0003 | 0.0522 | 0.0035 | 0.0002 | 0.0004
11.0 < ¢ < 11.75 | 0.0005 | 0.0156 | 0.0044 | 0.0001 | 0.0565 | 0.0125 | 0.0001 | 0.0001
11.75 < ¢® < 12.5 | 0.0009 | 0.0161 | 0.0039 | 0.0001 | 0.0508 | 0.0121 | 0.0001 | 0.0001
15.0 < ¢> < 16.0 | 0.003 | 0.0042 | 0.001 | 0.0001 | 0.0033 | 0.0022 | 0.0001 | 0.0001
16.0 < ¢> < 17.0 | 0.0031 | 0.0014 | 0.0021 | 0.0001 | 0.0235 | 0.0044 | 0.0001 | 0.0001
17.0 < ¢ < 18.0 | 0.0028 | 0.0059 | 0.0017 | 0.0001 | 0.041 | 0.0108 | 0.0001 | 0.0002
18.0 < ¢? < 19.0 | 0.0019 | 0.0089 | 0.0032 | 0.0002 | 0.054 | 0.0127 | 0.0001 | 0.0007
15.0 < ¢ < 19.0 | 0.0028 | 0.0017 | 0.0007 | 0.0001 | 0.0258 | 0.005 | 0.0001 | 0.0001
1.1 < ¢?>< 2.5 [0.0006 | 0.0047 | 0.0039 | 0.0001 | 0.0286 | 0.0063 | 0.0001 | 0.0004
2.5 < ¢* < 4.0 | 0.0006 | 0.0061 | 0.0005 | 0.0004 | 0.0483 | 0.004 | 0.0001 | 0.0005
4.0 < ¢*> < 6.0 | 0.0003 | 0.0077 | 0.0026 | 0.0004 | 0.0458 | 0.0017 | 0.0002 | 0.0004
6.0 < ¢? < 8.0 | 0.0006 | 0.0095 | 0.0041 | 0.0003 | 0.0498 | 0.0025 | 0.0003 | 0.0004
11.0 < ¢ < 12.5 | 0.0007 | 0.0159 | 0.0042 | 0.0001 | 0.0536 | 0.0123 | 0.0001 | 0.0001
15.0 < ¢> < 17.0 | 0.003 | 0.0015 | 0.0015 | 0.0001 | 0.0129 | 0.0009 | 0.0001 | 0.0001
17.0 < ¢ < 19.0 | 0.0024 | 0.007 | 0.0002 | 0.0001 | 0.0461 | 0.0116 | 0.0001 | 0.0002
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Table 98: Systematic uncertainties form neglecting the explicit reweighting of the track
multiplicity on the A; observables. Ranges of ¢ bins are given in GeV?/¢?.

¢ As Ay As A(Arg) Az Ag Ag Ags Age

0.1 <¢?<0.98 [ 0.0003 [ 0.012 [ 0.0027 [ 0.0036 [ 0.0016 | 0.0045 | 0.0001 | 0.0019 | 0.0019
1.1 < ¢?<2.0 | 0.0008 | 0.0115 | 0.003 0.0018 | 0.0001 | 0.0002 | 0.0001 | 0.0005 | 0.0003
2.0 < ¢? < 3.0 | 0.0005 | 0.018 | 0.0023 | 0.0005 | 0.0001 | 0.0003 | 0.0001 | 0.0003 | 0.0002
3.0 < ¢? < 4.0 | 0.0007 | 0.0197 | 0.0017 | 0.0003 | 0.0001 | 0.0002 | 0.0001 | 0.0001 | 0.0001
4.0 < ¢? <5.0 | 0.0009 | 0.0199 | 0.0011 | 0.0008 | 0.0001 | 0.0002 | 0.0001 | 0.0002 | 0.0001
5.0 < ¢* < 6.0 | 0.0011 | 0.0206 | 0.0002 | 0.0014 | 0.0001 | 0.0002 | 0.0001 | 0.0004 | 0.0003
6.0 < ¢* < 7.0 | 0.0015 | 0.0224 | 0.0008 | 0.0021 | 0.0001 | 0.0002 | 0.0001 | 0.0006 | 0.0004
7.0 < ¢? < 8.0 | 0.0019 | 0.0254 | 0.0018 | 0.0029 | 0.0001 | 0.0002 | 0.0001 | 0.0008 | 0.0004

11.0 < ¢® < 11.75 | 0.0045 | 0.0278 | 0.0061 | 0.0042 | 0.0001 | 0.0001 | 0.0001 | 0.001 | 0.0003
11.75 < ¢> < 12.5 | 0.0046 | 0.025 | 0.0059 0.004 0.0001 | 0.0001 | 0.0001 | 0.0009 | 0.0003
15.0 < ¢? < 16.0 | 0.0007 | 0.0021 | 0.0004 | 0.0011 | 0.0001 | 0.0001 | 0.0001 | 0.0002 | 0.0001
16.0 < ¢ < 17.0 | 0.0012 | 0.0118 | 0.0028 | 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001
17.0 < ¢> < 18.0 | 0.0028 | 0.02 | 0.0057 | 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001
18.0 < ¢* < 19.0 | 0.0037 | 0.0259 | 0.0063 0.004 0.0001 | 0.0003 | 0.0001 | 0.0008 | 0.0002
15.0 < ¢ < 19.0 | 0.0013 | 0.0128 | 0.003 0.001 0.0001 | 0.0001 | 0.0001 | 0.0002 | 0.0001

1.1 <¢*< 25 ]0.0007 | 0.0132 | 0.0028 [ 0.0015 | 0.0001 | 0.0002 | 0.0001 | 0.0005 | 0.0003
2.5 < ¢? < 4.0 | 0.0006 | 0.0195 | 0.0018 | 0.0001 | 0.0001 | 0.0002 | 0.0001 | 0.0001 | 0.0001
4.0 < q?><6.0 | 0.001 | 0.0202 | 0.0006 | 0.0011 | 0.0001 | 0.0002 | 0.0001 | 0.0003 | 0.0002
6.0 < ¢?<8.0 | 0.0017 | 0.024 | 0.0013 | 0.0025 | 0.0001 | 0.0002 | 0.0001 | 0.0007 | 0.0004
11.0 < ¢ < 12,5 | 0.0045 | 0.0264 | 0.006 | 0.0041 | 0.0001 | 0.0001 | 0.0001 | 0.0009 | 0.0003
15.0 < ¢ < 17.0 | 0.0002 | 0.0067 | 0.0011 | 0.0005 | 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001
17.0 < ¢> < 19.0 | 0.0031 | 0.0223 | 0.006 | 0.0015 | 0.0001 | 0.0001 | 0.0001 | 0.0003 | 0.0001
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Table 99: The effect of using a the nominal instead of a higher order acceptance model on
the S; observables.

7 I, S3 S4 S5 Arp S7 S8 S9 Ses Sec
0.1 < ¢><0.98 ] 0.0022 | 0.0056 | 0.0002 | 0.0075 | 0.0051 | 0.0078 | 0.0001 | 0.0032 | 0.0011 | 0.0003
1.1 < ¢? < 2.0 | 0.0048 | 0.0018 | 0.0014 | 0.0049 | 0.0063 | 0.0041 | 0.0047 | 0.0003 | 0.0014 | 0.0004
2.0 < ¢? < 3.0 | 0.0005 | 0.0001 | 0.0003 | 0.0051 | 0.0035 | 0.0016 | 0.0002 | 0.0023 | 0.0008 | 0.0003
3.0 < ¢? < 4.0 | 0.0003 | 0.0011 | 0.0009 | 0.0017 | 0.0001 | 0.0016 | 0.0013 | 0.002 | 0.0001 | 0.0001
4.0 < ¢?> < 5.0 | 0.0029 | 0.0003 | 0.0001 | 0.0014 | 0.0004 | 0.001 | 0.0002 | 0.0009 | 0.0001 | 0.0001
5.0 < ¢? < 6.0 | 0.0066 | 0.0012 | 0.0005 | 0.0027 | 0.0011 | 0.0015 | 0.0015 | 0.0003 | 0.0002 | 0.0001
6.0 <¢?<7.0 | 00082 | 0.002 | 0.0009 | 0.0025 | 0.0023 | 0.0033 | 0.0019 | 0.0001 | 0.0005 | 0.0002
7.0 < ¢ < 8.0 | 0.0065 | 0.0015 | 0.0005 | 0.0011 | 0.0028 | 0.0029 | 0.0016 | 0.0006 | 0.0006 | 0.0002
11.0 < ¢® < 11.75 | 0.0031 | 0.0029 | 0.0007 | 0.0038 | 0.0021 | 0.0017 | 0.0029 | 0.0028 | 0.0005 | 0.0001
11.75 < ¢? < 12.5 | 0.0008 | 0.0021 | 0.0004 | 0.002 | 0.0016 | 0.0003 | 0.0029 | 0.0019 | 0.0004 | 0.0001
15.0 < ¢® < 16.0 | 0.0033 | 0.0035 | 0.0016 | 0.0045 | 0.0028 | 0.0005 | 0.004 | 0.004 | 0.0006 | 0.0001
16.0 < ¢® < 17.0 | 0.0057 | 0.0001 | 0.0008 | 0.0011 | 0.0008 | 0.0048 | 0.0043 | 0.0034 | 0.0002 | 0.0001
17.0 < ¢*> < 18.0 | 0.012 | 0.0048 | 0.0025 | 0.0061 | 0.0046 | 0.0097 | 0.0002 | 0.0012 | 0.001 | 0.0002
18.0 < ¢ < 19.0 | 0.002 | 0.0023 | 0.0006 | 0.0026 | 0.0001 | 0.0049 | 0.0091 | 0.0059 | 0.0001 | 0.0001
15.0 < ¢* < 19.0 | 0.0037 | 0.0002 | 0.0002 | 0.0002 | 0.0006 | 0.0043 | 0.0012 | 0.0016 | 0.0001 | 0.0001
1.1 <¢? <25 [ 0.0037 | 0.0014 | 0.0011 | 0.0051 | 0.0059 | 0.0037 | 0.0035 | 0.0009 | 0.0013 | 0.0004
2.5 < g% < 4.0 | 0.0003 | 0.0008 | 0.0007 | 0.0024 | 0.0009 | 0.0009 | 0.0011 | 0.0022 | 0.0002 | 0.0001
4.0 < ¢*> < 6.0 | 0.0049 | 0.0005 | 0.0003 | 0.0021 | 0.0008 | 0.0003 | 0.0009 | 0.0006 | 0.0001 | 0.0001
6.0 < ¢? < 8.0 | 0.0074 | 0.0018 | 0.0007 | 0.0018 | 0.0027 | 0.0031 | 0.0017 | 0.0003 | 0.0006 | 0.0002
11.0 < ¢® < 12,5 | 0.0019 | 0.0025 | 0.0005 | 0.0029 | 0.0018 | 0.001 | 0.0029 | 0.0024 | 0.0004 | 0.0001
15.0 < ¢?> < 17.0 | 0.001 | 0.0019 | 0.0012 | 0.0018 | 0.0011 | 0.0021 | 0.0041 | 0.0037 | 0.0002 | 0.0001
17.0 < ¢*> < 19.0 | 0.0081 | 0.0036 | 0.0013 | 0.0025 | 0.003 | 0.0078 | 0.0034 | 0.0016 | 0.0007 | 0.0002
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Table 100: The effect of using a the nominal instead of a higher order acceptance model
on the P; observables.

2| R Py P, Py P} P P P
0.1<¢? <098 | 0.0022 | 0.0142 | 0.0041 | 0.0041 | 0.0013 | 0.0159 | 0.0191 | 0.0001
1.1 <¢2 <20 | 0.0048 | 0.0088 | 0.0064 | 0.0007 | 0.0031 | 0.0106 | 0.0082 | 0.0095
2.0 < ¢ < 3.0 | 0.0005 | 0.0007 | 0.0074 | 0.0077 | 0.0005 | 0.0111 | 0.0036 | 0.0005
3.0 <¢?<4.0 | 0.0003 | 0.0079 | 0.0004 | 0.0072 | 0.002 | 0.004 | 0.0036 | 0.0029
40 < ¢* <50 | 0.0029 | 0.0022 | 0.0001 | 0.003 | 0.0011 | 0.0047 | 0.0024 | 0.0005
5.0 <% <6.0 | 0.0066 | 0.0055 | 0.0021 | 0.001 | 0.0008 | 0.0088 | 0.0029 | 0.0032
6.0 < %< 7.0 | 0.0082 | 0.0086 | 0.0025 | 0.0001 | 0.0002 | 0.0079 | 0.0065 | 0.0038
7.0 < ¢2 <80 | 0.0065 | 0.006 | 0.0012 | 0.0013 | 0.0002 | 0.0036 | 0.0058 | 0.0032
11.0 < ¢2 < 11.75 | 0.0031 | 0.0085 | 0.0001 | 0.0046 | 0.0006 | 0.0064 | 0.0035 | 0.006
11.75 < ¢> < 12.5 | 0.0008 | 0.0067 | 0.0011 | 0.0032 | 0.0006 | 0.0037 | 0.0005 | 0.0059
15.0 < ¢2 < 16.0 | 0.0033 | 0.0089 | 0.0006 | 0.0061 | 0.0022 | 0.0077 | 0.001 | 0.0084
16.0 < ¢2 < 17.0 | 0.0057 | 0.0042 | 0.0029 | 0.0052 | 0.0041 | 0.0004 | 0.0102 | 0.0089
17.0 < ¢2 < 18.0 | 0.012 | 0.0035 | 0.0024 | 0.0018 | 0.0004 | 0.0073 | 0.0204 | 0.0005
18.0 < ¢2 < 19.0 | 0.002 | 0.0044 | 0.0008 | 0.0088 | 0.0023 | 0.0063 | 0.0104 | 0.0193
15.0 < g% < 19.0 | 0.0037 | 0.0025 | 0.0017 | 0.0025 | 0.0021 | 0.0022 | 0.0091 | 0.0025
1.1<¢%<25 | 0.0037 | 0.0073 | 0.0069 | 0.0023 | 0.0023 | 0.011 | 0.0074 | 0.0073
2.5 <% <4.0 | 0.0003 | 0.006 | 0.0024 | 0.0078 | 0.0015 | 0.0055 | 0.002 | 0.0025
4.0 < ¢> < 6.0 | 0.0049 | 0.0021 | 0.0008 | 0.0019 | 0.001 | 0.007 | 0.0004 | 0.0019
6.0 < q*> < 8.0 | 0.0074 | 0.0072 | 0.0018 | 0.0007 | 0.0002 | 0.0055 | 0.0061 | 0.0035
11.0 < ¢2 < 12.5 | 0.0019 | 0.0076 | 0.0006 | 0.0039 | 0.0006 | 0.0051 | 0.002 | 0.0059
15.0 < ¢2 < 17.0 | 0.001 | 0.0065 | 0.0017 | 0.0057 | 0.003 | 0.0043 | 0.0043 | 0.0086
17.0 < ¢2 < 19.0 | 0.0081 | 0.0028 | 0.0012 | 0.0024 | 0.0013 | 0.0018 | 0.0165 | 0.0072
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Table 101: The effect of using a the nominal instead of a higher order acceptance model
on the A; observables.

¢ As Ay As A(Arg) Az Ag Ag Ags Age

0.1 <¢?<0.98 [ 0.0056 | 0.0002 | 0.0075 [ 0.0051 [ 0.0078 | 0.0001 | 0.0032 | 0.0011 | 0.0003
1.1 < ¢?<2.0 | 0.0018 | 0.0014 | 0.0049 | 0.0063 | 0.0041 | 0.0047 | 0.0003 | 0.0014 | 0.0004
2.0 < ¢? < 3.0 | 0.0001 | 0.0003 | 0.0051 | 0.0035 | 0.0016 | 0.0002 | 0.0023 | 0.0008 | 0.0003
3.0 <¢?<4.0 | 0.0011 | 0.0009 | 0.0017 | 0.0001 | 0.0016 | 0.0013 | 0.002 | 0.0001 | 0.0001
4.0 < ¢? < 5.0 | 0.0003 | 0.0001 | 0.0014 | 0.0004 | 0.001 | 0.0002 | 0.0009 | 0.0001 | 0.0001
5.0 < ¢* < 6.0 | 0.0012 | 0.0005 | 0.0027 | 0.0011 | 0.0015 | 0.0015 | 0.0003 | 0.0002 | 0.0001
6.0 <¢*><7.0 | 0.002 | 0.0009 | 0.0025 | 0.0023 | 0.0033 | 0.0019 | 0.0001 | 0.0005 | 0.0002
7.0 < ¢? < 8.0 | 0.0015 | 0.0005 | 0.0011 | 0.0028 | 0.0029 | 0.0016 | 0.0006 | 0.0006 | 0.0002

11.0 < ¢® < 11.75 | 0.0029 | 0.0007 | 0.0038 | 0.0021 | 0.0017 | 0.0029 | 0.0028 | 0.0005 | 0.0001
11.75 < ¢> < 12.5 | 0.0021 | 0.0004 | 0.002 0.0016 | 0.0003 | 0.0029 | 0.0019 | 0.0004 | 0.0001
15.0 < ¢ < 16.0 | 0.0035 | 0.0016 | 0.0045 | 0.0028 | 0.0005 | 0.004 | 0.004 | 0.0006 | 0.0001
16.0 < ¢ < 17.0 | 0.0001 | 0.0008 | 0.0011 | 0.0008 | 0.0048 | 0.0043 | 0.0034 | 0.0002 | 0.0001
17.0 < ¢ < 18.0 | 0.0048 | 0.0025 | 0.0061 | 0.0046 | 0.0097 | 0.0002 | 0.0012 | 0.001 | 0.0002
18.0 < ¢* < 19.0 | 0.0023 | 0.0006 | 0.0026 | 0.0001 | 0.0049 | 0.0091 | 0.0059 | 0.0001 | 0.0001
15.0 < ¢ < 19.0 | 0.0002 | 0.0002 | 0.0002 | 0.0006 | 0.0043 | 0.0012 | 0.0016 | 0.0001 | 0.0001

1.1 <¢*<25]0.0014 | 0.0011 | 0.0051 [ 0.0059 | 0.0037 | 0.0035 | 0.0009 | 0.0013 | 0.0004
2.5 < ¢? < 4.0 | 0.0008 | 0.0007 | 0.0024 | 0.0009 | 0.0009 | 0.0011 | 0.0022 | 0.0002 | 0.0001
4.0 < ¢® < 6.0 | 0.0005 | 0.0003 | 0.0021 | 0.0008 | 0.0003 | 0.0009 | 0.0006 | 0.0001 | 0.0001
6.0 < ¢> < 8.0 | 0.0018 | 0.0007 | 0.0018 | 0.0027 | 0.0031 | 0.0017 | 0.0003 | 0.0006 | 0.0002
11.0 < ¢ < 12,5 | 0.0025 | 0.0005 | 0.0029 | 0.0018 0.001 | 0.0029 | 0.0024 | 0.0004 | 0.0001
15.0 < ¢ < 17.0 | 0.0019 | 0.0012 | 0.0018 | 0.0011 | 0.0021 | 0.0041 | 0.0037 | 0.0002 | 0.0001
17.0 < ¢ < 19.0 | 0.0036 | 0.0013 | 0.0025 0.003 0.0078 | 0.0034 | 0.0016 | 0.0007 | 0.0002
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1555 10.2.4 Peaking backgrounds

1550 Peaking background systematics are determined in the same way as for the observables
10 An overview of the peaking background is given in Tab [56 High statistics toy studies are
1se1 - performed where the various peaking background components are generated, in addition
152 to the signa and the combinatorial background. The sample so generated is then fitted
163 ignoring the peaking background and the bias is taken as a systematic uncertainty. The
156 summary of the numerical results is given in Tab. [102], [I03] and [104]

Table 102: The effect of inclusion of peaking backgrounds on the S; observables.

q? I, S3 Sy Sy Arp Sy Sy So Ses S

0.1< q2 < 0.98 | 0.0053 | 0.0037 | 0.0075 | 0.0022 | 0.0012 | 0.0004 | 0.0006 | 0.0007 | 0.0026 | 0.0008
1.1 < q2 < 2.0 | 0.0042 | 0.0068 | 0.0018 | 0.0048 | 0.0028 | 0.0007 | 0.002 | 0.0003 | 0.0065 | 0.0023
2.0< q2 < 3.0 | 0.0044 | 0.0073 | 0.0011 | 0.0038 | 0.0014 | 0.0007 | 0.0057 | 0.0018 | 0.0033 | 0.0012
3.0 < q2 < 4.0 | 0.0056 | 0.0075 | 0.0023 | 0.001 0.001 | 0.0011 | 0.0015 | 0.0004 | 0.0003 | 0.0002
4.0 < q2 < 5.0 | 0.0066 | 0.0069 | 0.002 | 0.0012 | 0.0025 | 0.0007 | 0.0027 | 0.0005 | 0.0006 | 0.0002
5.0 < q2 < 6.0 | 0.0078 | 0.0081 | 0.0015 0.001 0.0012 | 0.0007 | 0.002 0.0007 | 0.0025 | 0.0007
6.0 < q2 < 7.0 | 0.0084 | 0.001 0.0011 | 0.0065 | 0.0023 | 0.001 | 0.0004 | 0.001 0.005 | 0.0014
7.0 < q2 < &80 | 0.0091 | 0.0012 | 0.0012 | 0.0051 | 0.0034 | 0.0006 | 0.0011 | 0.0009 | 0.0075 | 0.0021
11.0 < q2 < 11.75 | 0.0098 | 0.0017 | 0.0022 | 0.0016 | 0.0058 | 0.0002 | 0.0007 | 0.0002 | 0.0012 | 0.0031
11.75 < q2 < 12.5 | 0.0011 | 0.0019 | 0.0019 | 0.0014 | 0.0061 | 0.0018 | 0.0004 | 0.0005 | 0.0013 | 0.0034
15.0 < q2 < 16.0 | 0.0013 | 0.0032 | 0.001 0.0011 | 0.0068 | 0.0016 | 0.0002 | 0.0004 | 0.0015 | 0.0038
16.0 < q2 < 17.0 | 0.0012 | 0.0038 0.01 0.0063 | 0.0062 | 0.0001 | 0.0001 | 0.0004 | 0.0013 | 0.0034
17.0 < q2 < 18.0 | 0.0011 | 0.0045 | 0.0023 | 0.0033 | 0.0048 | 0.0001 | 0.0004 | 0.0007 | 0.001 | 0.0027
18.0 < (;[2 < 19.0 | 0.0067 | 0.0056 | 0.0034 | 0.0018 | 0.002 | 0.0007 | 0.0007 | 0.0009 | 0.0044 | 0.0012
15.0 < q2 < 19.0 | 0.0011 | 0.0042 | 0.0013 | 0.0003 | 0.0056 | 0.0008 | 0.0001 | 0.0006 | 0.0012 | 0.0032
1.1 < q2 < 2.5 | 0.0042 | 0.0064 | 0.0005 | 0.0039 | 0.0025 | 0.0009 | 0.0016 | 0.0005 | 0.0058 | 0.002
2.5 < q2 < 4.0 | 0.0053 | 0.008 | 0.0021 | 0.001 | 0.0041 | 0.0013 | 0.0002 | 0.0013 | 0.001 | 0.0004
4.0 < q2 < 6.0 | 0.0073 | 0.0074 | 0.0017 | 0.0012 | 0.0081 | 0.0007 | 0.0003 | 0.0002 | 0.0018 | 0.0005
6.0 < q2 < 8.0 | 0.0088 | 0.0011 | 0.0012 | 0.0059 | 0.0029 | 0.0008 | 0.0005 | 0.001 | 0.0064 | 0.0018
11.0 < q2 < 12.5 | 0.001 | 0.0018 | 0.002 | 0.0015 | 0.0059 | 0.001 | 0.0005 | 0.0004 | 0.0013 | 0.0032
15.0 < q2 < 17.0 | 0.0012 | 0.0035 | 0.0052 | 0.0084 | 0.0065 | 0.0007 | 0.0001 | 0.0004 | 0.0014 | 0.0036
17.0 < q2 < 19.0 | 0.0091 | 0.005 | 0.0027 | 0.0097 | 0.0038 | 0.0005 | 0.0001 | 0.0008 | 0.0083 | 0.0022
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Table 103: The effect of inclusion of peaking backgrounds on the P; observables.

q? Iy, Py Py Py Py Py P P
0.1< q2 < 0.98 | 0.0053 | 0.0095 | 0.0013 | 0.0005 | 0.0056 | 0.0071 | 0.008 | 0.0014
1.1 < q2 < 2.0 | 0.0042 | 0.0026 | 0.0073 | 0.001 | 0.0055 | 0.0046 | 0.0005 | 0.0046
2.0 < q2 < 3.0 | 0.0044 | 0.0041 | 0.0077 | 0.0078 | 0.0026 | 0.0046 | 0.0014 | 0.0012
3.0 < q2 < 4.0 | 0.0056 | 0.005 | 0.0025 | 0.0032 | 0.0064 | 0.0016 | 0.0047 | 0.0049
4.0<¢*><5.0 | 0.0066 | 0.004 | 0.0078 | 0.0053 | 0.006 | 0.0066 | 0.0051 | 0.0055
5.0 < ¢? < 6.0 | 0.0078 | 0.0049 | 0.0023 | 0.007 | 0.0047 | 0.0064 | 0.004 | 0.0049
6.0 < q2 < 7.0 | 0.0084 | 0.0047 | 0.0025 | 0.0001 | 0.0033 | 0.0056 | 0.0005 | 0.0002
7.0 < q2 < 80 | 0.0091 | 0.005 | 0.0022 | 0.0002 | 0.0029 | 0.0021 | 0.0007 | 0.0026
11.0 < q2 < 11.75 | 0.0098 | 0.0077 | 0.0099 | 0.0009 | 0.0091 | 0.0026 | 0.0004 | 0.0014
11.75 < q2 < 12.5 | 0.0011 | 0.0088 | 0.0013 | 0.0009 | 0.0001 | 0.0033 | 0.0033 | 0.0006
15.0 < ¢ < 16.0 | 0.0013 | 0.0015 | 0.0015 | 0.0011 | 0.0086 | 0.0081 | 0.0038 | 0.0029
16.0 < q2 < 17.0 | 0.0012 | 0.0017 | 0.0013 | 0.0028 | 0.0011 | 0.0085 | 0.0043 | 0.0018
17.0 < q2 < 18.0 | 0.0011 | 0.002 | 0.0012 | 0.0007 | 0.0013 | 0.0081 | 0.0017 | 0.0004
18.0 < q2 < 19.0 | 0.0067 | 0.0022 | 0.0086 | 0.0005 | 0.0013 | 0.0073 | 0.0003 | 0.0037
15.0 < q2 < 19.0 | 0.0011 | 0.0019 | 0.0099 | 0.0012 | 0.0011 | 0.0082 | 0.0029 | 0.0009
1.1 < q2 < 2.5 | 0.0042 | 0.0029 | 0.0076 | 0.001 | 0.0005 | 0.0027 | 0.0035 | 0.0027
2.5 < q2 < 4.0 | 0.0053 | 0.0045 | 0.0041 | 0.0066 | 0.0056 | 0.0033 | 0.0006 | 0.0014
4.0 < q2 < 6.0 | 0.0073 | 0.0045 | 0.0015 | 0.006 | 0.0053 | 0.0063 | 0.0046 | 0.0001
6.0 < ¢® < 8.0 | 0.0088 | 0.0049 | 0.0023 | 0.0001 | 0.0031 | 0.0016 | 0.0006 | 0.0015
11.0 < ¢ < 12.5 | 0.001 | 0.0082 | 0.0011 | 0.0001 | 0.0045 | 0.003 | 0.0019 | 0.001
15.0 < q2 < 17.0 | 0.0012 | 0.0016 | 0.0014 | 0.002 | 0.0098 | 0.0083 | 0.0039 | 0.0008
17.0 < q2 < 19.0 | 0.0091 | 0.0021 | 0.0086 | 0.0001 | 0.0013 | 0.0078 | 0.0009 | 0.0012
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Table 104: The effect of inclusion of peaking backgrounds on the A; observables.

q? As Ay As A(App) Az Ag Ag Ags Age
0.1< q2 < 0.98 | 0.0026 | 0.001 | 0.0024 | 0.0076 | 0.0029 | 0.0072 | 0.0081 | 0.0017 | 0.0054
1.1 < q2 < 2.0 | 0.0012 | 0.0075 | 0.0018 0.002 0.0035 | 0.0062 | 0.0098 | 0.0044 | 0.0014
2.0 < q2 < 3.0 | 0.0013 | 0.0048 | 0.0035 | 0.0015 | 0.0019 | 0.0058 | 0.0065 | 0.0034 | 0.001
3.0 < q2 < 4.0 | 0.0072 | 0.0013 | 0.0021 0.0057 0.0026 | 0.0021 | 0.0019 | 0.0013 | 0.0039
4.0 < q2 < 5.0 | 0.0045 | 0.0019 | 0.0031 0.0039 0.0028 | 0.0011 0.008 | 0.0089 | 0.003
5.0 < ¢? < 6.0 | 0.0018 | 0.002 | 0.0037 | 0.0012 | 0.0023 | 0.0068 | 0.0022 | 0.0027 | 0.0083
6.0 < q2 < 7.0 | 0.0056 | 0.0024 | 0.0044 0.002 0.0028 | 0.0022 | 0.0054 | 0.0045 | 0.0014
7.0 < q2 < 8.0 | 0.001 | 0.0023 | 0.0045 | 0.0024 | 0.0014 | 0.0014 | 0.0026 | 0.0053 | 0.0017
11.0 < q2 < 11.75 | 0.0017 | 0.0022 | 0.0016 0.0058 0.0002 | 0.0007 | 0.0002 | 0.0012 | 0.0031
11.75 < q2 < 12.5 | 0.0019 | 0.0019 | 0.0014 0.0061 0.0018 | 0.0004 | 0.0005 | 0.0013 | 0.0034
15.0 < ¢ < 16.0 | 0.0013 | 0.003 | 0.0036 | 0.0043 | 0.0035 | 0.0018 | 0.005 | 0.0097 | 0.0031
16.0 < q2 < 17.0 | 0.0015 | 0.003 | 0.0033 | 0.0042 | 0.0022 | 0.0011 | 0.0013 | 0.0096 | 0.0031
17.0 < q2 < 18.0 | 0.002 | 0.0031 | 0.0028 | 0.0039 | 0.0001 | 0.0035 | 0.006 | 0.0089 | 0.0029
18.0 < q2 < 19.0 | 0.0026 | 0.0032 | 0.0023 0.003 0.0024 | 0.0015 | 0.0018 | 0.0069 | 0.0023
15.0 < q2 < 19.0 | 0.0018 | 0.003 | 0.0031 0.004 0.0039 | 0.004 | 0.0066 | 0.009 | 0.0029
1.1 < q2 < 2.5 | 0.0042 | 0.0043 | 0.0013 | 0.0019 | 0.0039 | 0.0021 | 0.0056 | 0.0042 | 0.0013
2.5 < q2 < 4.0 | 0.0086 | 0.0011 | 0.0017 | 0.0083 | 0.0014 | 0.0013 | 0.0018 | 0.0018 | 0.0056
4.0 < q2 < 6.0 | 0.0012 0.002 | 0.0034 0.0082 0.0025 0.004 | 0.0015 | 0.0018 | 0.0057
6.0 < q2 < 8.0 | 0.0032 | 0.0024 | 0.0044 0.0022 0.0021 | 0.0018 | 0.0039 | 0.0049 | 0.0016
11.0 < ¢ < 12.5 | 0.0018 | 0.002 | 0.0015 | 0.0059 0.001 | 0.0005 | 0.0004 | 0.0013 | 0.0032
15.0 < q2 < 17.0 | 0.0014 | 0.003 | 0.0035 | 0.0043 | 0.0012 | 0.0041 | 0.0089 | 0.0097 | 0.0031
17.0 < q2 < 19.0 | 0.0023 | 0.0031 | 0.0026 | 0.0036 | 0.0093 | 0.0037 | 0.003 | 0.0081 | 0.0026
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10.2.5 Signal mass modelling

As already discussed in Sec. to determine the systematic effect of this choice of signal
mass model, a double Gaussian is used as alternative model. The parameters of the double
Gaussian are determined from a fit to B® — Jjp K*O events. High statistics toy MC is
then generated using the double Gaussian mass model and fitted twice, once using the
double Gaussian and once using the nominal Crystal Ball parametrisation. The observed

difference is used as systematic uncertainty and given in Tab. [105] and

Table 105: Systematic effect of the signal mass model for the S; observables.

q? I, S3 Sy Sy Arp Sy Sy So Ses S

0.1< q2 < 0.98 | 0.0011 | 0.0028 | 0.0001 | 0.0037 | 0.0025 | 0.0039 | 0.0001 | 0.0016 | 0.0006 | 0.0002
1.1 < q2 < 2.0 | 0.0024 | 0.0009 | 0.0007 | 0.0025 | 0.0032 | 0.002 | 0.0023 | 0.0001 | 0.0007 | 0.0002
2.0< q2 < 3.0 | 0.0002 | 0.0001 | 0.0001 | 0.0025 | 0.0018 | 0.0008 | 0.0001 | 0.0011 | 0.0004 | 0.0001
3.0 < q2 < 4.0 | 0.0001 | 0.0006 | 0.0005 | 0.0009 | 0.0001 | 0.0008 | 0.0007 | 0.001 | 0.0001 | 0.0001
4.0 < q2 < 5.0 | 0.0015 | 0.0001 | 0.0001 | 0.0007 | 0.0002 | 0.0005 | 0.0001 | 0.0005 | 0.0001 | 0.0001
5.0 < q2 < 6.0 | 0.0033 | 0.0006 | 0.0002 | 0.0014 | 0.0005 | 0.0007 | 0.0007 | 0.0001 | 0.0001 | 0.0001
6.0 < q2 < 7.0 | 0.0041 | 0.001 0.0004 | 0.0013 | 0.0012 | 0.0016 | 0.0009 | 0.0001 | 0.0003 | 0.0001
7.0 < q2 < 8.0 | 0.0033 | 0.0008 | 0.0002 | 0.0006 | 0.0014 | 0.0015 | 0.0008 | 0.0003 | 0.0003 | 0.0001
11.0 < q2 < 11.75 | 0.0015 | 0.0015 | 0.0003 | 0.0019 | 0.0011 | 0.0008 | 0.0015 | 0.0014 | 0.0002 | 0.0001
11.75 < q2 < 12.5 | 0.0004 | 0.0011 | 0.0002 | 0.001 | 0.0008 | 0.0001 | 0.0014 | 0.001 | 0.0002 | 0.0001
15.0 < q2 < 16.0 | 0.0016 | 0.0018 | 0.0008 | 0.0022 | 0.0014 | 0.0002 | 0.002 0.002 | 0.0003 | 0.0001
16.0 < q2 < 17.0 | 0.0029 | 0.0001 | 0.0004 | 0.0006 | 0.0004 | 0.0024 | 0.0021 | 0.0017 | 0.0001 | 0.0001
17.0 < q2 < 18.0 | 0.006 | 0.0024 | 0.0012 | 0.003 | 0.0023 | 0.0048 | 0.0001 | 0.0006 | 0.0005 | 0.0001
18.0 < q2 < 19.0 | 0.001 | 0.0011 | 0.0003 | 0.0013 | 0.0001 | 0.0024 | 0.0045 | 0.003 | 0.0001 | 0.0001
15.0 < q2 < 19.0 | 0.0019 | 0.0001 | 0.0001 | 0.0001 | 0.0003 | 0.0022 | 0.0006 | 0.0008 | 0.0001 | 0.0001
1.1 < q2 < 2.5 | 0.0019 | 0.0007 | 0.0005 | 0.0026 | 0.0029 | 0.0018 | 0.0018 | 0.0004 | 0.0007 | 0.0002
2.5 < q2 < 4.0 | 0.0002 | 0.0004 | 0.0003 | 0.0012 | 0.0005 | 0.0004 | 0.0006 | 0.0011 | 0.0001 | 0.0001
4.0 < q2 < 6.0 | 0.0024 | 0.0002 | 0.0001 | 0.001 | 0.0004 | 0.0001 | 0.0004 | 0.0003 | 0.0001 | 0.0001
6.0 < q2 < 8.0 | 0.0037 | 0.0009 | 0.0003 | 0.0009 | 0.0013 | 0.0015 | 0.0009 | 0.0001 | 0.0003 | 0.0001
11.0 < q2 < 12.5 | 0.001 | 0.0013 | 0.0003 | 0.0014 | 0.0009 | 0.0005 | 0.0014 | 0.0012 | 0.0002 | 0.0001
15.0 < q2 < 17.0 | 0.0005 | 0.0009 | 0.0006 | 0.0009 | 0.0005 0.001 0.0021 | 0.0018 | 0.0001 | 0.0001
17.0 < q2 < 19.0 | 0.004 | 0.0018 | 0.0007 | 0.0012 | 0.0015 | 0.0039 | 0.0017 | 0.0008 | 0.0003 | 0.0001

10.2.6 Systematic uncertainty on m(K*w~) lineshape

The mg, invariant mass distribution is used in the small 1 GeVQ/ c* to determine the
S-wave fraction Fig. The mg, mass model is parametrized with the LASS model. The
uncertainty on the using the ISOBAR model instead of LASS has been evaluated in

Sec. [10.1.8| and found negligibly small.
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Table 106: Systematic effect of the signal mass model for the P; observables.

2| R Py P, Py P P P P
0.1<¢%<0.98 | 0.0011 | 0.0071 | 0.0021 | 0.002 | 0.0006 | 0.008 | 0.0096 | 0.0001
1.1 < g2 <2.0 | 0.0024 | 0.0044 | 0.0032 | 0.0003 | 0.0015 | 0.0053 | 0.0041 | 0.0047
2.0 < ¢ <3.0 | 0.0002 | 0.0003 | 0.0037 | 0.0038 | 0.0003 | 0.0056 | 0.0018 | 0.0002
3.0 <q*<4.0 | 0.0001 | 0.0039 | 0.0002 | 0.0036 | 0.001 | 0.002 | 0.0018 | 0.0015
40 < ¢* <50 | 0.0015 | 0.0011 | 0.0001 | 0.0015 | 0.0005 | 0.0024 | 0.0012 | 0.0003
5.0 <% < 6.0 | 0.0033 | 0.0028 | 0.0011 | 0.0005 | 0.0004 | 0.0044 | 0.0014 | 0.0016
6.0 < ¢*><7.0 | 0.0041 | 0.0043 | 0.0012 | 0.0001 | 0.0001 | 0.004 | 0.0032 | 0.0019
7.0 <¢2 <80 | 0.0033 | 0.003 | 0.0006 | 0.0006 | 0.0001 | 0.0018 | 0.0029 | 0.0016
11.0 < ¢2 < 11.75 | 0.0015 | 0.0043 | 0.0001 | 0.0023 | 0.0003 | 0.0032 | 0.0017 | 0.003
11.75 < ¢> < 12.5 | 0.0004 | 0.0033 | 0.0006 | 0.0016 | 0.0003 | 0.0018 | 0.0003 | 0.0029
15.0 < ¢2 < 16.0 | 0.0016 | 0.0044 | 0.0003 | 0.003 | 0.0011 | 0.0038 | 0.0005 | 0.0042
16.0 < ¢2 < 17.0 | 0.0029 | 0.0021 | 0.0015 | 0.0026 | 0.002 | 0.0002 | 0.0051 | 0.0045
17.0 < ¢2 < 18.0 | 0.006 | 0.0018 | 0.0012 | 0.0009 | 0.0002 | 0.0037 | 0.0102 | 0.0003
18.0 < ¢2 < 19.0 | 0.001 | 0.0022 | 0.0004 | 0.0044 | 0.0012 | 0.0031 | 0.0052 | 0.0097
15.0 < ¢> < 19.0 | 0.0019 | 0.0012 | 0.0008 | 0.0012 | 0.001 | 0.0011 | 0.0045 | 0.0012
1.1<¢%<25 | 0.0019 | 0.0037 | 0.0035 | 0.0011 | 0.0012 | 0.0055 | 0.0037 | 0.0036
2.5 <% <4.0 | 0.0002 | 0.003 | 0.0012 | 0.0039 | 0.0007 | 0.0027 | 0.001 | 0.0013
40 < ¢> < 6.0 | 0.0024 | 0.001 | 0.0004 | 0.001 | 0.0005 | 0.0035 | 0.0002 | 0.001
6.0 < q> < 8.0 | 0.0037 | 0.0036 | 0.0009 | 0.0003 | 0.0001 | 0.0028 | 0.0031 | 0.0017
11.0 < ¢2 < 12.5 | 0.001 | 0.0038 | 0.0003 | 0.0019 | 0.0003 | 0.0025 | 0.001 | 0.003
15.0 < ¢2 < 17.0 | 0.0005 | 0.0032 | 0.0009 | 0.0028 | 0.0015 | 0.0021 | 0.0022 | 0.0043
17.0 < ¢2 < 19.0 | 0.004 | 0.0014 | 0.0006 | 0.0012 | 0.0006 | 0.0009 | 0.0082 | 0.0036

10.2.7 Systematic uncertainty from production and detection asymmetries

The observables S; and A; are sensitive to production and detection asymmetries according
to

Aimeasured _ Az _ SiAdet. — Si(/prrOd.)?
Simeasured _ Sz _ Az‘Adet. — Ai(K/AprOd.)7

where, as described in details in Sec. [10.1.9} x is a dilution factor due to B® — B mixing
and is estimated to be k = 35.2%. The uncertainty due to production and detection
asymmetries is negligibly small, as can be seen in Tables [108] [109| and [110]

10.2.8 Summary on systematic uncertainties

The various systematic uncertainties are summed in quadrature in order to get the total
systematic uncertainties in each ¢?-bin. The total systematic uncertainties are shown in
Tab. [111] [112/and [113] They are always small with respect to the statistical uncertainty.
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Table 107: Systematic effect of the signal mass model for the A; observables.

q? As Ay As A(App) Az Ag Ag Ags Age
0.1< q2 < 0.98 | 0.0028 | 0.0001 | 0.0037 | 0.0025 | 0.0039 | 0.0001 | 0.0016 | 0.0006 | 0.0002
1.1 < q2 < 2.0 | 0.0009 | 0.0007 | 0.0025 | 0.0032 0.002 | 0.0023 | 0.0001 | 0.0007 | 0.0002
2.0 < q2 < 3.0 | 0.0001 | 0.0001 | 0.0025 | 0.0018 | 0.0008 | 0.0001 | 0.0011 | 0.0004 | 0.0001
3.0 < q2 < 4.0 | 0.0006 | 0.0005 | 0.0009 0.0001 0.0008 | 0.0007 | 0.001 0.0001 | 0.0001
4.0 < q2 < 5.0 | 0.0001 | 0.0001 | 0.0007 0.0002 0.0005 | 0.0001 | 0.0005 | 0.0001 | 0.0001
5.0 < ¢? < 6.0 | 0.0006 | 0.0002 | 0.0014 | 0.0005 | 0.0007 | 0.0007 | 0.0001 | 0.0001 | 0.0001
6.0 < q2 < 7.0 0.001 | 0.0004 | 0.0013 | 0.0012 | 0.0016 | 0.0009 | 0.0001 | 0.0003 | 0.0001
7.0 < q2 < 8.0 | 0.0008 | 0.0002 | 0.0006 | 0.0014 | 0.0015 | 0.0008 | 0.0003 | 0.0003 | 0.0001
11.0 < q2 < 11.75 | 0.0015 | 0.0003 | 0.0019 0.0011 0.0008 | 0.0015 | 0.0014 | 0.0002 | 0.0001
11.75 < q2 < 12.5 | 0.0011 | 0.0002 0.001 0.0008 0.0001 | 0.0014 | 0.001 0.0002 | 0.0001
15.0 < ¢ < 16.0 | 0.0018 | 0.0008 | 0.0022 | 0.0014 | 0.0002 | 0.002 0.002 | 0.0003 | 0.0001
16.0 < q2 < 17.0 | 0.0001 | 0.0004 | 0.0006 | 0.0004 | 0.0024 | 0.0021 | 0.0017 | 0.0001 | 0.0001
17.0 < q2 < 18.0 | 0.0024 | 0.0012 | 0.003 0.0023 | 0.0048 | 0.0001 | 0.0006 | 0.0005 | 0.0001
18.0 < q2 < 19.0 | 0.0011 | 0.0003 | 0.0013 0.0001 0.0024 | 0.0045 0.003 | 0.0001 | 0.0001
15.0 < q2 < 19.0 | 0.0001 | 0.0001 | 0.0001 0.0003 0.0022 | 0.0006 | 0.0008 | 0.0001 | 0.0001
1.1 < q2 < 2.5 | 0.0007 | 0.0005 | 0.0026 | 0.0029 | 0.0018 | 0.0018 | 0.0004 | 0.0007 | 0.0002
2.5 < q2 < 4.0 | 0.0004 | 0.0003 | 0.0012 | 0.0005 | 0.0004 | 0.0006 | 0.0011 | 0.0001 | 0.0001
4.0 < q2 < 6.0 | 0.0002 | 0.0001 0.001 0.0004 0.0001 | 0.0004 | 0.0003 | 0.0001 | 0.0001
6.0 < q2 < 8.0 | 0.0009 | 0.0003 | 0.0009 0.0013 0.0015 | 0.0009 | 0.0001 | 0.0003 | 0.0001
11.0 < ¢ < 12.5 | 0.0013 | 0.0003 | 0.0014 | 0.0009 | 0.0005 | 0.0014 | 0.0012 | 0.0002 | 0.0001
15.0 < q2 < 17.0 | 0.0009 | 0.0006 | 0.0009 | 0.0005 0.001 | 0.0021 | 0.0018 | 0.0001 | 0.0001
17.0 < q2 < 19.0 | 0.0018 | 0.0007 | 0.0012 | 0.0015 | 0.0039 | 0.0017 | 0.0008 | 0.0003 | 0.0001
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Table 108: Systematic effect the detector and production assymetry for the .S; observables.

¢ | FL S3 Sy Ss Arp S7 Ss | S Ses See

0.1< q2 < 0.98 | 0.0 0.0 0.0001 | 0.0003 | 0.0001 0.0 0.0 | 0.0 0.0 0.0
1.1 < q2 <201 0.0 0.0 0.0001 | 0.0002 | 0.0003 | 0.0001 | 0.0 | 0.0 | 0.0001 | 0.0
2.0 < q2 <3.0| 0.0 0.0 0.0001 0.0 0.0002 | 0.0001 | 0.0 | 0.0 0.0 0.0
3.0 < q2 < 4.0 | 0.0 0.0 0.0002 | 0.0003 | 0.0001 0.0 0.0 | 0.0 0.0 0.0
4.0 < q2 <501 0.0 0.0 0.0002 | 0.0004 0.0 0.0 0.0 | 0.0 0.0 0.0
5.0 < q2 < 6.0 | 0.0 0.0 0.0003 | 0.0005 | 0.0002 0.0 0.0 | 0.0 0.0 0.0
6.0 < q2 <7.0 0.0 0.0 0.0003 | 0.0006 | 0.0003 0.0 0.0 | 0.0 | 0.0001 | 0.0
7.0 < q2 <801 0.0 0.0 0.0003 | 0.0006 | 0.0003 0.0 0.0 | 0.0 | 0.0001 | 0.0
11.0 < q2 < 11.75 | 0.0 | 0.0001 | 0.0004 | 0.0006 | 0.0006 0.0 0.0 | 0.0 | 0.0001 | 0.0
11.75 < q2 < 12.5 | 0.0 | 0.0001 | 0.0004 | 0.0006 | 0.0006 0.0 0.0 | 0.0 | 0.0001 | 0.0
15.0 < q2 < 16.0 | 0.0 | 0.0002 | 0.0004 | 0.0005 | 0.0006 0.0 0.0 | 0.0 | 0.0001 | 0.0
16.0 < q2 < 17.0 | 0.0 | 0.0002 | 0.0004 | 0.0005 | 0.0006 0.0 0.0 | 0.0 | 0.0001 | 0.0
17.0 < q2 < 18.0 | 0.0 | 0.0003 | 0.0004 | 0.0004 | 0.0005 0.0 0.0 | 0.0 | 0.0001 | 0.0
18.0 < q2 < 19.0 | 0.0 | 0.0004 | 0.0004 | 0.0003 | 0.0004 0.0 0.0 | 0.0 | 0.0001 | 0.0
15.0 < q2 < 19.0 | 0.0 | 0.0002 | 0.0004 | 0.0004 | 0.0005 0.0 0.0 | 0.0 | 0.0001 | 0.0
1.1 < q2 <251 0.0 0.0 0.0 0.0002 | 0.0003 | 0.0001 | 0.0 | 0.0 | 0.0001 | 0.0
2.5 < q2 <4.0| 0.0 0.0 0.0001 | 0.0002 | 0.0001 0.0 0.0 | 0.0 0.0 0.0
4.0 < q2 < 6.0 | 0.0 0.0 0.0003 | 0.0005 | 0.0001 0.0 0.0 | 0.0 0.0 0.0
6.0 < q2 < 8.0 | 0.0 0.0 0.0003 | 0.0006 | 0.0003 0.0 0.0 | 0.0 | 0.0001 | 0.0
11.0 < q2 < 12.5 | 0.0 | 0.0001 | 0.0004 | 0.0006 | 0.0006 0.0 0.0 | 0.0 | 0.0001 | 0.0
15.0 < q2 < 17.0 | 0.0 | 0.0002 | 0.0004 | 0.0005 | 0.0006 0.0 0.0 | 0.0 | 0.0001 | 0.0
17.0 < q2 < 19.0 | 0.0 | 0.0003 | 0.0004 | 0.0004 | 0.0005 0.0 0.0 | 0.0 | 0.0001 | 0.0
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Table 109: Systematic effect the detector and production assymetry for the P; observables.

¢ | F Py Py Py Py Py P P

0.1< q2 <0.98 | 0.0 0.0 0.0001 | 0.0 | 0.0003 | 0.0008 | 0.0001 | 0.0
1.1 < q2 <201 0.0 0.0 0.0004 | 0.0 | 0.0002 | 0.0005 | 0.0001 | 0.0
2.0< q2 <3.0 0.0 0.0 0.0005 | 0.0 | 0.0001 | 0.0001 | 0.0001 | 0.0
3.0 < q2 < 4.0 0.0 0.0 0.0002 | 0.0 | 0.0004 | 0.0006 | 0.0001 | 0.0
4.0<¢?><5.0 | 0.0 | 0.0001 | 0.0001 | 0.0 | 0.0005 | 0.0009 | 0.0001 | 0.0
5.0 < ¢ < 6.0 0.0 | 0.0001 | 0.0003 | 0.0 | 0.0006 | 0.0011 | 0.0001 | 0.0
6.0 < q2 < 7.0 0.0 | 0.0001 | 0.0004 | 0.0 | 0.0007 | 0.0012 | 0.0001 | 0.0
7.0 < q2 < &80 | 0.0 | 0.0001 | 0.0005 | 0.0 | 0.0007 | 0.0012 | 0.0001 | 0.0
11.0 < q2 < 11.75 | 0.0 | 0.0003 | 0.0006 | 0.0 | 0.0007 | 0.0012 0.0 0.0
11.75 < q2 < 12.5 | 0.0 | 0.0003 | 0.0006 | 0.0 | 0.0007 | 0.0012 0.0 0.0
15.0 < ¢> < 16.0 | 0.0 | 0.0005 | 0.0006 | 0.0 | 0.0008 | 0.001 0.0 0.0
16.0 < q2 <17.0 | 0.0 | 0.0006 | 0.0006 | 0.0 | 0.0008 | 0.001 0.0 0.0
17.0 < q2 < 18.0 | 0.0 | 0.0008 | 0.0005 | 0.0 | 0.0009 | 0.0008 0.0 0.0
18.0 < q2 < 19.0 | 0.0 | 0.0011 | 0.0004 | 0.0 | 0.0009 | 0.0006 0.0 0.0
15.0 < q2 < 19.0 | 0.0 | 0.0007 | 0.0006 | 0.0 | 0.0008 | 0.0009 0.0 0.0
1.1 < q2 <251 0.0 0.0 0.0005 | 0.0 | 0.0001 | 0.0004 | 0.0001 | 0.0
25 < q2 <4.0 1 0.0 0.0 0.0003 | 0.0 | 0.0003 | 0.0005 | 0.0001 | 0.0
4.0 < q2 < 6.0 | 0.0 | 0.0001 | 0.0002 | 0.0 | 0.0006 | 0.001 0.0001 | 0.0
6.0 <¢?><8.0 | 0.0 | 0.0001 | 0.0005 | 0.0 | 0.0007 | 0.0012 | 0.0001 | 0.0
11.0 < ¢> < 12.5 | 0.0 | 0.0003 | 0.0006 | 0.0 | 0.0007 | 0.0012 0.0 0.0
15.0 < q2 < 17.0 | 0.0 | 0.0006 | 0.0006 | 0.0 | 0.0008 | 0.001 0.0 0.0
17.0 < q2 < 19.0 | 0.0 | 0.0009 | 0.0005 | 0.0 | 0.0009 | 0.0008 0.0 0.0
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Table 110: Systematic effect the detector and production assymetry for the A; observables.

7 As Ay As A(App) Ay Ag | Ag | Ass | Asc

0.1 < q2 < 0.98 0.0 0.0001 | 0.0003 | 0.0001 0.0 0.0 | 0.0 0.0 0.0
1.1 < q2 < 2.0 0.0 0.0001 | 0.0002 | 0.0003 | 0.0001 | 0.0 | 0.0 | 0.0001 | 0.0
2.0< q2 < 3.0 0.0 0.0001 0.0 0.0002 0.0001 | 0.0 | 0.0 0.0 0.0
3.0 < q2 < 4.0 0.0 0.0002 | 0.0003 0.0001 0.0 0.0 | 0.0 0.0 0.0
4.0<¢®><5.0 0.0 0.0002 | 0.0004 0.0 0.0 0.0 | 0.0 0.0 0.0
5.0 < ¢%2 < 6.0 0.0 0.0003 | 0.0005 | 0.0002 0.0 0.0 | 0.0 0.0 0.0
6.0 < q2 <70 0.0 0.0003 | 0.0006 | 0.0003 0.0 0.0 | 0.0 | 0.0001 | 0.0
7.0 < q2 < 8.0 0.0 0.0003 | 0.0006 | 0.0003 0.0 0.0 | 0.0 | 0.0001 | 0.0
11.0 < q2 < 11.75 | 0.0001 | 0.0004 | 0.0006 0.0006 0.0 0.0 | 0.0 | 0.0001 | 0.0
11.75 < q2 < 12.5 | 0.0001 | 0.0004 | 0.0006 0.0006 0.0 0.0 | 0.0 | 0.0001 | 0.0
15.0 < ¢®> < 16.0 | 0.0002 | 0.0004 | 0.0005 | 0.0006 0.0 0.0 | 0.0 | 0.0001 | 0.0
16.0 < q2 < 17.0 | 0.0002 | 0.0004 | 0.0005 | 0.0006 0.0 0.0 | 0.0 | 0.0001 | 0.0
17.0 < q2 < 18.0 | 0.0003 | 0.0004 | 0.0004 | 0.0005 0.0 0.0 | 0.0 | 0.0001 | 0.0
18.0 < q2 < 19.0 | 0.0004 | 0.0004 | 0.0003 0.0004 0.0 0.0 | 0.0 | 0.0001 | 0.0
15.0 < q2 < 19.0 | 0.0002 | 0.0004 | 0.0004 0.0005 0.0 0.0 | 0.0 | 0.0001 | 0.0
1.1 < q2 <25 0.0 0.0 0.0002 | 0.0003 | 0.0001 | 0.0 | 0.0 | 0.0001 | 0.0
25 < q2 < 4.0 0.0 0.0001 | 0.0002 0.0001 0.0 0.0 | 0.0 0.0 0.0
4.0 < q2 < 6.0 0.0 0.0003 | 0.0005 0.0001 0.0 0.0 | 0.0 0.0 0.0
6.0 < ¢?<8.0 0.0 0.0003 | 0.0006 | 0.0003 0.0 0.0 | 0.0 | 0.0001 | 0.0
11.0 < ¢®> < 12.5 | 0.0001 | 0.0004 | 0.0006 | 0.0006 0.0 0.0 | 0.0 | 0.0001 | 0.0
15.0 < q2 < 17.0 | 0.0002 | 0.0004 | 0.0005 | 0.0006 0.0 0.0 | 0.0 | 0.0001 | 0.0
17.0 < q2 < 19.0 | 0.0003 | 0.0004 | 0.0004 | 0.0005 0.0 0.0 | 0.0 | 0.0001 | 0.0
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Table 111: Total systematic effect for the S; observables.

I,

Ss

Sy

Ss

ArB

Sy

S

Sy

Sﬁs

SGC

0.1 <¢®><0.98
11<¢?2<20
20<¢?<3.0
3.0<¢?<40
40<¢®><5.0
5.0 < ¢®> < 6.0
6.0<¢®><70
7.0<¢*><8.0

11.0 < ¢® < 11.75
11.75 < ¢ < 12.5
15.0 < ¢? < 16.0
16.0 < ¢ < 17.0
17.0 < ¢®> < 18.0
18.0 < ¢% < 19.0
15.0 < ¢ < 19.0

0.0259
0.0251
0.0231
0.0228
0.0232
0.0246
0.0253
0.0245
0.0217
0.0184
0.0133
0.0127
0.0166
0.0131
0.0112

0.0077
0.0071
0.0073
0.0078
0.0073
0.0087
0.0044
0.0047
0.0081
0.0078
0.006
0.0067
0.0107
0.0116
0.012

0.0147
0.0265
0.0413
0.0455
0.0466
0.0477
0.0517
0.0583
0.0625
0.0558
0.0067
0.0294
0.0454
0.0585
0.027

0.0111
0.0093
0.0086
0.0042
0.0035
0.0042
0.0078
0.0071
0.0131
0.012
0.0055
0.0096
0.0154
0.0146
0.0068

0.0719
0.0119
0.0077
0.0023
0.0038
0.0061
0.0092
0.0117
0.0149
0.0142
0.0088
0.0072
0.0075
0.0118
0.0069

0.0092
0.0047
0.0021
0.0022
0.0014
0.0019
0.0038
0.0034
0.0019
0.0019
0.0017
0.0054
0.0108
0.0055
0.0135

0.0093
0.0056
0.0057
0.0022
0.0028
0.0026
0.0022
0.0022
0.0033
0.0033
0.0045
0.0048
0.0006
0.0102
0.0089

0.0038
0.0005
0.0032
0.0023
0.0012
0.0008
0.0011
0.0011
0.0031
0.0022
0.0045
0.0038
0.0016
0.0067
0.0142

0.0158
0.007
0.0038
0.0006
0.001
0.003
0.0055
0.008
0.0033
0.0031
0.0019
0.0016
0.0016
0.0051
0.0015

0.0045
0.0025
0.0014
0.0004
0.0005
0.001
0.0017
0.0024
0.0032
0.0035
0.0038
0.0034
0.0027
0.0014
0.0032

11<¢®<25
2.5 <q¢><4.0
4.0 < ¢?<6.0
6.0 < g®<8.0
11.0 < ¢2 < 125
15.0 < ¢2 < 17.0
17.0 < ¢® < 19.0

0.0246
0.0228
0.0239
0.0249
0.0189
0.0119
0.0162

0.0066
0.0081
0.0079
0.0045
0.0079
0.0057
0.0108

0.0303
0.0451
0.0471
0.0551
0.0591
0.0173
0.0505

0.009
0.0048
0.0036
0.0074
0.0125
0.0095
0.0169
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0.0111
0.0052
0.0093
0.0105
0.0146
0.0077
0.0072

0.0042
0.0017
0.0008
0.0036
0.0015
0.0024
0.0087

0.0043
0.0014
0.0011
0.002
0.0033
0.0046
0.0038

0.0012
0.0028
0.0008
0.0011
0.0027
0.0041
0.002

0.0063
0.0013
0.0022
0.0069
0.0032
0.0016
0.0084

0.0023
0.0006
0.0008
0.0021
0.0033
0.0036
0.0022



Table 112: Total systematic effect for the P; observables.

q2

Iy,

P

P

Ps

by

/
P5

P

By

0.1 <¢?><0.98
1.1<¢*><20
2.0<¢*<3.0
3.0<q¢*><4.0
4.0 < ¢*><5.0
5.0 < ¢* < 6.0
6.0<¢><7.0
7.0<¢*> <80

11.0 < ¢? < 11.75
11.75 < ¢% < 12.5
15.0 < ¢? < 16.0
16.0 < ¢®> < 17.0
17.0 < ¢®> < 18.0
18.0 < ¢® < 19.0
15.0 < ¢% < 19.0

0.0259
0.0251
0.0231
0.0228
0.0232
0.0246
0.0253
0.0245
0.0217
0.0184
0.0133
0.0127
0.0166
0.0131
0.0112

0.0196
0.0115
0.0069
0.0182
0.0242
0.0252
0.0262
0.0248
0.03
0.0302
0.0136
0.0135
0.0191
0.0215
0.0277

0.0625
0.0172
0.0333
0.0148
0.0097
0.0117
0.013
0.0125
0.0133
0.0081
0.0052
0.0073
0.0057
0.0113
0.0104

0.0048
0.0014
0.0117
0.0088
0.0065
0.0073
0.0009
0.0016
0.0052
0.0036
0.0069
0.0064
0.0021
0.0099
0.0186

0.0262
0.0569
0.0992
0.1075
0.1042
0.1011
0.1064
0.1177
0.1282
0.1143
0.0134
0.0551
0.0922
0.1189
0.0545

0.0229
0.0166
0.0191
0.0229
0.0223
0.0183
0.0147
0.0099
0.0278
0.0264
0.0126
0.0144
0.0274
0.0286
0.0159

0.0239
0.0093
0.005
0.007
0.0063
0.0054
0.0073
0.0066
0.004
0.0035
0.004
0.0122
0.0229
0.0117
0.0315

0.0222
0.0116
0.002
0.0061
0.0058
0.0061
0.0045
0.0047
0.0069
0.0066
0.0098
0.0101
0.0009
0.022
0.021

1.1<¢><25
2.5 <q¢*><4.0
4.0 < q? <6.0
6.0 < ¢? < 8.0
11.0 < ¢ < 125
15.0 < ¢ < 17.0
17.0 < ¢* < 19.0

0.0246
0.0228
0.0239
0.0249
0.0189
0.0119
0.0162

0.0102
0.0139
0.0243
0.0253
0.0301
0.0118
0.0197

0.0204
0.0202
0.0093
0.0127
0.0085
0.006
0.0087

211

0.0028
0.011
0.0066
0.0011
0.0043
0.0066
0.0028

0.0665
0.1074
0.1023
0.1122
0.1212
0.0329
0.1027

0.0168
0.0211
0.0197
0.011
0.027
0.0106
0.0266

0.0091
0.0037
0.005
0.0069
0.0029
0.0062
0.0185

0.0086
0.0036
0.0025
0.0044
0.0067
0.0097
0.0082



Table 113: Total systematic effect for the A; observables.

q? As Ay As A(App) Az Ag Ag Ags Age

0.1< q2 < 0.98 | 0.0072 | 0.0127 | 0.0112 | 0.0723 | 0.0096 | 0.0118 | 0.0089 | 0.0157 | 0.007
1.1 < q2 < 2.0 | 0.0025 | 0.0275 | 0.0082 | 0.0118 | 0.0058 | 0.0081 | 0.0098 | 0.0052 | 0.0018
2.0 < q2 < 3.0 | 0.0015 | 0.0416 | 0.0084 | 0.0077 | 0.0027 | 0.0058 | 0.007 | 0.0039 | 0.0013
3.0 < q2 < 4.0 | 0.0074 | 0.0454 | 0.0046 0.0061 0.0032 | 0.0026 | 0.0029 | 0.0014 | 0.004
4.0 < q2 < 5.0 | 0.0051 | 0.0466 | 0.0045 0.0048 0.003 0.0012 | 0.0081 | 0.0089 | 0.003
5.0 < g2 < 6.0 | 0.0038 | 0.0477 | 0.0056 | 0.0061 0.0028 | 0.007 | 0.0022 | 0.0031 | 0.0084
6.0 < q2 < 7.0 [ 0.007 | 0.0517 | 0.0062 | 0.0091 0.0046 | 0.0031 | 0.0055 | 0.005 | 0.0018
7.0 < q2 < 8.0 | 0.0046 | 0.0583 | 0.0067 | 0.0114 | 0.0036 | 0.0023 | 0.0027 | 0.006 | 0.0021
11.0 < q2 < 11.75 | 0.0081 | 0.0625 | 0.0131 0.0149 0.0019 | 0.0033 | 0.0031 | 0.0033 | 0.0032
11.75 < q2 < 12.5 | 0.0078 | 0.0558 0.012 0.0142 0.0019 | 0.0033 | 0.0022 | 0.0031 | 0.0035
15.0 < ¢ < 16.0 | 0.0052 | 0.0072 | 0.0065 0.007 0.0036 | 0.0048 | 0.0067 | 0.0097 | 0.0031
16.0 < q2 < 17.0 | 0.0057 | 0.0278 | 0.008 0.0057 | 0.0058 | 0.0049 | 0.004 | 0.0097 | 0.0031
17.0 < q2 < 18.0 | 0.0099 | 0.0454 | 0.0153 0.007 0.0108 | 0.0035 | 0.0062 | 0.009 | 0.0029
18.0 < q2 < 19.0 | 0.0105 | 0.0585 | 0.0146 0.0121 0.006 0.0103 | 0.0069 | 0.0073 | 0.0023
15.0 < q2 < 19.0 | 0.0113 | 0.0271 | 0.0075 0.0057 0.014 | 0.0098 | 0.0156 | 0.0091 | 0.0029
1.1 < q2 < 2.5 | 0.0046 | 0.0306 | 0.0083 0.011 0.0057 | 0.0045 | 0.0057 | 0.0049 | 0.0017
2.5 < q2 < 4.0 | 0.0088 | 0.045 0.005 0.0089 | 0.0018 | 0.0019 | 0.003 0.002 | 0.0057
4.0 < q2 < 6.0 | 0.003 | 0.0472 | 0.0049 0.0093 0.0026 | 0.0041 | 0.0017 | 0.0022 | 0.0058
6.0 < q2 < 8.0 | 0.0054 | 0.0551 | 0.0063 0.0104 0.0041 | 0.0027 | 0.004 | 0.0055 | 0.0019
11.0 < ¢ < 12.5 | 0.0079 | 0.0591 | 0.0125 | 0.0146 | 0.0015 | 0.0033 | 0.0027 | 0.0032 | 0.0033
15.0 < q2 < 17.0 | 0.0047 | 0.0167 | 0.0055 | 0.0059 | 0.0026 | 0.0061 | 0.0098 | 0.0097 | 0.0031
17.0 < q2 < 19.0 | 0.0098 | 0.0505 | 0.0141 0.0071 0.0128 | 0.0053 | 0.0035 | 0.0082 | 0.0027
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10.3 Systematics for amplitude fits

The systematic uncertainties for the amplitude method are currently under investigation.
Below we give an outline of systematic uncertainties specific for the amplitude fit.

10.3.1 Statistical uncertainty of the four-dimensional acceptance

The same procedure as described in Sec. [I0.1.1] to estimate the systematic uncertainty
arising form the statistical uncertainty in the acceptance correction. The effect of this
systematic uncertainty on the observables in shown in Fig [04l The effect is negligible
compared to the statistical uncertainty.
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Figure 94: Systematic uncertainty on observables due to the statistical uncertainty of the
four-dimensional acceptance correction.

10.3.2 Difference between data and simulation

As described in Sec. the same procedure is used to estimate the systematic
uncertainty due to the the ability of the simulation to model the Data. The effect of
removing the corrections to the transverse momentum of the signal B°, as well as the B°
vertex x? and the track multiplicity in the event, in terms of the observables is shown in
Figs. and 07 The effect of this systematic uncertainty is negligible compared to the
statistical uncertainty.
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Figure 95: Systematic uncertainty on observables due to
transverse momentum of the signal B°
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Figure 96: Systematic uncertainty on observables due to removing the reweighting of the vertex
x2 of the signal BY
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Figure 97: Systematic uncertainty on observables due to removing the reweighting of the track
multiplicity of the event.

As with the fit to the observables, a systematic uncertainty for the residual Data-MC
disagreement is obtained by reweighting in p, pr of the Kaon and the Pion by comparing
truth matched simulated events to B® — J/ K*¥ data, as discussed in Sec. The
effect that the residual kinematic reweightings have on the observables are shown in
Figures 98 and [99| for the Pion and Kaon momentum reweighting respectively.
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Figure 98: Systematic uncertainty on observables due to residual correction to the Kaon
1618 kinematics.
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Figure 99: Systematic uncertainty on observables due to residual correction to the Pion
1621 kinematics.
1622
1623 Although the effect for the reweighting of the kaon kinematics is negligible compared
12« to the statistical uncertainty, the pion kinematic reweighting introduces a systematic
165 uncertainty up to 20% of the statistical. It is instructive to see the effect of this systematic
126 uncertainty at the level of the amplitudes and derive a systematic for the amplitude
1627 coefficients. Figure [LO0| shows the systematic uncertainty due to the reweighting of the
1628 pion kinematics at the amplitude level.
1629

1630
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Figure 100: Systematic uncertainty on the B’ P-wave amplitudes due to residual correction to
the Pion kinematics.

In order to obtain a systematic uncertainty in terms of the amplitude coefficients, the
systematic uncertainty as a function of ¢? for each amplitude is fit using three parameter
ansatz da + 08q¢* + v/q*. These da, 6 and vy can then be added in quadrature to the
statistical uncertainty of the amplitude coefficients. Figure shows the results of
the three parameter ansatz fit to the ¢> dependent systematic uncertainty of all the B°
amplitudes. In some cases the resulting fit is not an exact match, however it is sufficient
in order to obtain a good estimate of the systematic uncertainty in terms of the amplitude
coefficients. The motivation behind this approach for obtaining the systematic uncertainty
of the amplitude coefficients is due to the large correlation between the coefficients of
a single amplitude (eg. see Fig. . This large correlation does not allow to simply
take the difference of the amplitude coefficients directly from the resulting nominal and
systematically varied fit.
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Figure 101: Systematic uncertainty on the B® P-wave amplitudes due to the residual correction
to the Pion kinematics. The ¢ dependence of the systematic uncertainty is fit back using the
ansatz da + 68q% + 67/q?, in order to translate the uncertainty of the amplitude in terms of the
amplitude coefficients.

10.3.3 Higher order acceptance model

Section [[0.1.4] discusses the effect of the choice of the maximum order of the coefficients of
the Legendre polynomial used to parametrise the four dimensional acceptance correction.
Using the same treatment as the fits to the observables, the effect of this systematic
is evaluated from amplitude fits to simulated toy data. The effect on the observables
calculated from the fits to the amplitudes is shown in Fig. [102]
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Figure 102: Systematic uncertainty on observables due to choice of the order of the Legendre

polynomials used to parametrise the acceptance correction.

The effect of this systematic uncertainty is negligible compared to the statistical
precision.

10.3.4 Uncertainty due to the combinatorial background model choice

The combinatorial background is parametrised using a product of four Chebychev polyno-
mial distributions each up to second order as discussed in Sec. The choice of this
model was made by looking at the upper mass sideband data (5350 < mp < 5700) that
pass all selections, with 1.1 < ¢*> < 6 GeV?/¢* but with a slightly looser BDT in order to
improve the statistical precision of the background model. Figure [L03]| shows the results of
the fits to the four separate Chebychev polynomials. An equally valid parametrisation
can be obtained using fourth order polynomials in cos 8, and cos 0k, and third order in
¢*>. The second order parametrisation of the ¢ angle is sufficiently good not to motivate
a higher order parametrisation. Figure [104] shows the variant combinatorial background
model used to assess the systematic uncertainty.

The uncertainty due to the choice of the combinatorial background parametrisation on
the amplitudes and observables, is assessed by generating high statistics toys according to
the parametrisation of Fig. and fitting back either with the same order or with the
nominal one. The resulting differences on the amplitudes and therefore on the observables,
between the two fits, give the systematic uncertainty. This is the same procedure as that
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Figure 103: Fits to upper mass sideband data (5350 < mp < 5700) that pass all selections, with
1 < ¢?> <6 GeV?/ct. The blue distributions are Chebychev polynomials of second order in the
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Figure 104: Fits to upper mass sideband data (5350 < mp < 5700) that pass all selections, with
1 < ¢?> <6 GeV?/ct. The blue distributions are Chebychev polynomials of fourth order in the
angles and third order in ¢?.

described in Sec. [10.1.6| with the addition of a ¢ dimension. The difference of the fits in
terms of observables is shown in Fig. [105]

10.3.5 Uncertainty due to the my, model choice

As the angular distribution is sensitive to bilinear combinations of the amplitudes, and
the fit is performed over the bin of 796 < my, < 996 MeV/c, fitting for the amplitudes
would introduce a bias due to this mpg, averaged result. In order to avoid this bias
we adopt a model for the mg, dependence of the amplitudes and integrate over it as
discussed in Sec. [6.4.6] Different my, models result in different values for the integrals
of the my, dependence as shown in Tab. The size of the dependence on the choice
of the mg, model is assessed by comparing the values of the observables obtained from
a fit to the amplitudes in B® — Ji) K** events, using either an Isobar or a LASS
parametrisation for the S-wave myg, shape. Table summarises the different values
obtained for 796 < mg, < 996 MeV/c?>. Accounting for the factor 1000 more signal
candidates in B® — J/p K* (combining B® and B° candidates) compared to the rare
mode for 1 < ¢®> < 6 GeV/c? (separate for B® and B°) , the differences observed are at
the level of 10% of the statistical uncertainty of the rare mode. The largest difference is
seen for Sgs5, however all S-wave terms are not parameters of interest and will be treated
as nuisance parameters. It also must be noted that the systematic uncertainty due to the
modelling of the mg, line-shape is insufficient to account for differences between fits to
amplitudes and observables for Sy and Sgs. As mentioned earlier however these differences
are well below the statistical precision of the rare mode.
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Figure 105: Systematic uncertainty on observables due to choice of the combinatorial background
parametrisation as discussed in the main text.

10.3.6 Uncertainty due to residual peaking backgrounds

The systematic uncertainty due to the effect of residual peaking backgrounds follows the
treatment of Figure [106] shows 1D projections of the model used to describe the
dominant peaking background components obtained from signal depleted /peaking enriched
rare decay data. The high statistics toys where injected with these peaking backgrounds
at a level dictated in Tab. (6l

The effect of the sum of the peaking background contributions to the observables is
shown in Fig. Their effect is found to be far below the statistical uncertainty.
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Table 114: Comparison between the Isobar and LASS parametrisation when integrating
over my, in fits for B® — Jap K*0 for my, € [796,996] MeV/c?, using the full available
data set corresponding to 3fb™'. The last column shows the difference as a fraction of the
expected statistical uncertainty in the rare mode for 1 < ¢*> < 6 GeV/c?.

parameter M, € [796,996] MeV/c?

Isobar LASS frac. of stat.
Sy 0.3318 £ 0.0009 0.3290 £+ 0.0010 9%
S —0.0154 £0.0015 —0.0133 £0.0016 4%
Sy —0.2528 £ 0.0009 —0.2490 £ 0.0009 12%
Ss —0.0026 £ 0.0018 —0.0017 £0.0019 1%
Se 0.0041 £+ 0.0015 0.0018 £ 0.0015 5%
S7 —0.0027 £ 0.0019 0.0007 + 0.0019 5%
Ss —0.0560 £ 0.0017 —0.0496 £ 0.0017 12%
So —0.0888 £0.0015 —0.0921 £ 0.0016 ™%
Fq 0.0777 £ 0.0023 0.0846 £ 0.0024 9%
Ss1 —0.284 £0.0019  —0.287 + 0.0019 0%
Sso 0.021 £ 0.0021 0.020 £ 0.002 0%
Sss3 0.002 £ 0.0021 0.002 £ 0.002 0%
Ss4 —0.002 £ 0.0020 0.001 £ 0.002 4%
Sss —0.051 £ 0.0020 —0.040 £ 0.002 15%
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Figure 106: Projections of the models used in the generation of the toys containing the dominant
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11 Compatibility with the Standard Model

The EOS software package [14] is used to determine the level of compatibility of the data
with the SM. It provides predictions for the observables integrated over the ¢ bins used in
the analysis. A x? fit is performed to the CP-averaged angular observables I}, Apg and S5
Sy obtained from the likelihood fit to the data in the bins 0.1 < ¢® < 0.98 GeV?/c?, 1.1 <
@? <2.5GeV?/ct, 25 < ¢ < 4.0GeV?/ct, 4.0 < ¢ < 6.0GeV?/c?, 6.0 < ¢° < 8.0 GeV?/ct
and 15 < ¢? < 19GeV?/c!. Previous analyses have shown that a discrepancy in P! can
be accounted for by modifying only the real part of the vector coupling strength of the
decay. This coupling strength is conventionally denoted Re(Cy). In this fit, the correlations
between the different observables are accounted for and the floating parameters are Re(Cy)
and a number of nuisance parameters motivated by Ref. [7]. The nuisance parameters
include the form-factor and CKM parameters, as well as parameters describing possible
sub-leading (1/my, suppressed) corrections to the amplitudes. The nuisance parameters
are included with Gaussian constraints, taken from Ref. [7]. The best-fit point results in
a value of Re(Cy) shifted by ARe(Cy) = —1.04 £ 0.25 from the SM (see Fig. [108). Using
the difference in x? between the SM and best-fit points, the significance of this shift
corresponds to 3.40. As has been discussed in the literature [?,?7,7, 7,7 5-{111|46], a shift
in Cy could be caused by a contribution from a new vector particle or could result from
an underestimated hadronic effect.

To estimate the effect of the nuisance parameters on the significance of the shift of
Re(Cy), the widths of the Gaussian constraints on the form-factor parameters and the
parameters encoding the sub-leading corrections are chosen to be twice (three times)
their nominal size. The resulting significances for the shift ARe(Cy) are reduced to 2.9 o
(2.70). In addition, fits of Re(C7) and Re(Cy9) were performed. The resulting shift for
Re(Cyo) of ARe(Cyo) = —1.77 £ 0.63 is excluded by the measured BY — pp~ branching
fraction. A fit of Re(C7) only marginally improves the agreement with the data with
a significance of 1.6 0. It is also interesting to perform a fit using only the two large
¢ bins 1.1 < ¢*> < 6.0GeV?/c! and 15 < ¢® < 19GeV?/c'. In this case, the fit finds
a best fit point of ARe(Cy) = —1.00 £ 0.30 with a significance of 2.7¢. Finally, even
though the basis of F1,, Apg and S3—Sy is chosen to perform the above fits for the global
significance, it is interesting to study the effect on the observable P:. Using EQS to predict
the SM value of this observable results in P.(4.0 < ¢*> < 6.0GeV¥ct)gy = —0.7870 09
and P.(6.0 < ¢*> < 8.0GeV?/ct)gy = —0.897015. The values for the best fit point of
ARe(Cy) = —1.04 are PL(4.0 < ¢* < 6.0GeV¥cH)ac, = —0.49751) and PL(6.0 < ¢ <
8.0GeV?/c*)ac, = —0.7070 05 respectively, significantly improving the agreement with the
values of —0.300 70159 40.023 and —0.505 70133 4-0.024 measured in data. The uncertainties

on the predictions are determined by a variation of the nuisance parameters as illustrated

in Fig. [109]
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Figure 108: The Ax? distribution for the real part of the Wilson coefficient for the
generalised vector-coupling strength, Cg. The SM prediction is Re(C3M) = 4.27, the best
fit point is found to be at ARe(Cy) = —1.04.
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Figure 109: Predictions for the observable P/ using EOS for (left) the bin 4.0 < ¢* <
6.0 GeV?/c¢* and (right) the bin 6.0 < ¢* < 8.0 GeV?%/¢*. The black distribution is generated
using the SM couplings and varying the nuisance parameters according to their uncertainties.
The red distribution is generated using the best fit value of ARe(Cy) = —1.04.
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12 Conclusions

The CP-averaged angular observables S; from the likelihood fit and the method of moments
are given in Tab. [32] and Figure [76] shows the agreement of the methods in the wider
¢®> binning. The measurement is statistically dominated for all bins and observables.
Comparing the measurement with the SM predictions [46,47], generally good agreement is
observed. However, some tension is observed for S5 in the ¢ bin 4.0 < ¢* < 6.0 GeV?/¢?, as
well slight tensions for Apg in the region 2.5 < ¢* < 6.0 GeV%/¢*. As explained in Sec. 77,
the determination of the PZ-(/) observables from the method of moments is currently still
under study. Table |34] gives the results from the likelihood fit. Of particular interest is
of course the observable P!, where a significant deviation from the SM prediction [10]
is observed for the ¢? region 4.0 < ¢®> < 8.0GeV%ct. Table gives the numerical
values of the measurement and the SM prediction [10]. Using the more recent form
KMPW factor calculations [48], the deviations correspond to 2.8 ¢ and 3.0 ¢ for the ¢*
bins 4.0 < ¢* < 6.0GeV¥ ¢! and 6.0 < ¢* < 8.0 GeV?/c?, respectively. Combining the two
bins naively, by calculating the y? probability for two degrees of freedom, this corresponds
to a deviation of 3.6 0%} It should be noted, that this combination neglects correlations of
the theory prediction between the ¢? bins.

The CP asymmetries A; are determined using both the likelihood fit and the method of
moments and the results are given in Tab. 33 and [36] Again good agreement between the
methods is observed when using identical binning, as shown in Fig.[77} All CP asymmetries
A; are compatible with the SM predictions, that are close to zero in the SM.

Table 115: Comparison of the measured P with the SM prediction using two different
form-factor sets, KMPW [48] and BZ [49]. According to the authors, the more recent
KMPW calculations are to be preferred.

¢° bin [GeV?/cY] LHCb Ref. [10] KMPW (o

~—

Ref. [10] BZ (0)

0.1<¢®><098 0.3870132+0.052 0.675 0107 (—1.2)  0.678790% (—2.0)
L1<g®<25 028070220 40.023 01957015  (0.4)  0.17070%°  (0.5)
25 < ¢ <40 —0.066103:%3+0.023 —0.468%5105  (1.0) —0.492701%  (1.1)
40 < ¢®<6.0 —0.3001013540.023 0816750 (2.8) —0.789130%  (2.8)
6.0 <q> <80 —05057012240.024 —0.93675%77  (3.0) —0.882700%%  (2.8)

6The change from 3.7 o with respect to LHCb-CONF-2015-002 is due to the ten times larger number
of Feldman-Cousins toys that changed the third digit of the statistical uncertainties and the change to the
KMPW form factors.
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Appendix

A Fitting for constant K*' amplitudes
When averaging over the ¢ bin, the dataset is sensitive to

J(dT/d¢?) Ji(¢*)dq?
J(dT/dg?)dg?
where the J;(¢*) are combinations of A;(¢?)A;(¢?). Unfortunately this makes fitting
directly for the amplitudes difficult if the amplitudes vary widely over the ¢? bin used in
the fit — it is not neccessarily possible to determine average amplitudes (A4;) that result in
a consistent set of average (J;). This effect is demonstrated in Fig. . A single signal
only toy experiment, corresponding to approximately 1000 times the number of signal

candidates in the data, is fitted in the range 1 < ¢* < ¢2,.. As ¢, increases the bias,
defined as

(i) = (111)

(Jipsm — Ji((4;), (Ap)) (112)

is seen to increase. In the smallest bin of ¢ the amplitude is approximately constant and
the bias becomes small. In wide bins of ¢2, the amplitudes and the .J; vary rapidly over
the ¢* bin and the bias is typically largest. The scale of the bias on J3 459 is similar in
size to the statistical uncertainty on the observable expected in the 3fb~" dataset. To
avoid this potential source of bias, the ¢* parameterisation described in Sec. is adopted
for the analysis.
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Figure 110: Bias on the angular obsevables calculated after fitting for constant amplitudes
over a ¢ range 1 < ¢*> < ¢2,,. Large biases are seen as ¢2, increases. Small discrepancies
in the first data point are due to lepton mass effects in the SM expectation used to determine
the bias. The result of fitting the same dataset directly for the angular observables is also
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Figure 111: Projection of the allowed parameter range, where the PDF is positive
everywhere, for different combinations of parameters. The SM values of the CP-asymmetries
As g are close to zero, further away from the physical parameter boundaries than the CP
averaged observables S;.
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Figure 112: Projection of the allowed parameter range, where the PDF is positive every-
where, for different combinations of parameters. The SM values of the CP-asymmetries
As. .o are close to zero, further away from the physical parameter boundaries than the CP
averaged observables S;.
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Table 116: Results from pull studies on EOS toys in bins of ¢?. A background component
is included. The acceptance effect is included and is assumed to be constant over the ¢?
bins.

0.1<¢*<1.0GeV? 11<¢® <25GeV?
sensitivity pull mean  pull width sensitivity pull mean  pull width

S; 0.030 £ 0.001 0.77£0.03 1.05+£0.02 S} 0.049+0.001 —0.02£0.03 1.04+£0.02
Az 0.057£0.001 —0.0240.03 1.01£0.02 Az 0.076+0.002  0.0240.03 1.08 £0.02
Ay 0.071£0.002 —0.054+0.03 1.08+£0.02 A; 0.101+0.002 —0.0040.03 1.03 £ 0.02
As  0.057£0.001 —0.074+0.03 1.04+£0.02 A; 0.086+0.002 —0.0140.03 0.99+0.02
Ay 0.073+£0.002 —0.014+0.03 1.02+£0.02 A§ 0.083+0.002 —0.0240.03 1.06 £ 0.02
Az 0.054 4+ 0.001 0.02+0.03 0.99+0.02 A7 0.0934+0.002  0.05+£0.03 1.07=+0.02
Ag 0.067+0.002 —0.01£+0.03 1.03+0.02 Ag 0.1034+0.002 —0.04+£0.03 1.04=+0.02
Ay 0.056 £ 0.001 0.07£0.03 1.00+£0.02 Ay 0.074+0.002 —0.00£0.03 1.05+£0.02

25 < ¢? < 4.0GeV? 4.0 < ¢* <6.0GeV?
sensitivity pull mean  pull width sensitivity pull mean  pull width

S7 0.046 £0.001 —0.06 £0.03 1.03£0.02 S; 0.035+£0.001 —0.0140.03 0.97£0.02
As 0.077£0.002  0.01+0.03 1.084+0.02 A; 0.063+0.001 —0.02+0.03 1.0540.02
Ay 0.103£0.002 —-0.03+£0.03 1.04+0.02 A, 0.083+0.002 —-0.03+0.03 1.07+0.02
As  0.097£0.002 —0.0040.03 1.07£0.02 As 0.075+£0.002  0.014+0.03 1.02+0.02
A3 0.074£0.002  0.004+0.03 1.05+£0.02 AF 0.057+0.001 —0.0340.03 1.02+0.02
A; 0.101£0.002  0.064+0.03 1.11+£0.02 A; 0.074+0.002 —0.0040.03 1.00 +£0.02
As 0.107£0.002  0.024+0.03 1.10+£0.02 Ag 0.081+£0.002  0.014+0.03 1.06 £ 0.02
Ay 0.079£0.002 —0.04+0.04 1.11£0.02 Ay 0.063=£0.001 0.024+0.03 1.06 £0.02

6.0 < ¢* < 8.0GeV? 15.0 < ¢* < 17.0 GeV?

sensitivity pull mean  pull width sensitivity pull mean  pull width
S; 0.035+£0.001 —0.14+0.03 1.04£0.02 S; 0.032£0.001 —0.30+0.03 1.03£0.02
As 0.061+£0.001 —0.01+0.03 1.07£0.02 A; 0.059+0.001 0.03+£0.03 1.01+£0.02
Ay 0.073£0.002 0.02+£0.03 1.04£0.02 A, 0.069+0.002 —0.06=+0.03 1.03+0.02
As 0.069£0.002 —0.01+0.03 1.03+0.02 A5 0.066+0.001 —0.01+0.03 1.0440.02
A 0.053+£0.001 —0.054+0.03 1.00+£0.02 A 0.056+0.001  0.01+0.03 1.03+0.02
A; 0.069£0.002 —0.01+£0.03 1.03+0.02 A; 0.061+0.001 —0.02+0.03 1.0240.02
Ag 0.070£0.002  0.00+£0.03 1.024+0.02 Ag 0.065=+0.001 —0.01+£0.03 1.03+0.02
Ay 0.060£0.001  0.01+£0.03 1.054+0.02 Ay 0.060+0.001  0.02+0.03 1.04+0.02

17.0 < ¢* < 19.0 GeV?

sensitivity pull mean  pull width
S;0.041+£0.001 —0.08+0.03 1.03£0.02
Az 0.078+£0.002 —0.05+0.03 1.03+0.02
Ay 0.086 £ 0.002 0.01 +£0.03 1.02 £0.02
As  0.084 £0.002 0.03+0.03 1.05+0.02
Ag 0.075 £+ 0.002 0.01 £0.03 1.02 £ 0.02
A7 0.075 £ 0.002 0.04 +0.03 1.03 £0.02
Ag  0.088+0.002 —0.00+0.03 1.09 £0.02
Ag  0.078 £0.002 0.01 £0.03 1.06 £ 0.02
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Table 117: Results from pull studies on toys including S-wave constribution in bins of ¢.
A background component is included as well. The acceptance effect is included and is
assumed to be constant over the ¢? bins.

0.1 <¢®><1.0GeV? 1.1 < ¢ < 2.5GeV?

sensitivity pull mean  pull width sensitivity pull mean  pull width
Sy 0.040£0.001 —0.044+0.03 0.97+£0.02 S; 0.096+0.002 —0.06+0.03 1.01=+0.02
A;  0.070+£0.002  0.03+£0.03 0.96+0.02 Az 0.110£0.002  0.024+0.03 1.06 4 0.02
Ay 0.081+£0.002 —0.00£0.03 0.984+0.02 A; 0.134+0.003 0.10+0.03 1.05+0.02
As  0.070+£0.002  0.04£0.03 099+£0.02 A; 0.116+0.003 0.04+0.03 1.04+0.02
Ags 0.086 +£0.002 —0.03£0.03 1.02+£0.02 Ag 0.117£0.003 —0.00+0.03 1.08=+0.02
A;  0.066 £0.001 —0.05+0.03 0.97+0.02 A; 0.119+£0.003 —0.02+0.03 0.99 £0.02
As  0.080 £0.002  0.02+0.03 0.98+0.02 Ag 0.138+£0.003 —0.01+0.03 1.06=£0.02
Ay 0.072£0.002 —0.01+0.03 0.97+0.02 Ay 0.108£0.002 —0.02+0.03 1.05=+0.02
Fs 0.1194+0.003 0.11+0.03 0.90+0.02 Fg 0.143+£0.003 0.16+0.03 1.06 £ 0.02
Sg1 0.094 +£0.002 —0.03+0.03 1.00+£0.02 Ss; 0.178 £0.004  0.02+0.03 1.09 £0.02
Sgo 0.090 +£0.002 —0.02+£0.03 1.02+£0.02 Sso 0.131£0.003 0.03+£0.04 1.1240.02
Ss3 0.078£0.002  0.02+0.03 1.05+£0.02 Sg3 0.114+£0.003 —0.03+£0.04 1.11£0.02
Ssa 0.076 £0.002  0.02+0.03 1.04+0.02 Sgqs 0.115£0.003  0.04+£0.04 1.12£0.03
Sss 0.092+£0.002  0.03+£0.03 1.03+£0.02 Sgs 0.131+£0.003 —0.04+0.04 1.11£0.02

2.5 < ¢* < 4.0GeV? 4.0 < ¢ < 6.0 GeV?

sensitivity pull mean  pull width sensitivity pull mean  pull width
Sy 0.107£0.002 —0.11+0.03 0.99+0.02 S§ 0.050£0.001 —0.07+0.03 1.00=£0.02
Az 0.116 +0.003 0.03+0.03 1.07+£0.02 Az 0.080 % 0.002 0.024+0.03 1.03£0.02
A, 0.1374+0.003 0.01+0.03 1.05+0.02 A; 0.090 + 0.002 0.024+0.03 1.02£0.02
As  0.121 +0.003 0.024+0.03 1.03+£0.02 As; 0.086+0.002 —0.03+0.03 1.01=+0.02
Ags  0.121+£0.003 —0.03+£0.04 1.11+0.02 Ag 0.069 £ 0.002 0.03+0.03 1.05+0.02
Az 0.129 £0.003 0.024+0.03 1.06£0.02 A; 0.086 % 0.002 0.04 +0.03 0.98 +0.02
Ag  0.133+0.003 0.01 £0.03 1.04£0.02 Ag 0.09140.002 —0.034+0.03 1.0140.02
A9 0.116 £0.003 0.01+£0.03 1.09+£0.02 Ay 0.079+0.002 0.03+0.03 1.02+0.02
Fs 0.137+0.003 0.12+0.04 1.234+0.03 Fs  0.102 +0.002 0.12+0.03 0.98 £0.02
Ss1 0.181+0.004 —0.05+0.03 1.04+0.02 Ss; 0.145+0.003 0.00 +£0.03 1.04 £0.02
Ss2 0.139 +0.003 0.01£0.04 1.21+£0.03 Sg2 0.099+0.002 —0.00+0.04 1.13+£0.03
Ssz  0.1254+0.003 —0.02+0.04 1.17+0.03 Ss3 0.088+0.002 —0.03+0.03 1.08+0.02
Ssq 0.121 +0.003 0.06 +0.04 1.15+£0.03 Sgy 0.093+0.002 —0.04+0.04 1.12+0.03
Sgs 0.134 4+ 0.003 0.08+0.04 1.16+£0.03 Sgs 0.092+0.002 —0.04+0.03 1.04£0.02
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Table 118: Results from pull studies on toys including S-wave constribution in bins of ¢.
A background component is included as well. The acceptance effect is included and is
assumed to be constant over the ¢? bins.

6.0 < ¢ < 8.0GeV? 15.0 < ¢® < 17.0 GeV?

sensitivity pull mean  pull width sensitivity pull mean  pull width
Sy 0.040 £0.001 0.01£0.03 1.00+£0.02 S; 0.035+0.001 —0.06=+0.03 0.96 +0.02
A;  0.070+£0.002  0.01+£0.03 1.00+£0.02 A3 0.067 £ 0.001 0.07 £0.03 0.98 +£0.02
Ay 0.081£0.002 —0.06+0.03 1.044+0.02 A; 0.067=+0.002 —0.01+0.03 0.98+0.02
As  0.074+0.002 —0.10£0.03 0.98+£0.02 A; 0.0656+0.001  0.01+£0.03 0.99=+0.02
Ags 0.058+£0.001 —0.00£0.03 1.01+£0.02 Ag 0.061£0.001 —0.02+0.03 1.03+0.02
A;  0.078£0.002 —0.01+0.03 1.01+£0.02 A; 0.071+£0.002 0.03+£0.03 1.03£0.02
Ag  0.078 +0.002 0.044+0.03 1.01+£0.02 Ag 0.072+0.002 0.02+£0.03 1.014+0.02
Ay 0.071£0.002 —0.03+0.03 1.01+0.02 Ay 0.068£0.002  0.05+0.03 1.01£0.02
Fs 0.091+0.002 0.04+0.03 0.944+0.02 Fg 0.091+£0.002 0.07+0.03 0.94 £0.02
Sg1 0.128 £0.003 —0.05+0.03 1.04+0.02 Ss; 0.105+£0.002  0.03+0.03 1.06 £ 0.02
Sgo  0.083+£0.002  0.07£0.03 1.03+£0.02 Sso 0.078£0.002 —0.04£0.03 1.01+0.02
Sss 0.079£0.002  0.03+£0.03 1.05+£0.02 Ssg3 0.074£0.002  0.01£0.03 1.03=£0.02
Ssa 0.077£0.002 —0.02+0.03 1.01+£0.02 Sgqs 0.077£0.002 —0.03+£0.03 1.05=£0.02
Sss 0.081 £0.002 —0.00+0.03 1.01+£0.02 Sgs 0.081+£0.002  0.00+£0.03 1.02£0.02

17.0 < ¢* < 19.0 GeV?

sensitivity pull mean  pull width
S;0.052£0.001 —0.03+0.03 1.01£0.02
Az 0.093 £ 0.002 0.05+0.03 0.98 £0.02
Ay 0.097 £ 0.002 0.03+0.03 1.03£0.02
As  0.089 +£0.002 —0.02+0.03 1.00=+0.02
Ags  0.088 +£0.002 —0.01£0.03 1.05=+0.02
A7z 0.092 £ 0.002 0.04+0.03 0.98 £0.02
As  0.096 £ 0.002 0.01+£0.03 0.98 +0.02
Ay 0.097 £0.002 —0.03£0.03 1.00=+0.02
Fs  0.120 £+ 0.003 0.18+0.03 0.90 £0.02
Ss1 0.127 £ 0.003 0.01 £0.03 1.02+0.02
Sso 0.108 £ 0.002 0.08+0.03 1.07£0.02
Ss3 0.098 £ 0.002 0.02+0.03 1.06 £+ 0.02
Ssq 0.093+0.002 —0.00£0.03 0.97+0.02
Sgs  0.108 £0.002 —0.04+£0.03 1.03+0.02
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Figure 113: Two-dimensional profile likelihood scans for a single EOS toy in the two
q? regions 0.1 < ¢* < 2.5GeV?/c! and 2.5 < ¢® < 4.0GeV¥c'. The z-axis gives the
negative logarithmic likelihood at the given parameter point, minimized with respect to
all other parameters. The black contours give the 68.3% and 90% confidence regions. All
combinations of F with the other observables are given.
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Figure 114: Two-dimensional profile likelihood scans for a single EOS toy in the two
q? regions 2.5 < ¢ < 4.0GeV?/c* and 4.0 < ¢® < 6.0GeV¥ct. The z-axis gives the
negative logarithmic likelihood at the given parameter point, minimized with respect to
all other parameters. The black contours give the 68.3% and 90% confidence regions. All
combinations of Fj, with the other observables are given.
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Figure 115: Two-dimensional likelihood scans for a single EOS toy in the two ¢* regions
6.0 < ¢* < 8.0GeV?/ct and 15.0 < ¢* < 17.0GeV?/ct. All combinations of Fy, with the
other observables are given.
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Figure 116: Two-dimensional likelihood scans for a single EOS toy in the ¢* region
17.0 < ¢® < 19.0 GeV¥/ct. All combinations of Fy, with the other observables are given.
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Figure 117: Feldman-Cousins scan for the angular observable Fy,.
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Figure 118: Feldman-Cousins scan for the angular observable Ss.
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Figure 119: Feldman-Cousins scan for the angular observable S;.
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Figure 120: Feldman-Cousins scan for the angular observable Ss.

244



CL

0.10<¢?<0.98 GeV?/c* 1.10<¢?<2.50 GeV?/c* 2.50<g?<4.00 GeV?/c*

CL

2

0.

0.

)

>

0. 0.

=

0.4

0.

CL

SN - S-S M.
s BB o
,%

5
- S-S

-

“\_,

&

. I
15 =0.1 -0.05 0 0.05 0.1 0.15 -0.35 0.3 =0.25 0.2 =0.15 ~0.1 =0.05

CL

~025 02 015 -01 -005 0 005
Afb Afb Afb
4.00<¢?<6.00 GeV*/c* 6.00<¢?<8.00 GeV?/c* 15.00<q?<17.00 GeV?/c*
A A
[ g [ g [
1 1 1
s s o8-
6— 06— 0.6 H
14— 04~ 04—
r 02 02~
| I I I I L (- I I L Lo L L L I L L L L I
01 ~0.05 0 0.05 0.1 015 005 0.1 0.15 02 025 032 034 036 038 04 042 044 046 048 05
Afb Afb Afb
17.00<¢?<19.00 GeV/c* 11.00<¢?<12.50 GeV/c* 1.10<¢?<6.00 GeV?/c*
A a
- o F o r
1= 1= 1
s s / s
[ Al [ [ i fr
6— 06— i JJ 0.6
WS 04 04~
2 02~ 02~
PR ISP | PRV AN | B PRSPPSO [ PRSP | ISR Y PO O P NI I L S | T I
02 0.25 03 0.35 0.4 022 024 026 028 03 032 034 036 038 04 042 2006 0.4 012 0.1 -0.08 006 -0.04 -0.02 0
Afb Afb Afb
15.00<¢?<19.00 GeV?/c*
s [

0.

o o
= Y 4

e
Iy

L I L \ I
3 034 0.

L I
36 038 04 042
Afb

Figure 121: Feldman-Cousins scan for the angular observable Agg.
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Figure 122: Feldman-Cousins scan for the angular observable S;.
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Figure 123: Feldman-Cousins scan for the angular observable Ss.
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Figure 124: Feldman-Cousins scan for the angular observable Sg.
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Figure 125: Feldman-Cousins scan for the angular observable Aj.
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Figure 126: Feldman-Cousins scan for the angular observable Ay.
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Figure 127: Feldman-Cousins scan for the angular observable As.
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Figure 128: Feldman-Cousins scan for the angular observable Ag.
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Figure 129: Feldman-Cousins scan for the angular observable A.
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Figure 130: Feldman-Cousins scan for the angular observable Ag.
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Figure 131: Feldman-Cousins scan for the angular observable Ag.
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Figure 132: Feldman-Cousins scan for the angular observable P;.
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Figure 133: Feldman-Cousins scan for the angular observable P;.
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Figure 134: Feldman-Cousins scan for the angular observable Pj.
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Figure 135: Feldman-Cousins scan for the angular observable Pj.
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Figure 136: Feldman-Cousins scan for the angular observable P!.
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Figure 137: Feldman-Cousins scan for the angular observable F.
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Figure 138: Feldman-Cousins scan for the angular observable F.
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Correlations for the likelihood fit

Table 119: Correlations for the CP-averaged observables S;.

0.1 < ¢® <0.98GeV?/c?

1.1 < ¢ <25GeV¥c?

Fi, S3 S¢ S5 App Sr Ss 5 Fi, S5 S¢S App Sz Sy S
Fy, 1.00 0.06 0.00 0.03 0.04 —0.02 0.07 0.08 Fy, 1.000.09 0.07 0.07 0.09 —=0.05 —0.04 0.08
Ss 1.00 0.01 0.10 —0.00 —0.07 —0.01 —0.03 S3 1.00 -0.04 0.04 0.01 0.13 0.09 0.12
S 1.00 0.08 0.11 —0.00 0.07 0.02 Sy 1.00 —0.22 —0.01 —0.00 —0.05 0.03
Ss 1.00 0.05 —0.01 0.00 0.04 S; 1.00 —0.14 —0.11 —0.03 —0.21
Arp 1.00  0.03 —0.07 0.02 App 1.00 —0.03 —0.10 —0.11
Sy 1.00 0.01 0.11 S 1.00 —0.11  0.23
Ss 1.00 0.02 Ss 1.00 —0.04
So 1.00 Sq 1.00
2.5 < ¢? <4.0GeV¥! 4.0 < ¢* < 6.0GeV¥/(?
Fr, S5 S Sy Arg St S S Fi, S S Sy Arg St S S
f1, 1.00 -0.13 -0.14 0.01 —=0.03 0.10 —0.03 —0.01 Fy, 1.00 —0.03 0.09 0.10 —0.05 —0.10 0.04 0.00
Ss 1.00 —0.06 0.09 0.07 —0.02 0.01 —0.07 S; 1.00 —0.04 —0.03 0.09 —0.10 —0.00 —0.12
S 1.00 —0.19 —0.09 —0.05 0.12 0.07 Sy 1.00 0.10 —0.10 —0.02 —0.04 0.04
Ss 1.00 —0.01 0.05 —0.02 0.10 S5 1.00 —0.06 —0.03 —0.01 —0.04
App 1.00 —0.01 —0.10 0.10 Apgp 1.00 0.03 0.07 —0.03
S7 1.00 0.07 —0.05 S7 1.00 0.06 —0.15
Ss 1.00 —0.01 Sg 1.00 0.03
So 1.00 Sy 1.00
6.0 < ¢* <8.0GeV¥c! 11.0 < ¢® < 12.5GeV¥/
Fi, S5 S S A S7 Sy S Fi, S5 S¢S App S7 Sy S
Fi 1.000.03 0.06 0.03 031 —0.08 0.0l —0.06 F;, 1.000.25002 002 062 003 0.05 002
Ss 1.00 —0.16 —0.23 0.01 0.02 0.02 —0.07 S 1.00 0.05 —0.35 —0.24 —0.04 0.06 —0.02
S 1.00 —0.13 —0.12 —0.01 —0.11  0.01 S, 1.00 —0.02  0.06 —0.05 —0.12 —0.08
Ss 1.00 —0.16 —0.14 —0.01 —0.04 S; 100 0.01 —0.04 —0.09 —0.24
App 1.00 —0.01 0.04 0.02 App 1.00 —0.01 —0.06 0.07
S 100 0.10 —0.05 S 100 0.27 —0.19
Ss 1.00 —0.10 Ss 1.00 —0.09
Sy 1.00 Sq 1.00
15.0 < ¢* < 17.0 GeV?/? 17.0 < ¢* < 19.0 GeV¥/?
Fi, S3 S¢Sy App S7 S5 Sy Fi, S3 S¢S App S7 Sy Sy
F. 100026 0.10 0.09 050 002 006 014 F, 100007 0.06 004 035 007 007 003
Ss 1.00 —0.08 —0.03 —0.00 —0.04 —0.05 0.10 Sy 1.00 —0.15 —0.39 —0.05 —0.06 —0.04 —0.07
S 100 0.26 —0.16 —0.05 0.19 0.05 S, 100 0.10 —0.17 0.03 0.18 —0.04
Ss 1.00 —0.20 0.12 —0.01 0.05 S; 1.00 —0.11  0.04 0.01 —0.00
App 100 0.05 —0.02 —0.08 App 1.00 —0.02 —0.09 —0.03
S 100 0.25 -0.23 S 100 0.34 —0.15
Sg 1.00 —0.11 S 1.00 —0.11
S 1.00 Sy 1.00
1.1 < ¢® < 6.0GeV¥/ct 15.0 < ¢? < 19.0 GeV?/c?
Fr, 5 S S5 A S7 Sy S Fi, S5 S S App S7 Sy S
Fi 1.00 004 0.05 003 0.05 00400l 008 Fy 1.000.17 —0.03 —0.02 —0.39 0.0l —0.00 0.1
Ss 1.00 —0.05 —0.00 0.05 0.01 0.01 —0.01 S 1.00 —0.15 —0.19  0.05 —0.02 —0.04 —0.02
S, 1.00 —0.05 —0.11 —0.02 —0.01 0.05 S, 100 0.06 -0.12 003 0.14 0.01
Ss 1.00 —0.07 —0.01 —0.02 —0.04 S; 1.00 —0.12 012 0.04 0.02
Arp 100 0.02 —0.02 —0.04 App 100 0.00 —0.02 —0.01
S 100 0.04 —0.01 S 1.00 0.24 —0.19
Se 1.00 —0.03 S 1.00 —0.13
Sy 1.00 Sq 1.00
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Table 120: Correlations for the CP asymmetries A;.

0.1 < ¢* < 0.98GeV?/c!

1.1 < ¢* <25GeV¥Yc?

F, Ay A A A Ar As A F, A5 Ay A As A As A
£y, 1.00 —0.00 0.02 0.01 —0.07 —0.01 —0.01 —0.03 Fy, 1.00 0.07 —0.14 —0.06 —0.04 0.06 —0.04 —0.10
As 1.00 —0.04 —0.07 0.00 —0.03 0.02 —0.05 Aj 1.00 —0.05 —0.11  0.01 —0.04 0.05 —0.05
Ay 1.00 0.05 —0.08 0.02 0.09 —0.03 Ay 1.00 0.09 -0.26 0.03 —0.15 0.10
As 1.00 —0.04 0.08 0.03 0.02 A; 1.00 0.03 0.03 0.06 0.01
Ap 1.00 —0.04 —0.07 0.01 Ag 1.00 0.10 0.11 0.01
Az 1.00 0.00 —0.14 A; 1.00 0.19 0.12
Ag 1.00 —0.01 Ag 1.00 0.03
Ay 1.00 Aq 1.00
2.5 < ¢? < 4.0GeV?/c* 4.0 < ¢? <6.0GeV¥cA
Fr, Ay Ay A As Ar Ay Ay Fi Ay Ay As A Ar Ay Ag
F1,1.00 0.13 —0.04 0.07 0.10 —0.08 0.08 0.11 Fy, 1.00 0.03 0.02 0.03 0.01 0.05 0.08 0.01
As 1.00 0.19 —0.00 —0.07 —0.03 0.09 0.11 Aj 1.00 0.08 0.19 0.10 —0.16  0.06 —0.08
Ay 1.00 0.21 —0.12 0.02 0.13 0.09 A4 1.00 0.06 —0.01 —0.01 —0.01 —0.03
As 1.00 0.11 0.08 0.01 0.06 As 1.00 0.08 0.00 0.01 —-0.12
Ag 1.00 —0.05 —0.28 —0.05 Ag 1.00 —0.12  0.06 —0.05
Az 1.00 0.31 —0.03 Az 1.00 0.05 —0.01
As 1.00 0.10 As 1.00 0.13
Ay 1.00 Ay 1.00
6.0 < ¢* < 8.0GeV?/c! 11.0 < ¢* < 12.5GeV¥/ !
F, Ay A A A Ay Ag Ay F, Ay A A A A As Ay
Fi 1.00 —0.07 —0.06 0.03 —0.03 —0.01 0.02 —0.15 F, 1.00 —0.00 —0.01 0.00 —0.01 —0.02 0.0 0.06
Ay 100 0.08 0.12 —0.07 —0.01 0.01 —0.06 A, 1000 0.05 0.19 002 -0.16 0.08 0.11
Ay 1.00 —0.07 0.08 0.01 —0.00 0.05 A, 1.00 —0.26  0.20 —0.10 0.02 —0.01
As 100 0.13 —0.03 0.01 0.01 As 1.00 0.11 —0.03 —0.06 0.04
Ag 100 0.02 0.05—0.06 Ag 1.00 —0.06 0.1 —0.02
A 1.00 —0.11 0.12 A, 1.00 —0.22  0.19
As 1.00 0.06 Ag 1.00 0.04
Ay 1.00 Ay 1.00
15.0 < ¢ < 17.0 GeV¥/c* 17.0 < ¢? < 19.0 GeV?/c*
Fr, Ay Ay A As A7 A Ay Fo Ay Ay A As Ar Ay A
Fy, 1.00 0.04 0.02 0.020.06 —0.07 0.04 —0.07 Fy, 1.00 —0.00 0.03 —0.00 0.09 —0.04 0.07 —0.03
Ay 100005 0.160.02 —0.00 —0.02 0.04 Ay 1.00 0.14  0.18 —0.01 —0.07 —0.05 —0.06
Ay 1.00 —0.25 0.16 —0.07 0.10 —0.01 A, 1.00 —0.09  0.10 —0.11 0.04 —0.09
As 1.00 0.12  0.09 —0.07 —0.07 As 100 011 0.04 —0.11 —0.04
Ag 100 —0.01 0.04 0.03 A 1.00 —0.01 —0.08 —0.08
A 1.00 —0.17 0.11 A, 1.00 —0.03  0.14
As 1.00 0.08 Ag 1.00 0.01
Ay 1.00 Ay 1.00
1.1 < ¢* <6.0GeVY/c? 15.0 < ¢* < 19.0 GeV?/ !
P, Ay Ay A5 Ag Ar Ay Ay B, Ay Ay A5 A Ar A Ay
T, 1.00 0.04 0.00 —0.00 —0.0I 0.0 0.04 —0.01 Fy, 1.00 0.02 0.01 —0.01 0.06 —0.04 0.04 —0.04
As 1.00 0.05 0.04 0.04 —0.08 0.05 0.01 Aj 1.00 0.07 0.17 0.03 —0.02 —0.02 0.02
Ay 1.00 0.12 —0.09 —0.02 0.03 0.03 Ay 1.00 —0.19 0.13 —0.06 0.06 —0.03
As 1.00 0.05 0.05 —0.01 0.01 A; 1.00 0.11  0.06 —0.07 —0.05
Ag 1.00 —0.02 0.05 —0.03 Ag 1.00 —0.00 —0.01 —0.01
Az 1.00 0.18 0.00 A 1.00 -0.11 0.13
As 1.00 0.06 Ag 1.00 0.05
Ay 1.00 Ag 1.00

264



Table 121: Correlations for the CP-averaged observables P,L.(').

0.1 < ¢?<0.98GeV¥c*

1.1 < ¢® <25GeV¥ct

P Py Py P; P P P I, Py P P Py Pl P P}
£3,1.00 0.02 0.03 0.00 —=0.07 —=0.12 —0.03 0.01 Fy, 1.00 —0.11 —0.48 0.23 0.03 0.15 —0.17 —0.09

P 1.00 —0.00 0.04 0.01 0.09 —0.07 —0.02 P, 1.00 0.06 —0.13 —0.05 0.01 0.15 0.11
P 1.00 —0.02 0.11 0.04 0.03 —0.08 P, 1.00 —0.02 —-0.03 —0.19 0.06 —0.04
Ps 1.00 —0.02 —0.04 —0.11 —0.01 P 1.00 —0.01 0.24 —0.26 0.01
Py 1.00 0.09 0.00 0.07 P; 1.00 —0.22 —0.00 —0.05
Pl 1.00 —0.00 —0.00 P 1.00 —0.13 —0.04
P 100 0.01 P 1.00 —0.10
P 1.00 P, 1.00
2.5 < ¢? <4.0GeV?¥c! 4.0 < ¢* < 6.0GeV?/c*

P P Ps P; P! P P F P P P P; P! P P
F1,1.00 0.23 —0.79 0.61 —0.60 —0.05 0.29 0.06 Fy, 1.00 0.04 0.02 0.06 0.02 0.06 —0.10 0.09
P 1.00 —0.14 0.19 —0.20 0.08 0.06 0.02 P, 1.00 0.09 0.12 —0.04 —0.03 —0.11  0.00
Py 1.00 —0.53 0.43 0.04 —0.23 —0.11 P, 1.00 0.03 —0.09 —0.05 0.02 0.07
Ps 1.00 —0.41 —0.11 0.21 0.04 P; 1.00 —0.04 0.04 0.14 —0.02
P; 1.00 —0.12 —0.21 0.06 P; 1.00 0.10 —0.02 —0.04
P 1.00 0.03 —0.03 P} 1.00 —0.03 —0.01
P 1.00 0.08 F 1.00 0.06
P, 100 P 1.00

6.0 < ¢* < 8.0GeV?/c* 11.0 < ¢ < 12.5GeVY?

B, P P P P; P P P} £ P Py Py Py P! P P
F1,1.00 —0.05 0.11 0.11 —0.01 —0.03 —0.09 —0.03 Fy, 1.00 —0.12 0.13 —0.02 0.03 —0.02 0.03 0.05
P 1.00 0.02 0.06 —0.16 —0.23 0.03 0.02 P, 1.00 —0.13 0.03 0.04 —0.35 —0.05 0.05
Py 1.00 0.01 —0.11 —0.16 —0.05 0.04 P, 1.00 —0.12 0.10 —0.01  0.01 —0.04
Ps 1.00 —0.01 0.03 0.05 0.10 P; 1.00 0.08 0.24 0.19 0.09
Py 1.00 —0.13 —0.01 —0.11 P; 1.00 —0.02 —0.05 —0.12
Pl 1.00 —0.13 —0.01 P 1.00 —0.04 —0.09
P 100 0.10 P 100 0.27
P 1.00 P, 1.00

15.0 < ¢* < 17.0GeV¥/c* 17.0 < ¢* < 19.0 GeV?/c*

K P P P P; P P P £ Py P, P Py P! P P}
£1,1.00 0.06 0.19 —0.12 0.07 0.25 —0.05 —0.07 Fy, 1.00 —0.14 0.14 0.03 0.20 0.21 0.05 0.07
P 1.00 0.16 —0.07 —0.06 —0.04 —0.04 —0.04 P, 1.00 —0.05 0.07 —0.18 —0.41 —0.07 —0.06
P 1.00 —0.01 —0.22 —0.12 0.04 —0.07 P, 1.00 0.00 —0.13 —0.06  0.01 —0.05
Ps 1.00 —0.07 —0.07 0.23 0.11 P 1.00 0.05 0.01 0.16 0.12
P; 1.00 0.28 —0.06 0.18 P, 1.00 0.14 0.03 0.19
Pl 1.00 0.10 —0.02 P! 1.00 0.05 0.02
P 1.00 0.25 Ff 1.00 0.34
Pl 1.00 P 1.00

1.1 < ¢ <6.0GeV¥c? 15.0 < ¢® < 19.0 GeV¥/c*

R, P P P P P P P L SO T i W U & W & S
F1,1.00 —0.01 —0.20 0.07 —0.03 0.01 —0.08 0.00 F, 1.00 —0.03 0.14 —0.05 0.11 0.15 —0.01 —0.01
P 1.00 0.050.00 —0.05 —0.00 0.01 0.01 P, 1.00 0.13 0.04 —0.14 —0.19 —0.02 —0.04
by 1.00 0.03 —0.10 —0.07 0.04 —0.02 P, 1.00 —0.05 —0.13 —0.11  0.01 —0.03
P 1.00 —0.05 0.04 0.00 0.03 P; 1.00 —0.02 —-0.03 0.19 0.13
Py 1.00 —0.05 —0.02 —0.01 Py 1.00 0.08 0.03 0.14
P 1.00 —0.01 —0.02 P} 1.00 0.11 0.04
P 100 0.04 P 100 0.24
P 1.00 P 1.00
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= F Toy studies for the likelihood fit including m g, con-
1789 straint

Table 122: Toy studies for the CP-averaged observables .S;.

0.1 < ¢? <0.98GeV?/c? 1.1 < ¢% < 2.5GeV?/ct
sensitivity pull mean pull width sensitivity pull mean pull width

Iy, 0.047 £ 0.001 0.04 £0.03 1.06 £ 0.03 Iy, 0.077 £ 0.002 0.16 £0.03 1.04 +£0.03
S3 0.066 £ 0.002 0.02+£0.03 1.05+0.03 S3 0.092 £ 0.002 0.06 £0.03 1.10+0.03
Sa 0.072+£0.002 —0.10£0.03 1.00=£0.03 Sa 0.125+0.003 —0.03+£0.04 1.13£0.03
Ss 0.057 £0.002 —0.09£0.03 0.92+0.02 Sy 0.104 £0.003 —0.05£0.03 1.02+0.02
Arpp  0.058 £+ 0.001 0.04 £0.03 1.00 £ 0.02 App  0.078 £0.002 —0.17+£0.04 1.1140.03
S7 0.062 £ 0.002 0.07£0.03 1.03+0.03 S7 0.106 £0.003 —0.01£0.03 1.07+0.03
Sg 0.071£0.002 —0.06+0.03 1.00+£0.03 Sg 0.117£0.003 —0.03£0.04 1.10+0.03
Sg 0.065 +£ 0.002 0.00 £0.03 1.00+£0.03 Sg 0.096 £ 0.003 0.01+0.04 1.16 +0.03
Fg 0.056 £ 0.002 0.03£0.03 0.8240.02 Fs 0.099 £ 0.004 0.23+£0.02 0.76 +0.02
Ss1 0.095 £ 0.003 0.01 £0.03 1.04+£0.03 Ss1 0.167 £ 0.004 0.02+0.03 1.06+0.03
Ss2 0.089 £0.002 —0.00£0.03 0.99+£0.03 Ss2 0.135£0.003 —0.01£0.04 1.20=+0.03
Sg3 0.075+£0.002 —0.03+£0.03 1.05=£0.03 Sg3 0.105+£0.003 —0.00£0.03 1.08=£0.03
Ssa 0.076 £0.002 —0.01 £0.03 1.02+£0.03 Ss4 0.101 £ 0.003 0.03+£0.03 1.01+0.03
Sss 0.096 £ 0.003 0.05+£0.03 1.01+0.03 Sss 0.130 £ 0.003 0.09+£0.04 1.16+0.03

2.5 < ¢? <4.0GeV%/ct 4.0 < ¢®> <6.0GeV?/ct
sensitivity pull mean pull width sensitivity pull mean pull width

I, 0.080 £ 0.002 0.08£0.03 0.92 4+ 0.02 i, 0.056 £ 0.001 0.08+0.03 1.00+0.03
S3 0.106 £0.003 —0.00+0.04 1.12+£0.03 S3 0.074 £0.002 —0.07£0.03 1.04+0.02
Sa 0.129 £ 0.003 0.05+£0.04 1.134+0.03 Sa 0.086 £ 0.002 0.06 £0.03 1.04+0.03
Ss 0.110 £ 0.003 0.11£0.03 1.01+0.03 Ss 0.082 £ 0.002 0.09+£0.03 0.98 +£0.02
App  0.073+£0.002 —0.13+£0.04 1.1040.03 App  0.048 +0.001 0.024+0.03 1.03+0.03
S7 0.116 £ 0.003 0.05+£0.03 1.05+0.03 S7 0.083 £ 0.002 0.03+£0.03 1.0240.03
Sg 0.130£0.003 —0.05+0.04 1.10£0.03 Sg 0.088£0.002 —0.06+£0.03 1.01=£0.03
Sg 0.099 £ 0.003 0.03£0.03 1.04+0.03 Sg 0.073 £ 0.002 0.01£0.03 1.03+0.02
Fg 0.118 £ 0.005 0.19+0.03 0.83+£0.02 Fg 0.082 £ 0.003 0.17+0.03 0.78 £0.02
Ss1 0.182 £ 0.005 0.01£0.03 1.03+0.03 Ss1 0.133£0.003 —0.13£0.03 0.97+0.02
Sg2 0.134 £0.004 —0.04+0.03 1.11+£0.03 Sg2 0.084 £0.002 —0.03£0.03 1.04+0.03
Ss3 0.122 £ 0.003 0.00£0.04 1.16 +0.03 Ss3 0.082 £0.002 —0.01£0.03 1.02+0.03
Sga 0.113£0.003 —0.02+0.03 1.08£0.03 Ssa 0.079 £0.002 —0.03£0.03 1.04+0.03
Sss 0.129 £ 0.003 0.02+0.03 1.07+0.03 Sss 0.087£0.002 —0.02+£0.03 0.99+£0.02

6.0 < ¢ <8.0GeVZ/c?
sensitivity pull mean pull width

Iy, 0.052 £ 0.001 0.07+0.03 1.03+0.03
S3 0.065+0.002 —0.02+0.03 1.05+0.03
Sa 0.072 £ 0.002 0.07+0.03 1.02+0.03
Ss 0.073 £ 0.002 0.10+£0.03 0.91+£0.02
Arg  0.044 £ 0.001 0.07+0.03 0.98 £0.02
S7 0.073+£0.002 —0.04+£0.03 1.01+£0.02
Sg 0.074 £0.002 —0.00£0.03 1.04+0.03
Sy 0.063 £ 0.002 0.04 £0.03 0.97 £0.02
Fs 0.076 + 0.003 0.154+0.03 0.81+0.02
Ss1 0.122£0.003 —0.02£0.03 1.01+0.03
Sga 0.080 + 0.002 0.01+£0.04 1.13+0.03
Ss3 0.075 £ 0.002 0.03+0.03 1.04£0.02
Ssa 0.074 £0.002 —0.02+£0.03 0.98+£0.02
Sss 0.079 £ 0.002 0.03+0.03 1.04+0.03
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Table 123: Toy studies for the CP-averaged observables S;.

15.0 < ¢ < 17.0GeV?/c?t 17.0 < g% < 19.0 GeV?/c*

sensitivity pull mean pull width sensitivity pull mean pull width
F, 0.043 £ 0.001 0.05+0.03 1.00+0.02 F1, 0.051 £0.001 —0.01+£0.03 1.02+£0.02
S3 0.060 £0.002 —0.12+£0.03 1.07£0.03 S3 0.074 £0.002 —0.10£0.03 1.04 £0.03
S4 0.061 + 0.002 0.18+£0.03 1.10+0.03 Sa 0.079 £ 0.002 0.16 £ 0.03  1.09 + 0.03
Ss 0.056 £ 0.002 0.01 £0.03 0.96 £ 0.02 Ss 0.072£0.002 —0.06 £0.03 0.99 £0.02
App  0.040 £+ 0.001 0.09 +£0.03 1.01+0.03 App  0.054 +0.001 0.10 £0.03  1.02+0.02
S7 0.060 £ 0.002 0.06 £ 0.03 0.97 £0.02 S7 0.080 £0.002 —0.04£0.03 1.01£0.02
Ss 0.065 + 0.002 0.03+0.03 1.07+0.03 Sg 0.079 £0.002 —0.01+£0.03 1.01 £0.03
Sg 0.055 £ 0.001 0.05+0.03 1.01+0.02 Sg 0.073 £0.002 —0.02+£0.03 1.01£0.03
Fg 0.059 £ 0.002 0.13+0.03 0.86 £ 0.02 Fg 0.079 £ 0.003 0.16 £0.03 0.77 £ 0.02
Ss1 0.089 +£ 0.002 0.03 +£0.03 1.00+£0.03 Ss1 0.109 £ 0.003 0.03+£0.03 1.01+0.02
Ss2 0.070 £ 0.002 0.04+0.04 1.15+0.03 Sso 0.089 £0.002 —0.03+£0.04 1.12+£0.03
Ss3 0.064 +£0.002 —0.01+£0.03 1.07+0.03 Ss3 0.078 £ 0.002 0.00 £0.03  1.09 +0.03
Ss4 0.070 £ 0.002 0.07+£0.03 0.98 £0.02 Ss4 0.092 £ 0.003 0.01 £0.03 1.00+0.03
Sss 0.071 £ 0.002 0.01 £0.03 1.01+0.02 Sss 0.097 £ 0.003 0.06 £0.03 1.03 +0.03
11.0 < ¢% < 12.5GeVZ/c? 1.1 < ¢% < 6.0GeV?/ct
sensitivity pull mean pull width sensitivity pull mean pull width
F1, 0.052 £ 0.001 0.10+0.03 1.04+£0.03 F1, 0.041 £ 0.001 0.00 £0.02 0.77 £0.02
S3 0.068 +£0.002 —0.00+£0.03 1.024+0.03 S3 0.048 + 0.001 0.04+0.03 0.97+0.02
S4 0.073 £ 0.002 0.154+0.03 1.09+£0.03 Sy 0.057 £0.001 —0.03+£0.03 0.94+£0.02
Ss 0.075 £ 0.002 0.05+0.03 1.00+ 0.02 Ss 0.057 £0.002 —0.01+£0.03 0.96 £0.03
App  0.050 £ 0.001 0.154+0.03 1.05+0.03 App  0.035+0.001 0.01+£0.03 0.97 +£0.02
S7 0.075£0.002 —0.02+£0.03 1.05£0.03 S7 0.057 £0.002 —0.02+£0.03 1.00=£0.03
Ss 0.073+£0.002 —0.01+£0.03 1.0540.03 Ss 0.059 + 0.002 0.054+0.03 0.97+0.02
So 0.070 £0.002 —0.00£0.03 1.04 £0.03 So 0.043 £ 0.001 0.03 +£0.03  0.95+0.02
Fg 0.077 £ 0.003 0.144+0.03 0.78 £ 0.02 Fg 0.054 + 0.002 0.03+0.03 0.63 +0.02
Ss1 0.118 £ 0.003 —0.01£0.03 1.05£0.03 Ss1 0.098 £0.002 —0.04£0.03 1.02+£0.02
Sso 0.083 £ 0.002 0.05+0.04 1.11+0.03 Sso 0.055 £ 0.001 0.024+0.03 0.94 +0.02
Ss3 0.085+£0.002 —0.01£0.03 1.10£0.03 Sss 0.053 £0.001 —0.03+£0.03 0.99+£0.03
Ssaq 0.084 £0.002 —0.11+£0.03 1.02£0.03 Ss4 0.053 £0.001 —0.14+0.03 0.95=£0.03
Sss 0.086 £0.002 —0.02+£0.03 1.07=+0.03 Sss 0.060 +£ 0.002 0.08 £0.03 0.98 +0.03
15.0 < ¢%2 < 19.0 GeVZ/c*

sensitivity pull mean pull width

1, 0.032+0.001 —0.03+0.03 1.08+0.03

S3 0.045 + 0.001 0.074+£0.03 1.01+0.03

Sa 0.044 +£0.001 —0.04 £0.03 1.06 £ 0.03

S5 0.043 +0.001 —0.11+0.03 1.02+0.03

App  0.031 £0.001 —0.12+0.03 1.00 £ 0.02

S7 0.047 +£0.001 —0.12+0.03 0.96 £ 0.02

Ss 0.045+0.001 —0.01+£0.03 0.94+£0.02

So 0.042 + 0.001 0.01 £0.03  0.96 + 0.02

Fs 0.043 +£0.001 —0.20+£0.03 0.96 £0.02

Ss1 0.069 +0.002 —0.02+0.03 1.01+£0.03

Ssa 0.046 + 0.001 0.07+£0.03 0.98 +0.02

Ss3 0.048 + 0.001 0.024+0.03 1.01+0.03

Ss4 0.055+0.001 —0.01+0.03 0.99+0.03

Sss 0.059 + 0.002 0.024+0.03 1.05+0.03
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Table 124: Toy studies for the CP asymmetries A;.

0.1 < ¢%2 <0.98GeVZ/? 1.1< ¢? <25GeV¥ct

sensitivity pull mean pull width sensitivity pull mean pull width
1, 0.048 £ 0.001 0.04 £0.03 1.02+£0.03 F1, 0.071 + 0.002 0.07+£0.03 0.98 +0.02
As 0.067 £ 0.002 0.01 £0.03 1.05+0.03 Az 0.092 + 0.003 0.03+0.03 1.09+0.03
Ay 0.073 £ 0.002 0.00 +£0.03  1.00 + 0.02 Ay 0.119+0.003 —0.03+0.03 1.07£0.02
As 0.064 £0.002 —0.06£0.03 1.01£0.03 As 0.095+0.002 —0.02+£0.03 0.98+£0.02
Ags  0.077£0.002 —0.024+0.03 0.974+0.02 Ags  0.099 £+ 0.003 0.08+£0.03 1.10+0.03
A7 0.062 £0.002 —0.02+£0.03 1.00=£0.03 A7 0.103 £0.002 —0.05+0.03 1.08+£0.03
Ag 0.075 £ 0.002 0.08 +£0.03 1.02+0.03 Ag 0.115+0.003 —0.00+0.03 1.03+0.03
Ag 0.064 +£ 0.002 0.01+0.03 1.01+£0.03 Ao 0.093 £ 0.002 0.024+0.04 1.114+0.03
Fg 0.057 £ 0.002 0.01 £0.03 0.87+0.02 Fg 0.099 + 0.004 0.16 £0.03  0.77 £ 0.02
Ss1 0.092 4+ 0.002 0.00 £0.03 1.01+0.02 Ss1 0.170+£0.004 —0.014+0.03 1.06 £0.03
Ss2  0.084 £ 0.002 0.05+0.03 1.00+£0.03 Sso  0.127 £0.004 0.00 £0.03 1.08 +0.03
Ss3  0.072 4+ 0.002 0.04 +£0.03 0.96 + 0.02 Ss3  0.105+£ 0.003 0.054+0.03 1.04+0.03
Ss4  0.074 £ 0.002 0.01+0.03 1.03+£0.03 Ssq4  0.104 £ 0.002 0.054+0.04 1.114+0.03
Sss  0.091+£0.002 —0.03+0.03 1.03+0.03 Sss 0.123+£0.003 —0.05+£0.04 1.10+0.03
2.5 < ¢ <4.0GeVZ 4.0 < ¢ <6.0GeV?/c2
sensitivity pull mean pull width sensitivity pull mean pull width
1, 0.079 £ 0.002 0.09+0.03 0.91+0.02 F1, 0.055 + 0.001 0.024+0.03 0.95+0.02
As 0.100 + 0.003 0.04 +£0.03 1.09+0.03 Az 0.074 + 0.002 0.06 £0.03 1.06 +0.03
Ay 0.124 £0.003 —0.06 £0.03 1.07£0.03 Ay 0.088 +£0.002 —0.04£0.03 1.01+£0.02
As 0.112+0.003 —0.08£0.03 1.03+0.03 As 0.081 +0.002 —0.02+0.03 0.99+0.03
Ags 0.103+0.003 —0.04+0.04 1.1440.03 Ags  0.064 +0.002 0.014+0.03 1.04+0.03
Ar 0.114 £0.003 —0.00£0.03 1.05=+0.03 A7 0.079 £ 0.002 0.05+0.03 0.96 +0.02
Ag 0.129 +£ 0.004 —0.07+0.03 1.07£+0.03 Ag 0.090 +0.002 —0.04 +£0.03 1.04+0.03
Ag 0.099 £0.003 —0.00£0.03 1.04£0.03 Ag 0.075 £ 0.002 0.01£0.03 1.02+0.02
Fg 0.121 + 0.005 0.144+0.02 0.81+0.03 Fg 0.080 + 0.003 0.194+0.03 0.76 + 0.02
Ss1 0.190 £ 0.004 0.05+0.03 1.06 £0.03 Ss1 0.144 £0.004 0.00 £0.03 1.02+0.02
Ss2  0.138+0.004 —0.01+0.03 1.104+0.03 Sso  0.088 £ 0.002 0.06 £0.03  0.98 +0.02
Ss3  0.122 4+ 0.003 0.03+0.04 1.14+0.03 Sss  0.083 £+ 0.002 0.08 £0.03 1.03 +0.02
Ssq4 0.126 £0.004 —0.03+0.04 1.134+0.03 Ssq4  0.084 £ 0.002 0.06 £0.03 1.02+0.03
Sgs 0.1324+0.003 —0.04 +0.03 1.08 £0.03 Sss  0.092 £+ 0.002 0.024+0.03 1.05+0.03
6.0 < ¢ <8.0GeV?/c?

sensitivity pull mean pull width

F1, 0.053 + 0.001 0.07+£0.03 1.02+0.03

As 0.066 + 0.002 0.02+0.03 0.99 +0.02

Ay 0.071 £0.002 —0.08+£0.03 0.97£0.02

As 0.071+0.002 —0.03+0.03 1.03+0.03

Ags  0.059 +0.001 0.07+£0.03 1.04+0.03

Ay 0.078 +£0.002 —0.02+0.03 1.04+0.03

Ag 0.075 + 0.002 0.05+0.03 0.96 +0.03

Ag 0.068 +£0.002 —0.05+0.03 0.99 £ 0.02

Fs 0.076 + 0.003 0.174+0.03 0.78 £ 0.02

Ss1 0.123 +£0.003 0.03+£0.03 1.00 +0.02

Sgo  0.088+0.002 —0.01+0.03 1.09 £ 0.03

Ss3  0.075+0.002 —0.06=+0.03 1.0140.03

Ssq4  0.080 4 0.002 0.024+0.03 1.03+0.03

Sss  0.084 £ 0.002 0.05+0.03 1.04+0.03
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Table 125: Toy studies for the CP asymmetries A;.

15.0 < ¢ < 17.0GeVZ/c?

17.0 < ¢%2 < 19.0 GeVZ/ct

sensitivity pull mean pull width sensitivity pull mean pull width
1, 0.045+0.001 —0.04+£0.03 1.00=£0.02 F1, 0.055 + 0.001 0.024+0.03 1.04+0.03
As 0.061 £ 0.002 0.024+0.03 0.98 £ 0.02 Az 0.073 £ 0.002 0.04 £0.03 0.95+0.02
Ay 0.064 +£0.002 —0.06 £0.03 0.99 £+ 0.03 Ay 0.081 + 0.002 0.024+0.03 0.99 +0.03
As 0.063 £ 0.002 0.00 £ 0.03 1.04 £0.02 As 0.073 £ 0.002 0.024+0.03 0.99 +0.02
Ags 0.0564 £0.001 —0.06+0.03 0.96 +0.02 Ags 0.0744+0.002 —0.07+0.03 1.01+0.02
A7 0.062 £ 0.002 0.04 £0.03 1.01+£0.03 A7 0.078 £ 0.002 0.024+0.03 1.02+0.03
Ag 0.066 + 0.002 0.05+0.03 0.99 + 0.02 Ag 0.084 + 0.002 0.024+0.03 1.02+0.03
Ag 0.065£0.002 —0.06 £0.03 1.04=£0.02 Ao 0.077 £ 0.002 0.034+0.03 0.99 +0.02
Fg 0.056 £ 0.002 0.07+0.03 0.81+0.02 Fg 0.077 £ 0.003 0.174+0.03 0.79 +0.02
Ss1 0.097 4+ 0.003 0.01 +£0.03 1.03+£0.03 Ss1 0.120 £+ 0.003 0.00£0.03 1.05+0.03
Ss2  0.075 £ 0.002 0.01 £0.03 1.01+0.02 Ss2  0.094£0.002 —0.01£0.03 0.99+0.02
Ss3  0.066 £ 0.002 0.01 £0.03 0.97+0.02 Ss3  0.086 £0.002 —0.02+0.03 1.024+0.03
Ss4  0.069 £ 0.002 0.00£0.03 0.97£0.03 Ssq4  0.097 £0.003 0.06 £0.03 1.07+0.03
Sss 0.078 £0.002 —0.06+0.03 1.01 4+0.02 Sss  0.101 £ 0.003 0.024+0.03 1.05+0.03
11.0 < ¢Z < 12.5GeVZ/ct 1.1 < ¢% < 6.0GeV?/ct
sensitivity pull mean pull width sensitivity pull mean pull width
1, 0.050 £0.001 —0.04 £0.03 0.95=£0.02 F1, 0.042+0.001 —0.00£0.02 0.77 £0.02
As 0.073+£0.002 —0.04£0.03 0.99+0.02 As 0.046 + 0.001 0.00 £0.03  0.96 + 0.02
Ay 0.080 £0.002 —0.07£0.03 1.06£0.03 Ay 0.061 +£0.002 —0.04+£0.03 1.04+£0.03
As 0.076 £ 0.002 0.00 £0.03 1.02+0.03 As 0.057 +£0.001 —0.04+£0.03 1.04+0.03
Ags 0.065+0.002 —0.05+0.03 1.01+0.03 Ags 0.044+0.001 —0.04+0.03 0.98 +0.02
Ar 0.073£0.002 —0.02+£0.03 1.00=£0.03 A7 0.058 + 0.001 0.00 £0.03 1.03+0.03
Ag 0.077£0.002 —0.04 £0.03 0.98 +0.03 Ag 0.057 + 0.001 0.054+0.03 0.94 +0.02
Ag 0.072£0.002 —0.03£0.03 0.99£0.02 Ag 0.049 + 0.001 0.07+£0.03 1.05+0.03
Fg 0.073 £ 0.003 0.15+0.03 0.78 £ 0.02 Fg 0.058 + 0.002 0.09 +£0.03  0.60 + 0.02
Ss1 0.124+£0.003 —0.03+0.03 1.0240.02 Ss1 0.100 £ 0.003 0.01+£0.03 1.05+0.03
Ss2  0.086 £ 0.002 0.06 +£0.03 1.01+0.03 Ss2  0.0568 £0.002 —0.07£0.03 0.99+0.03
Ss3  0.083+0.002 —0.01+0.03 1.044+0.03 Sss  0.054+£0.001 —0.07+0.03 0.99+0.03
Ssq4 0.087£0.003 —0.00+£0.03 1.044+0.03 Ss4 0.0563£0.001 —0.07£0.03 0.97+0.02
Sgs 0.089+0.002 —0.00+0.03 0.99 £ 0.02 Sss  0.061 £+ 0.002 0.024+0.03 1.01+0.02
15.0 < ¢%2 < 19.0 GeVZ/c*

sensitivity pull mean pull width

F1, 0.032+0.001 —0.00+0.04 1.06 £ 0.03

As 0.048 + 0.001 0.11+£0.03  0.95+0.02

Ay 0.049 + 0.001 0.04 £0.03 0.98 +0.03

As 0.047 +£0.001 —0.05+0.03 0.95+0.02

Ags 0.046 +£0.001 —0.01+0.03 1.04+0.03

Ay 0.048 + 0.001 0.01 £0.03 1.01+0.03

Ag 0.050 + 0.001 0.06 £0.03  0.95+0.02

Ag 0.047 + 0.001 0.01 £0.03  0.96 +0.02

Fs 0.045+0.001 —0.13+0.03 0.98+£0.03

Ss1 0.069 £0.002 —0.07+0.03 0.914+0.02

Sgo  0.061 4+ 0.002 0.05+0.03 1.02+0.03

Ss3  0.054 £0.001 —0.03+0.03 0.99+0.03

Ss4  0.0554+0.002 —0.06+0.03 0.99 +0.03

Sss  0.061 £0.002 —0.03£0.03 0.97+0.02
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Table 126: Toy studies for the less form-factor dependent observables Pi(/).

0.1 < ¢%2<0.98GeVZc?

1.1<¢? <25GeV¥ct

sensitivity pull mean  pull width sensitivity pull mean  pull width
I, 0.046 +£0.001 —0.01 £0.03 0.98 £0.02 1, 0.067 £ 0.002 0.04 £0.03 0.96 +0.03
P 0.173 £ 0.005 0.00£0.03 1.04 £0.03 P 0.554 +0.014 —-0.01£0.03 1.02+0.03
Py 0.054 £ 0.001 0.02+0.03 1.014+0.03 P 0.188 £+ 0.008 0.08 £0.03 1.02+0.03
P3 0.082+0.002 —0.06 £0.03 0.99 £ 0.03 Ps 0.312 + 0.008 0.01+0.03 1.07+0.03
Py 0.178 £0.005 —0.06 +£0.03 1.02+0.03 Py 0.256 £0.006 —0.07£0.04 1.09+0.03
Ps 0.147 £0.004 —0.05+0.03 0.95+0.03 Ps 0.218 +£0.006 —0.06 +£0.03 0.99 £ 0.03
Ps 0.144 £0.004 —0.07+0.03 0.99+0.03 Ps 0.210 £ 0.005 0.03+0.03 0.99 £+ 0.02
Ps 0.180 £0.005 —0.01 £0.03 1.04 £0.03 Py 0.258 + 0.007 0.00+0.04 1.1140.03
Fg 0.055 £ 0.002 0.08£0.03 0.84 £0.02 Fg 0.096 + 0.004 0.07£0.02 0.74£0.02
Ss1 0.087£0.002 —0.05+0.03 0.98+0.03 Ss1 0.162 £ 0.004 0.06 £0.03 1.02+0.03
Ss2  0.089 4+ 0.002 0.024+0.03 1.01£0.03 Sso  0.123 £0.003 0.01£0.04 1.11+£0.03
Sgsz  0.075 4 0.002 0.03+0.03 1.03+0.03 Ss3  0.105 £ 0.003 0.03+0.03 1.05+0.03
Ssq4 0.075£0.002 —0.01+0.03 1.0240.02 Ss4  0.101 £0.003 0.03+0.03 1.02+0.03
Sgs  0.092 4+ 0.002 0.02+0.03 1.0240.03 Sss  0.128 £0.003 —0.024+0.03 1.06 £0.03
2.5 < ¢% < 4.0GeV?/ 2 4.0 < ¢®> <6.0GeV?/ct
sensitivity pull mean pull width sensitivity pull mean pull width
1, 0.070 £0.002 —0.01 £0.03 0.97£0.02 Iy, 0.054 + 0.001 0.034+0.03 1.04+0.03
Py 0.939 £0.032 —0.00+0.03 0.89+0.02 P 0.546 £0.016 —0.08£0.03 1.01+0.03
Py 0.255 + 0.014 0.25+0.03 0.89 +0.02 Py 0.127 £0.004 —0.06 £0.03 0.96 + 0.03
Ps 0.455+0.016 —0.03+0.03 0.85+0.02 Ps 0.283 £0.009 —0.02+£0.03 1.01+0.03
Py 0.309 £0.009 —0.00£0.03 0.99£0.02 Py 0.189 + 0.005 0.134+0.03 0.98 +0.03
Ps 0.264 + 0.007 0.01 £0.03 0.91£0.02 Ps 0.205+0.010 —0.14+0.03 0.81+£0.02
Ps 0.288 £ 0.008 0.05+0.03 1.014+0.03 Ps 0.199 + 0.005 0.04 £0.03 1.05+0.03
Pg 0.310£0.009 —0.01£0.03 1.03+0.03 Pg 0.196 +0.005 —0.01+0.03 1.05+0.03
Fg 0.109 £ 0.004 0.03+0.02 0.83+0.02 Fg 0.080 £ 0.003 0.174+0.03 0.78 £ 0.02
Ss1 0.188 £ 0.005 0.07+0.03 1.06 £+ 0.03 Ss; 0.131£0.004 —0.07£0.03 0.95+0.03
Sgo  0.13240.004 0.01 £0.03 1.08+0.03 Sso  0.085 £ 0.002 0.02+0.03 0.99 £+ 0.02
Sgs 0.1144+0.003 —0.04+0.03 1.09 £+ 0.03 Sgs  0.079+£0.002 —0.044+0.03 1.01+£0.02
Sg4 0.107+0.003 —0.07+0.03 1.06 £ 0.03 Ssa  0.086 £+ 0.003 0.02+0.03 1.05+0.03
Sgs 0.1324+0.003 —0.04+0.04 1.154+0.03 Sgs  0.090 £0.002 —0.024+0.03 1.01 £0.02
6.0 < ¢ < 8.0GeV?/ct

sensitivity pull mean pull width

I, 0.049 £0.001 —0.03+£0.03 1.05+0.03

P 0.339+£0.008 —0.07+£0.03 1.00+£0.02

Py 0.085+0.004 —0.14+0.03 0.88+0.02

P3 0.182 £ 0.005 0.07+0.03 1.00 £+ 0.03

Py 0.147 + 0.004 0.06 £0.03 1.06 +0.03

Ps 0.178 £0.008 —0.25+0.02 0.82+0.02

Ps 0.148 +£0.004 —0.02+0.03 0.96 £ 0.03

Pg 0.151 £+ 0.004 0.02+0.03 1.00 £ 0.03

Fg 0.066 + 0.002 0.02+0.03 0.81 +0.02

Ss1 0.122 4+0.003 0.01£0.03 1.02+0.03

Ss2  0.077 £ 0.002 0.07+0.03 1.03+0.03

Sss  0.077 4+ 0.002 0.01£0.03 1.04+0.03

Ss4  0.073 £0.002 0.06 +0.03 0.97 £ 0.02

Sss 0.079+£0.002 —0.054+0.03 1.03+0.03
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Table 127: Toy studies for the less form-factor dependent observables Pi(/).

15.0 < ¢% < 17.0 GeVZ/c?

17.0 < ¢% < 19.0GeV?/c?

sensitivity pull mean  pull width sensitivity pull mean  pull width
I, 0.041 £0.001 —0.03+0.03 0.99+0.03 1, 0.049 + 0.001 0.04 +£0.03 0.97 +£0.02
Py 0.182+0.005 —0.08£0.03 1.07£0.03 P 0.222 4+ 0.006 —0.08+£0.03 1.00+0.03
Py 0.040 £ 0.002 0.03+0.03 0.91 +0.02 P 0.050 £ 0.001 0.12+0.03 1.00 £+ 0.02
P3 0.087 £ 0.002 0.04 +0.03 1.00+0.03 Ps 0.109 +0.003 —0.00+0.03 1.01+£0.03
Py 0.131 £ 0.004 0.10£0.03 1.08 +0.03 Py 0.158 £ 0.005 0.10£0.03  0.98 +0.02
Ps 0.124 + 0.004 0.05+0.03 0.95 4 0.02 Ps 0.148 + 0.004 0.04 +0.03 1.01 +0.03
Ps 0.130 £0.003 —0.03+0.03 1.01+£0.03 Ps 0.175+£0.004 —0.01£0.03 1.05+0.03
Ps 0.128 £+ 0.003 0.02+0.03 1.034+0.03 Py 0.184 £0.005 —0.02+0.04 1.114+0.03
Fg 0.059 + 0.002 0.11£0.03 0.88£0.02 Fg 0.075 + 0.003 0.15£0.03 0.74£0.02
Sg1  0.087 £0.002 —0.01+0.03 1.02+0.03 Ss; 0.112+£0.003 —0.04£0.03 1.05+0.03
Sgo  0.063+£0.002 —0.08+£0.03 1.03£0.03 Sso  0.081 + 0.002 0.06 £0.03 1.06 +0.03
Sgsz  0.062 4+ 0.002 0.00£0.03 1.0240.03 Sgs  0.079+£0.002 —0.024+0.03 1.10+£0.03
Ss4  0.067 £ 0.002 0.05+0.03 0.94 +0.02 Ss4  0.091 £ 0.002 0.01+£0.03 1.01 +0.02
Sgs  0.071 +0.002 0.01 £0.03 0.98 +0.02 Sss  0.0954+0.002 —0.014+0.03 1.04+£0.03
11.0 < ¢% < 12.5 GeVZ/c? 1.1 < ¢ < 6.0GeVZc?
sensitivity pull mean pull width sensitivity pull mean pull width
1, 0.048 £ 0.001 0.01 £0.03 0.97 £ 0.03 Iy, 0.040 + 0.001 0.024+0.02 0.73+0.02
Py 0.245 £+ 0.007 0.02+0.03 1.04 +0.03 P 0.374 £ 0.009 0.04 +£0.03 0.95+0.02
Py 0.053 £0.002 —0.10+0.03 0.93+0.03 Py 0.086 + 0.002 0.03+£0.03 0.88+0.02
Ps 0.121 £0.003 —0.01 £0.03 1.04 £0.02 Ps 0.173£0.005 —0.05+0.03 0.88+0.02
Py 0.139 £0.004 —0.04+0.03 1.03+0.03 Py 0.127 £ 0.003 0.02+0.03 0.89 +0.02
Ps 0.152+0.007 —0.16 £0.03 0.83 £0.02 Ps 0.1254+0.004 —0.00+£0.03 0.88+0.02
Ps 0.147 £0.004 —0.04+0.03 0.99+0.03 Ps 0.129 £ 0.003 —0.03£0.03 0.93£0.02
Pg 0.145 + 0.004 0.00 £ 0.03  0.98 + 0.02 Pg 0.145+0.004 —0.08+0.03 1.04+0.02
Fs 0.069 £0.003 —0.06+£0.03 0.78 £0.02 Fg 0.054 £ 0.002 0.22+0.02 0.42+0.01
Ss1 0.118 £0.003 —0.06+0.03 1.03+0.03 Ss1 0.095+£0.003 —0.02+£0.03 0.99+0.03
Sgo  0.084 £0.002 —0.06 +0.04 1.13+0.03 Sso  0.0574+0.002 —0.00+0.03 0.99+0.03
Ss3  0.077+£0.002 —0.06+0.03 1.0540.03 Ss3  0.0568 £0.002 —0.03£0.03 1.03+0.03
Sga  0.082 4 0.002 0.06 £0.03 0.97 +£0.03 Ssa  0.054 +0.001 0.01 +£0.03 0.96 £+ 0.02
Sss  0.080 £ 0.002 0.05+0.03 1.00+£0.03 Sgs  0.058 +£0.001 —0.044+0.03 0.99 £ 0.02
15.0 < ¢%2 < 19.0 GeVZ/c?

sensitivity pull mean pull width

I, 0.031 £0.001 —0.02+£0.03 1.02+0.03

P 0.135 £ 0.003 0.10 £0.03  0.97 +0.02

Py 0.030 4 0.001 —0.11£+£0.03 1.03+£0.03

P3 0.066 +£0.002 —0.04 £0.03 0.99 +0.03

Py 0.093 + 0.002 0.024+0.03 1.07+0.03

Ps 0.088 £0.002 —0.06£0.03 1.03+0.03

Ps 0.104 +£0.003 —0.01 £0.03 1.014+0.03

Pg 0.098 £+ 0.003 0.00 +0.03 1.00 £ 0.03

Fg 0.042 +£0.001 —0.20£0.03 0.90 +0.02

Ss1 0.068 4 0.002 0.00£0.03 1.02+0.03

Ss2  0.050 £ 0.001 0.02+0.03 1.05+0.03

Sgz  0.048 £+ 0.001 0.04 +£0.03 1.044+0.03

Ssq4  0.053 £ 0.001 0.01 +£0.03 0.98 +£0.03

Sss  0.054 4+ 0.001 0.05+0.03 0.97 +0.02
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G Toy studies for the method of moments

In the following the pulls obtained for a the toy study for the method of moments are shown.
These pulls are obtained including the detector acceptance and using the reweighting
method to correct for it. No bias, apart for the known bias on F7, in the first bin, due to
the non-vanishing lepton masses, is observed.

Pullof S3 Pullof S3 Pullof 53 Pullofs3

T H
[ARRRRARRRRRE RSN

(a) Pull of S3 with 100 (b) Pull of S3 with 150 (c) Pull of S5 with 200 (d) Pull of S5 with 250
events in toys. events in toys. events in toys. events in toys.

Pullof $3 Pullof $3 Pullofs3 Pullofs3

E ¥ 8 § ¢
T
g 88 E R8¢
Frrrprr T

(e) Pull of S5 with 300 (f) Pull of S5 with 350 (g) Pull of S5 with 400 (h) Pull of S5 with 450
events in toys. events in toys. events in toys. events in toys.

Figure 139: Pull distributions for S3 for different number of simulated events.

3 g §
R aans s

(a) Pull of S4 with 100 (b) Pull of S4 with 150 (c) Pull of Sy with 200 (d) Pull of Sy with 250
events in toys. events in toys. events in toys. events in toys.

Pullofs4 Pullof s Pullof s Pullof s4

E % 8 § &
T

(e) Pull of Sy with 300 (f) Pull of Sy with 350 (g) Pull of Sy with 400 (h) Pull of Sy with 450
events in toys. events in toys. events in toys. events in toys.

Figure 140: Pull distributions for S, for different number of simulated events.
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Pullof S5 Pullof 55 Pullof S5

2 : 2 8 g

T

(a) Pull of S5 with 100 (b) Pull of S5 with 150 (c¢) Pull of S5 with 200 (d) Pull of S5 with 250
events in toys. events in toys. events in toys. events in toys.

Pullof S5 Pullof $5 Pullofss Pullof S5

H

(e) Pull of S5 with 300 (f) Pull of S5 with 350 (g) Pull of S5 with 400 (h) Pull of S5 with 450
events in toys. events in toys. events in toys. events in toys.

Figure 141: Pull distributions for Sy for different number of simulated events.

Pullof Sés. Pullof Sés. Pullof Sés Pullof S6s
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(a) Pull of Sg with 100 (b) Pull of Sg with 150 (c¢) Pull of Sg with 200 (d) Pull of Sg with 250
events in toys. events in toys. events in toys. events in toys.

Pl of Sés. Pullof Sés Pullof S6s Pullof S6s

(e) Pull of Sg with 300 (f) Pull of Sg with 350 (g) Pull of Sg with 400 (h) Pull of Sg with 450
events in toys. events in toys. events in toys. events in toys.

Figure 142: Pull distributions for Sg for different number of simulated events.
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Pullof s7 Pullof S7 Pullof s7 Pullof 57

g 8 8 §
P

(a) Pull of S7 with 100 (b) Pull of S7 with 150 (c¢) Pull of S; with 200 (d) Pull of S7 with 250
events in toys. events in toys. events in toys. events in toys.

Pullof s7 Pullof s7 Pullof s7

(e) Pull of S7 with 300 (f) Pull of S7 with 350 (g) Pull of S7 with 400 (h) Pull of S7 with 450
events in toys. events in toys. events in toys. events in toys.

Figure 143: Pull distributions for S7 for different number of simulated events.

Pullof S8 Pullof S8 Pullof 58 Pullofs8
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(a) Pull of Sg with 100 (b) Pull of Sg with 150 (c¢) Pull of Sg with 200 (d) Pull of Sg with 250
events in toys. events in toys. events in toys. events in toys.

Pullof $8 Pullof $8 Pulor S8

zzzzz

g

g B &
T

(e) Pull of Sg with 300 (f) Pull of Sg with 350 (g) Pull of Sg with 400 (h) Pull of Sg with 450
events in toys. events in toys. events in toys. events in toys.

Figure 144: Pull distributions for Sg for different number of simulated events.
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Pullof S9 Pullof 59 Pullofs9

T

(a) Pull of Sy with 100 (b) Pull of Sy with 150 (c) Pull of Sg with 200 (d) Pull of Sy with 250
events in toys. events in toys. events in toys. events in toys.

Pullof $9 Pullof s Pullof S9 Pullof S8

g g
T T

(e) Pull of Sy with 300 (f) Pull of Sg with 350 (g) Pull of Sy with 400 (h) Pull of Sy with 450
events in toys. events in toys. events in toys. events in toys.

Figure 145: Pull distributions for Sy for different number of simulated events.

Pullof FL1 Pullof FLL

LI

(a) Pull of F} with 100 (b) Pull of F} with 150 (c) Pull of F; with 200 (d) Pull of F; with 250
events in toys. events in toys. events in toys. events in toys.

Pullof FLL PullofFLL PullofFLL

g 8 8 5 & 8 &
fro e

g 8§ £
T

(e) Pull of F} with 300 (f) Pull of F; with 350 (g) Pull of F; with 400 (h) Pull of F} with 450
events in toys. events in toys. events in toys. events in toys.

Figure 146: Pull distributions for F; for different number of simulated events.
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s H Factorisation of mass and decay angles for B’ —

T K0

Figure 159: The three decay angles of BY — J/i) K*° decays in 8 bins of reconstructed BY
mass. For the angle cosfx a small difference is seen for the two outer BY mass bins.
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I Continuous symmetry transformations of the K*’
spin amplitudes

By defining a set of basis vectors [35]:

Af Al Ak

the following continuous transformations of these basis vectors, and therefore of the
amplitudes leave the angular distribution unchanged

0 e @r sinf cos@ —sinhiw  coshiw (114)

, [ er 0 ] [ cosf) —sinf ] [ coshiw  —sinhiw ]

The components ¢;, and ¢ are phase-rotations of the left- and right-handed amplitudes.
These can be made separately for left- and right-handed amplitudes in the massless limit
because no terms in the angular distribution mix left and right. The second and third
matrices act as rotations between the left- and right- handed amplitudes and also leave
the angular distribution unchanged.

The amplitudes in the improved fixed-basis exhibit a smooth behaviour in ¢? both in the
SM as well as in a range of new physics models as discussed in Sec.[6.4.2] This was assessed
by starting from Eq.[114] and expanded in terms of the amplitudes used in the basis-fixing.
By inserting the values of the transformed and untransformed amplitudes on the left
and right hand sides of Eq. respectively for every point in ¢?, the transformation
parameters, ¢y, ¢, 0 and w, where therefore obtained by numerically solving the system
of four non-linear equations. With the values of these transformation parameters, the
remaining amplitudes in the fixed-basis could then be determined.

Although not strictly relevant for this method, it is worth mentioning that given for
the P-wave only case, n; = 11 and n, = 12, there should be three relations between the
various J;, yielding only eight independent J;. The introduction of the S-wave terms does
not bring in any new symmetry transformations.

It must be noted that the inclusion of the S-wave amplitudes in the fit does not
introduce any new symmetries of the decay rate, or break any existing symmetry relations.
As such, a fit to the simulated data can be performed following the treatment of Sec. [6.4.§]
with the difference that the signal decay rate is given by Eq. [21| where the same ¢ ansatz
as before is used to describe the S-wave amplitudes (see Eq. .
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@ J Two dimensional amplitude parameter profile like-
1626 lihoods

127 This list is still being populated

1828

02
BaimaR)

1829

02 02
Balm(Aﬁ*) Eulm(A‘T)

0z
Ba Im(A‘T)

_ 02
Ba Im(A‘T)

Figure 160: Two dimensional profile likelihoods of a of I m(Af) of B with other amplitude
parameters. The ellipse corresponds to the one standard deviation value provided by HESSE.
Values at -0.5 denote failed fits which need to be rerun with a different starting value.
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By Im(

1830

002 004
BB Im(AF)

002
B

Figure 161: Two dimensional profile likelihoods of b of I m(Af) of B with other amplitude
parameters. The ellipse corresponds to the one standard deviation value provided by HESSE.
Values at -0.5 denote failed fits which need to be rerun with a different starting value.
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(AD

Boalm

2 _ 04
By Im(A‘T)

2 _ 04
By Im(A)

1831

2 04
Byima)

By Re(A;)

Figure 162: Two dimensional profile likelihoods of ¢ of I m(Af) of B with other amplitude
parameters. The ellipse corresponds to the one standard deviation value provided by HESSE.
Values at -0.5 denote failed fits which need to be rerun with a different starting value.
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Boaim

1832

06
Ba Re(A‘T)

06 06
BaRe(AR) Ba Re(AF)

Figure 163: Two dimensional profile likelihoods of a of Re(Af) of B with other amplitude
parameters. The ellipse corresponds to the one standard deviation value provided by HESSE.
Values at -0.5 denote failed fits which need to be rerun with a different starting value.
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Balim(AY
B
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1833

Pl iii

04 X X X K -0.02
BB Re(AF) BB Re(AF)

Figure 164: Two dimensional profile likelihoods of b of Re(Af) of B with other amplitude
parameters. The ellipse corresponds to the one standard deviation value provided by HESSE.
Values at -0.5 denote failed fits which need to be rerun with a different starting value.
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1834

-02 0
By Re(AT)

-02 0
By Re(Af)

Figure 165: Two dimensional profile likelihoods of ¢ of Re(Aﬁ%) of B with other amplitude
parameters. The ellipse corresponds to the one standard deviation value provided by HESSE.
Values at -0.5 denote failed fits which need to be rerun with a different starting value.
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1835 02 Eu??se(Ah)

Figure 166: Two dimensional profile likelihoods of a of Re(Aﬁ) of B with other amplitude
parameters. The ellipse corresponds to the one standard deviation value provided by HESSE.

Values at -0.5 denote failed fits which need to be rerun with a different starting value.
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(AD

BaIm(

1836

LY of B with other amplitude

Figure 167: Two dimensional profile likelihoods of b of Re(A
parameters. The ellipse corresponds to the one standard deviation value provided by HESSE.

Values at -0.5 denote failed fits which need to be rerun with a different starting value.
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1837

02

02 0
ByRe(A)

02 0
ByReA)

0
By Re(Af)

Figure 168: Two dimensional profile likelihoods of ¢ of Re(Aﬁ ) of B with other amplitude
parameters. The ellipse corresponds to the one standard deviation value provided by HESSE.
Values at -0.5 denote failed fits which need to be rerun with a different starting value.
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Baim(A) Baim(A) Baim(A) Baim(A
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Ec(lm(Ai)
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Ba Im(Ai)

0 01
Ba Im(Ai)

Figure 169: Two dimensional profile likelihoods of a of Im(A%) of B with other amplitude
parameters. The ellipse corresponds to the one standard deviation value provided by HESSE.
Values at -0.5 denote failed fits which need to be rerun with a different starting value.
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004
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Figure 170: Two dimensional profile likelihoods of b of Im(A}) of B with other amplitude
parameters. The ellipse corresponds to the one standard deviation value provided by HESSE.

Values at -0.5 denote failed fits which need to be rerun with a different starting value.
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03 04 3 04
ByIm(A) ByimA)

X ¥ 03 04 X 03 04 03 04 ¥ 04
1840 Byim(A) By Im(A) Byim(A) Byim(A)

X 04
ByIm(A

. 3 04 . .3 04 .
D ByIm(A}) By Im(A])

Figure 171: Two dimensional profile likelihoods of ¢ of Im(A%) of B with other amplitude
parameters. The ellipse corresponds to the one standard deviation value provided by HESSE.
Values at -0.5 denote failed fits which need to be rerun with a different starting value.
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Ba Re(AT) BaReA} " Ba Re(A)

Figure 172: Two dimensional profile likelihoods of a of Re(A%) of B with other amplitude
parameters. The ellipse corresponds to the one standard deviation value provided by HESSE.
Values at -0.5 denote failed fits which need to be rerun with a different starting value.
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1842 Y Y ) X 004

006 - X 006 -
BBRA]) BBReA])

Figure 173: Two dimensional profile likelihoods of b of Re(A¥) of B with other amplitude
parameters. The ellipse corresponds to the one standard deviation value provided by HESSE.
Values at -0.5 denote failed fits which need to be rerun with a different starting value.
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04 04
ByRe(A ByReA)

D

04
By Re(Af)

Figure 174: Two dimensional profile likelihoods of ¢ of Re(A) of B with other amplitude
parameters. The ellipse corresponds to the one standard deviation value provided by HESSE.
Values at -0.5 denote failed fits which need to be rerun with a different starting value.
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1844

Figure 175: Two dimensional profile likelihoods of a of Re(A%) of B with other amplitude
parameters. The ellipse corresponds to the one standard deviation value provided by HESSE.
Values at -0.5 denote failed fits which need to be rerun with a different starting value.
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Figure 176: Two dimensional profile likelihoods of b of Re(Al) of B with other amplitude
parameters. The ellipse corresponds to the one standard deviation value provided by HESSE.
Values at -0.5 denote failed fits which need to be rerun with a different starting value.
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01
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1846

I
Figure 177:  Two dimensional profile likelihoods of ¢ of Re(AL) of B with other amplitude

parameters. The ellipse corresponds to the one standard deviation value provided by HESSE
Values at -0.5 denote failed fits which need to be rerun with a different starting value.
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01
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Figure 178: Two dimensional profile likelihoods of a of Re(A¥) of B with other amplitude

parameters. The ellipse corresponds to the one standard deviation value provided by HESSE
Values at -0.5 denote failed fits which need to be rerun with a different starting value.
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By Re(A]) ByRe(A])

Figure 179: Two dimensional profile likelihoods of ¢ of Re(AY) of B with other amplitude

parameters. The ellipse corresponds to the one standard deviation value provided by HESSE
Values at -0.5 denote failed fits which need to be rerun with a different starting value.
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= K Background factorisation
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Figure 180: Distribution of events in the upper mass sideband 5450 < m(K*tn~putu~) <
5650 MeV/c? for 1 < ¢* < 6 GeV?/ct.
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Figure 181: Distribution of events in the upper mass sideband 5450 < m(K+t7n putp™) <
5650 MeV/c? for 15 < ¢ < 19 GeV?/ct.
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Figure 182: Distribution of events in the upper mass sideband showing that the angular
distribution of events is consistent for different mass windows. The black points correspond
to the range 5400 < m(K 7 u*p~) < 5500 MeV/c?. The red points correspond to the
range 5500 < m(Kt 7 putp~) < 5660 MeV/c?. The left-hand column corresponds to
1 < ¢ <6GeV?/c! and the right-hand column to 15 < ¢ < 19 GeV?/ct.
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L. Results of Bootstrapping method for the method
of moments

In the following we will show the distribution of the pseudo-experiment from bootstrapping
the data. The 68% C.L. is also indicated for each observable.
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Figure 183: Bootstraps distribution in 0.1 < ¢* < 0.98 GeV?/c* bin

Fl S3 sS4
hi hi hi
“vean 00000 “vedan 00000 5000[— “edan 00000
Scomal | 0:243 | Scowa (01458 L Scomal 03852
04996 t 05143 L 07935
Boorsvap LY/ 1 Boosap MLy r soosap LY
6000 4000~
5000— C
= 3000~
4000 L
3000 2000{—
2000 C
E 1000
1000f- b
| | | | | E | | | | C | | |
015 02 025 03 035 01 0.05 0 005 1 01 015 0z
s5 Afb S6c_NC
hi 7 hi 00— i
“vecan 00000 0001 “vesan  )0000D “edan  O000D
Sconal E o [0:135 S conval 0.1
6000 soosiap i [ oy (5168 3000 sacsrap [ 178
4000~
5000 E
4000 3000~
3000 r
2000
2000 L
1000
1000f> e
Lo L L L L |
03 025 02 015 01 005 0 005
s7
E - Median 00000
35001 7000 E S cenral
= Boosuap Ly,
30000 6000
2500 50001~
2000 4000~
1500 30001~
1000| 2000
500| 10005
1854 | | | | I E 1 | | | | C 1 | | | | I
03 02 01 0 01 0.05 0 0.05 01 015 b7 0.05 [ 005 01 015 0.2
S9 P1 P2
st _ hist
“Veaan 00000 000 Entries 1000000 F
7000 | e Q1135 £ Mean 003742 [
sy [95475 £ RMS 01383
soouf- 25001~
5000 2000~ 4000~
4000 E C
= 1500 3000
3000 F
1000
2000
5001,
1000
1 | Lot | | | I 1 1 | 1 |
0.05 0 03 02 01 0 0.1 02 0.25 02 015 01 0.05 0
P3 P4 P5
hist st
£ Entries 1000000 F Eniries 1000000
Mean 00889 C Mean 03024
5000 . RMS 01894 £ ) RMS 01416
4000~ E
F 2000
| | | 1 I | | | I I | | I il | I I I I I
o 005 01 015 02 02 01 0 01 02 03 04 05 o 01 02 03 04 05 06
P6 P8
st hist
Entries 1000000 2500~ Entries 1000000
3000[— Mean  0.08582 = Mean  0.1465
F RMS 01305 C RMS 01671
25001~ 2000~ f
2000~ E
£ 1500
1000~
E 500~
C | | | | | | | | | I I I I
02 0.1 o 01 02 03 02 01 0 01 02 03 04 05



Figure 184: Bootstraps distribution in 1.1 < ¢? < 2.0 GeV?/¢* bin
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Figure 185: Bootstraps distribution in 2.0 < ¢? < 3.0 GeV?/¢* bin
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Figure 186: Bootstraps distribution

in 3.0 < ¢* < 4.0 GeV¥/ ¢! bin
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Figure 187: Bootstraps distribution in 4.0 < ¢? < 5.0 GeV?/¢* bin
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Figure 188: Bootstraps distribution in 5.0 < ¢? < 6.0 GeV?/¢* bin
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Figure 189: Bootstraps distribution in 6.0 < ¢? < 7.0 GeV?/¢* bin
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Figure 190: Bootstraps distribution in 7.0 < ¢? < 8.0 GeV?/¢* bin
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Figure 191: Bootstraps distribution in 11.0 < ¢? < 11.5 GeV?%/¢* bin
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Figure 192: Bootstraps distribution in 11.75 < ¢? < 12.5 GeV?%/¢* bin
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Figure 193: Bootstraps distribution in 15.0 < ¢? < 16.0 GeV%/¢* bin
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Figure 194: Bootstraps distribution in 16.0 < ¢? < 17.0 GeV%/¢* bin
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Figure 195: Bootstraps distribution in 17.0 < ¢? < 18.0 GeV?%/¢* bin
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Figure 196: Bootstraps distribution in 18.0 < ¢? < 19.0 GeV%/¢* bin
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Figure 197:

Bootstraps distribution in 1.1 < ¢* < 2.5 GeV?/¢* bin
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Figure 198: Bootstraps distribution in 2.5 < ¢? < 4.0 GeV?/¢* bin
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Figure 199: Bootstraps distribution in 4.0 < ¢? < 6.0 GeV?/¢* bin
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Figure 200: Bootstraps distribution in 6.0 < ¢? < 8.0 GeV?/¢* bin

Fl S3 sS4

hi hi
- Median 00000 - Medan 00000

- Medan 00000 70001— L
70001~ ; Soca (06151 E ! Seon 06991 F Sceww (02781
05485 E 05746 5000— 07417
oot | 6000 [ E soosiap M|
5000
4000 a000E
3000/~ r
£ 2000~
2000 F
1000}
| I | | | I | I | | C | I | I | L
05 055 3 065 0.7 E¥ 01 005 0 005 b "0a o8 03 02 02 0B
S5 Afb S6c_NC
- hi i i
£ “Wedan 00000 10000/~ “edan 00000 F —edan 00000
C | S conval 3642 L i S cenral 1532 1 Scenvar (02121
L l0.0701 04104 lo.1434
F oot | soosap Ly n soosap M|
8000 L
2000~
6000 E
4000
2000
Lot I | L | I Lovt | | | | | I | | 0 | | | | | |
05 045 0z 0% 03 0B Qo6 008 01 012 014 016 018 02 022 024 01 0 01 02 03 04 05
S6s_NC s7 s
F 5000~
£ 5000~ E
6000 E | [ |
5000 4000~ 4000~
4000 E L
3000~ 30001
30001 [ r
2000 20001
2000| L
1000 1000~
1000 C
1871 | | I I | | I I | | | C I | I I I | |
005 [ 015 0.2 025 02 015 01 00 0 005 o1 0% 02 01 01 005 0 0,05
S9 P1 P2
st N st
7000 “Weden 00000 n Eniries 1000000
E i e 104861 F 50001~ Mean 02598
6000 sonsrag ey (5740 1200 u [ g RMS 007434
50001 1000~ 40001~
4000 800~ 3000
3000 600 } E
[ 2000~
20001 400— C
1000 200} E
l | | | | I Bt | | | | |
El 08 06 04 02 0.2 01 o015 02 025 03 03 04
P3 P4 P5
st st
E Eniries 1000000 r F Entries 1000000
2500 Mean 01224 2500~ — Mean 07493
RMS 01536 [ L RMS 01503
i F F i
2000 2000~ 2000~
1500 1500 1500/
1000~ 1000~ 1000~
500, 500 500~
| | | | I I il I | | | | | I | | | | |
04 03 02 01 0 01 02 09 08 07 06 05 04 03 02 El 08 08 07 06 05 04
P6 P8
st st
2500 Entries 1000000 2500~ Entries 1000000
[ Mean 01043 [ Mean 02412
E RMS 01503 L RMS 01653
2000~
1500~
1000~
500~
i | I | I | | | | | | |
04 0z 01 0 01 0z 06 05 04 0z 01 0 01




1872

Figure 201: Bootstraps distribution in 11.0 < ¢? < 12.5 GeV?%/¢* bin
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Figure 202:
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Figure 203: Bootstraps distribution in 17.0 < ¢? < 19.0 GeV?%/¢* bin
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Figure 204: Bootstraps distribution in 0.1 < ¢* < 0.98 GeV?/¢* bin
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Figure 205: Bootstraps distribution in 1.1 < ¢? < 2.0 GeV?/¢* bin

A3 A4 AS
hi i hi
- Median 52000 2500~ ~Median 52000 E - Median 52000
= i Sconat 1387 = | Scowa  P2845 2500/ ] Scomar  P:1142
0115 E | 1628 L 0.149
Boorsvap LY/ n | Boosap MLy soosap LY
2000 L
r 2000
1500
1000
500—
| | | | | Lot | I I I I I Lo | | | | | I
03 027 0T 0 01 0 01 02 03 04 05 06 04 03 02 01 0 01 02
AATb A6s_NC
- hi hi i
= “vesan 52000 “vesan  [52000 “edan  [52000
3500 Sconal 016 Sco  [09273 E i Scomar [0-1431
£ 0.103 1904 3000~ 1196
Bootsrap L) Boosap Ly, Sootstap LY
3000
1876 2500
2000
1500
1000
500}
Eit | | | | | I | | | | I | | |
4 03 02 01 0 01 02 03 04 05 o1 0 01 02 03 04
A9
00 F
3000~
2000 2500
1500 2000
1500
1000
10001
500)
500)
n | | | | | | | Bl | | | | I I | | | | | | |

331



Figure 206: Bootstraps distribution in 2.0 < ¢? < 3.0 GeV?/¢* bin
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Figure 207: Bootstraps distribution in 3.0 < ¢? < 4.0 GeV?/¢* bin
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Figure 208: Bootstraps distribution

A3

A4

in 4.0 < ¢?

AS

< 5.0GeV?%c* bin

- Medan
S conval

Boatsrap LY/

00000
06413
08563

3000

2500

2000

1500

1000

500|

hi

- Median 00000
07733
1350

S contal

Booistap MLV

- Medan

S conval

Soosuap MLV

5000

4000

3000

2000

1000

- Wedan
S contal

Bootsrap LY/

1400

1200

1000

80

8

60

8

40

8

200|

~Median 00000
0571
2785

S contal

Booisiap MLY|

- Medan

Scenval

Soosuap MLV

00000
lo.0s84
lo.1058

015

I
01

3000

2500

2000

1500

1000

500|

334




1880

Figure 209: Bootstraps distribution in 5.0 < ¢? < 6.0 GeV?/¢* bin
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Figure 210: Bootstraps distribution in 6.0 < ¢? < 7.0 GeV?/¢* bin
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Figure 211: Bootstraps distribution in 7.0 < ¢? < 8.0 GeV?/¢* bin

A3 A4 AS
hi hi
“Megan  [B4000 3500 “Medan 84000 E “Medan  |84000
Seenval  P1737 f Scenval 06047 Scenval 08701
soosrap iy [22712 [ socsiap iy P020
3000

2500

2000

1500

1000}

500|

hi
“Medan 84000
1293
08457

“Megan 84000
1292
1837

“vesan  [B4000 2200
07712
06102 2000

1800

S contal S contal Scenval

Bootsrap LY/ Booisiap MLY| Soosuap MLV

1882 1600

1400
1200
1000
800|
600|
400|
200|

I
005 0 0.05 0.1 0.15 02 05 04 03 02 01 0 01 02

3500

3000

2500

2000

1500

1000}

500|

I
01 0 01 02 0.3 01 0 0.1 02 0.3 005 01 015 02 025 03 035 04

337



1883

Figure 212:

Bootstraps distribution in 11.0 < ¢? < 11.75 GeV?/¢* bin
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Figure 213: Bootstraps distribution in 11.75 < ¢? < 12 GeV?/¢* bin
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Figure 214:

Bootstraps distribution

in 15.0 < ¢ < 16.0 GeV?/c* bin
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Figure 215: Bootstraps distribution in 16.0 < ¢? < 17.0 GeV%/¢* bin
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Figure 217: Bootstraps distribution in 18.0 < ¢* < 19.0 GeV?/¢* bin
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Figure 218: Bootstraps distribution in 1.1 < ¢? < 2.5 GeV?/¢* bin
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Figure 219: Bootstraps distribution in 2.5 < ¢? < 4.0 GeV?/¢* bin
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Figure 220: Bootstraps distribution in 4.0 < ¢? < 6.0 GeV?/¢* bin
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Figure 221: Bootstraps distribution in 6.0 < ¢? < 8.0 GeV?/¢* bin
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Figure 222: Bootstraps distribution in 11.0 < ¢? < 12.5 GeV?%/¢* bin
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Figure 223: Bootstraps distribution in 15.0 < ¢? < 17 GeV?/¢* bin
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Figure 224: Bootstraps distribution in 17.0 < ¢? < 19 GeV?/¢* bin
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= M Correlation matrices for the moment analysis

187 The correlation matrixes, obtained by bootstrapping the moments are given in Tables

1898 through .

Table 128: Correlation matrix for 0.1 < ¢ < 0.98 bin for the S; observables.

Iy, S3 Sy S5 Ars Sy Sg Sy Ses Sée
1.0 0.02 —0.0 -0.05 0.23 0.02 -0.01 0.05 0.25 —-0.19
0.02 1.0 0.04 0.09 -0.01 0.01 -0.04 0.05 —-0.01 -—-0.03
—0.0 0.04 1.0 -0.24 -0.05 -0.07 0.06 0.03 —0.0 -—-0.15
—0.05 0.09 -0.24 1.0 0.12 —-0.0 -0.09 -0.02 0.11 0.02
0.23 —-0.01 —-0.05 0.12 1.0 0.09 —-0.07 —-0.04 0.96 —0.23
0.02 0.01 -0.07 —0.0 0.09 1.0 —0.09 0.1 0.07 0.04
—0.01 -0.04 0.06 -0.09 -—-0.07 -0.09 1.0 0.03 —-0.04 —-0.08
0.05 0.05 0.03 -0.02 —-0.04 0.1 0.03 1.0 -0.03 -0.04
0.25 —-0.01 —0.0 0.11 0.96 0.07 -=0.04 -0.03 1.0 -—-0.47
-0.19 -0.03 -0.15 0.02 -0.23 0.04 -0.08 —-0.04 -047 1.0

Table 129: Correlation matrix for 1.1 < ¢% < 2.0 bin for the S; observables.

Iy, Ss3 Sy Ss  App Sz Ss Sy Ses See
1.0 —-0.02 0.06 0.16 —-0.05 —-0.03 -0.04 0.09 0.1 —-0.05
—0.02 1.0 —-0.01 0.03 0.08 0.1 —-0.03 0.08 0.05 —0.02
0.06 —-0.01 1.0 —-0.0 -0.03 -0.13 —-0.0 -0.06 —0.02 0.14
0.16 0.03 —-0.0 1.0 -0.07 -0.05 -0.11 -0.06 0.01 -0.04
—0.05 0.08 —-0.03 -0.07 1.0 0.04 —-0.06 —-0.1 0.81 —0.0
—0.03 0.1 -0.13 —-0.05 0.04 1.0 —-0.05 0.01 -0.04 0.01
—0.04 —-0.03 -0.0 -0.11 -0.06 —-0.05 1.0 -0.01 -0.09 -0.07
0.09 0.08 —-0.06 —0.06 —0.1 0.01 -0.01 1.0 —-0.06 —0.02
0.1 0.05 —-0.02 0.01 0.81 —-0.04 -0.09 -0.06 1.0 -0.44
—0.05 —-0.02 0.14 -0.04 —0.0 0.01 -0.07 -0.02 -0.44 1.0
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Table 130: Correlation matrix for 2.0 < ¢ < 3.0 bin for the .S; observables.

Iy, S3 Sy Ss  Arp S7 Ss Sy Ses See
1.0 -0.12 -0.14 -0.04 0.11 -0.18 0.04 0.01 0.23 -0.19
—0.12 1.0 —-0.09 0.06 0.04 0.08 —-0.04 —-0.01 0.02 0.0
—-0.14 —-0.09 1.0 —-0.08 0.0 0.03 —=0.05 —-0.06 0.0 -0.01
—0.04 0.06 —0.08 1.0 —-0.1 —0.08 0.04 —0.08 0.05 —-0.24
0.11 0.04 0.0 —0.1 1.0 —-0.01 —0.1 0.04 0.83 0.14
—0.18 0.08 0.03 —-0.08 —0.01 1.0 —-0.12 0.01 -0.06 0.03
0.04 -0.04 -0.05 0.04 —-0.1 -0.12 1.0 -0.07 0.12 -0.39
0.01 -0.01 —-0.06 —-0.08 0.04 0.01 -0.07 1.0 0.03 0.01
0.23 0.02 0.0 0.05 0.83 —0.06 0.12 0.03 1.0 —-0.43
—0.19 0.0 —-0.01 -0.24 0.14 0.03 —-0.39 0.01 —-0.43 1.0

Table 131: Correlation matrix for 3.0 < ¢ < 4.0 bin for the \S; observables.

I, Ss3 Sy Ss  App Sz Ss Sy Ses See
1.0 0.1 -0.01 -0.03 0.01 0.01 -0.16 0.05 —0.28 0.45
0.1 1.0 -0.01 -0.04 0.03 —-0.08 —-0.04 -0.11 0.02 0.01
—0.01 -0.01 1.0 0.18 0.05 0.01 -0.05 —-0.02 0.1 —-0.08
—-0.03 —-0.04 0.18 1.0 0.0 -—-0.01 0.02 —-0.03 0.0 —0.0
0.01 0.03 0.05 0.0 1.0 0.04 -0.03 —-0.01 0.76 0.15
0.01 —-0.08 0.01 -0.01 0.04 1.0 0.18 —0.08 0.12 —-0.12
—0.16 —-0.04 —-0.05 0.02 —-0.03 0.18 1.0 —-0.03 0.04 —-0.11
0.05 -0.11 -0.02 -0.03 -0.01 —-0.08 -—-0.03 1.0 —-0.03 0.03
—0.28 0.02 0.1 0.0 0.76 0.12 0.04 -0.03 1.0 —-0.53
0.45 0.01 —-0.08 —0.0 0.15 -0.12 -0.11 0.03 —-0.53 1.0

Table 132: Correlation matrix for 4.0 < ¢ < 5.0 bin for the S; observables.

Iy, S3 Sy S5  Arp Sy Ss Sy Ses See
1.0 —-0.01 0.03 -0.12 -0.02 -0.07 0.04 0.1 -0.14 0.19
—0.01 1.0 —-0.1 -0.11 0.03 0.08 —-0.12 0.07 0.02 0.01
0.03 —-0.1 1.0 0.15 -0.03 -0.07 0.21 0.04 0.07 -0.15
-0.12 -0.11 0.15 1.0 —-0.03 0.1 —-0.02 -0.09 -0.03 0.0
—0.02 0.03 —-0.03 —-0.03 1.0 0.11 -0.15 0.0 0.77 0.16
—0.07 0.08 —0.07 0.1 0.11 1.0 0.07 -=0.07 —-0.02 0.18
0.04 -0.12 0.21 -0.02 —-0.15 0.07 1.0 0.0 —-0.03 -—-0.15
0.1 0.07 0.04 -0.09 0.0 -0.07 0.0 1.0 0.03 —-0.05
—0.14 0.02 0.07 —-0.03 0.77 -=0.02 -0.03 0.03 1.0 —-0.5
0.19 0.01 -0.15 0.0 0.16 0.18 —-0.15 —-0.05 —0.5 1.0
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Table 133: Correlation matrix for 5.0 < ¢ < 6.0 bin for the .S; observables.

Iy, S3 Sy Ss  Arp S7 Ss Sy Ses See
1.0 -0.03 -0.06 -0.04 -0.01 -0.03 -0.09 -0.02 -0.28 0.35
—0.03 1.0 -0.01 -0.06 -—-0.11 —-0.05 0.02 0.11  —0.08 0.02
—0.06 —0.01 1.0 0.1 -0.03 0.08 0.02 0.01 0.02 —-0.05
—0.04 —-0.06 0.1 1.0 —-0.08 —0.03 0.06 0.07 —-0.02 —-0.05
—-0.01 -0.11 -0.03 -0.08 1.0 0.01 0.0 —0.0 0.69 0.14
—0.03 —-0.05 0.08 —-0.03 0.01 1.0 0.07 -0.09 0.07 —-0.08
—0.09 0.02 0.02 0.06 0.0 0.07 1.0 -0.13 0.03 —-0.04
—0.02 0.11 0.01 0.07 -0.0 -0.09 -0.13 1.0 —-0.02 0.02
—0.28 —0.08 0.02 —-0.02 0.69 0.07 0.03 —0.02 1.0 —0.6
0.35 0.02 —-0.05 -—-0.05 0.14 —-0.08 —-0.04 0.02 —0.6 1.0

Table 134: Correlation matrix for 6.0 < ¢> < 7.0 bin for the .S; observables.

I, Ss3 Sy Ss  Arp Sz Ss Sy Ses See
1.0 —-0.0 -0.24 -0.14 -0.04 0.08 0.07 -=0.03 —-0.27 0.38
—0.0 1.0 -0.09 -0.17 —-0.08 0.02 -0.04 -0.02 -0.09 0.02
—-0.24 —-0.09 1.0 0.13 -0.12 —-0.03 -0.01 -—-0.04 0.07 —0.28
-0.14 -0.17 0.13 1.0 -0.07 -0.01 -0.01 -0.04 0.09 -0.24
—-0.04 -0.08 -0.12 -0.07 1.0 0.02 —-0.01 -—-0.05 0.78 0.08
0.08 0.02 -0.03 -0.01 0.02 1.0 0.21 -0.11 -0.03 0.09
0.07 -0.04 -0.01 -0.01 -0.01 0.21 1.0 —-0.06 —0.02 0.03
—-0.03 -0.02 -0.04 -0.04 -0.05 -0.11 -0.06 1.0 -0.04 -0.01
—0.27 —-0.09 0.07 0.09 0.78 —-0.03 —-0.02 -0.04 1.0 —-0.55
0.38 0.02 —-0.28 —0.24 0.08 0.09 0.03 —-0.01 —-0.55 1.0

Table 135: Correlation matrix for 7.0 < ¢* < 8.0 bin for the S; observables.

Iy, S3 Sy S5  Arp Sy Ss Sy Ses See
1.0 0.0 -0.13 -0.22 -0.08 -0.07 -0.01 0.09 —-0.25 0.21
0.07 1.0 -0.12 -0.15 0.07 0.05 0.02 -0.01 0.03 0.03
-0.13 —-0.12 1.0 0.15 -0.09 -0.05 0.06 —-0.0 0.09 —-0.25
—-0.22 -0.15 0.15 1.0 -0.15 0.13 0.0 0.03 0.02 —-0.18
—0.08 0.07 -0.09 -0.15 1.0 —-0.02 -0.16 0.04 0.82 0.07
—0.07 0.05 —-0.05 0.13 —-0.02 1.0 0.07 -=0.11 —-0.02 0.0
—0.01 0.02 0.06 0.0 -0.16 0.07 1.0 -0.07 -0.11 -0.03
0.09 -0.01 —0.0 0.03 0.04 -0.11 -0.07 1.0 0.06 —-0.04
—0.25 0.03 0.09 0.02 0.82 -0.02 -0.11 0.06 1.0 —-0.46
0.21 0.03 —-0.25 —-0.18 0.07 0.0 —-0.03 -0.04 —-0.46 1.0
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Table 136: Correlation matrix for 11.00 < ¢*> < 11.75 bin for the S; observables.

Iy, S3 Sy Ss  Arp S7 Ss Sy Ses See
1.0 0.15 0.16 0.03 -0.34 -0.05 -0.12 -0.01 -0.52 0.33
0.15 1.0 —-0.06 -0.21 —0.06 0.04 —-0.0 -0.02 -0.04 0.02
0.16 —0.06 1.0 0.19 -0.19 -0.11 -0.15 -0.04 -0.09 -—-0.04
0.03 —-0.21 0.19 1.0 -0.11 -0.13 —-0.1 —-0.09 —-0.09 0.08
—-0.34 -0.06 -0.19 -0.11 1.0 0.03 —=0.03 —-0.04 0.78 0.01
—0.05 0.04 -0.11 -0.13 0.03 1.0 0.24 -0.03 0.09 —-0.1
—0.12 —-0.0 —-0.15 —-0.1 —-0.03 0.24 1.0 —-0.1 0.11 —-0.22
-0.01 -0.02 -0.04 -0.09 -0.04 -0.03 —-0.1 1.0 -0.01 -0.02
—0.52 —-0.04 —-0.09 -0.09 0.78 0.09 0.11 -0.01 1.0 —-0.55
0.33 0.02 —-0.04 0.08 0.01 —-0.1 -0.22 —-0.02 -0.55 1.0

Table 137: Correlation matrix for 11.75 < ¢* < 12.50 bin for the S; observables.

I, Ss3 Sy Ss  App Sz Ss Sy Ses See
1.0 0.04 -0.05 -0.01 -0.17 -—-0.08 0.05 —-0.0 -0.33 0.15
0.04 1.0 -0.13 -0.14 0.0 0.02 —0.0 0.05 0.03 0.01
—0.05 -0.13 1.0 0.16 —0.22 0.1 0.18 —-0.02 0.0 -0.16
-0.01 -0.14 0.16 1.0 -0.17 0.16 0.08 —-0.1 0.02 -0.11
—-0.17 0.0 -0.22 -0.17 1.0 —-0.08 -—-0.12 0.07 0.62 0.07
—0.08 0.02 0.1 0.16 —0.08 1.0 0.16 -0.16 —0.01 0.01
0.05 —0.0 0.18 0.08 —-0.12 0.16 1.0 —-0.08 —-0.07 —-0.03
—0.0 0.05 —-0.02 —0.1 0.07 -=0.16 —0.08 1.0 0.02 0.0
—-0.33 0.03 0.0 0.02 0.62 -0.01 -0.07 0.02 1.0 —-0.69
0.15 0.01 -0.16 -0.11 0.07 0.01 -0.03 0.0 —-0.69 1.0

Table 138: Correlation matrix for 15.0 < ¢ < 16.0 bin for the S; observables.

Iy, S3 Sy S5  Ars Sy Ss Sy Ses See
1.0 0.05 —-0.01 -0.09 -0.34 0.01 0.03 -0.01 -0.27 -0.06
0.05 1.0 -0.15 -0.29 0.06 —0.03 0.02 —-0.09 0.05 0.03
—-0.01 -0.15 1.0 0.33 —-0.06 -0.02 -0.17 -0.01 0.09 -0.23
—0.09 -0.29 0.33 1.0 -0.1 -0.13 -0.02 -0.05 0.04 -0.16
—0.34 0.06 —0.06 —0.1 1.0 —-0.01 -0.03 —-0.04 0.82 0.04
0.01 -0.03 -0.02 -0.13 -0.01 1.0 0.12 —-0.1 -0.01 0.01
0.03 0.02 -0.17 -0.02 -0.03 0.12 1.0 -0.12 -0.03 0.01
-0.01 -0.09 -0.01 -0.05 -0.04 —-0.1 -0.12 1.0 —-0.02 0.0
—0.27 0.05 0.09 0.04 0.82 —-0.01 -0.03 -0.02 1.0 —-0.46
—0.06 0.03 —-0.23 -0.16 0.04 0.01 0.01 0.0 —-0.46 1.0
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Table 139: Correlation matrix for 16.0 < ¢ < 17.0 bin for the S; observables.

I, S3 Sy Ss  Arp S Sy So Ses See
1.0 0.16 —0.02 0.01 -0.33 0.16 0.03 -0.01 -0.31 0.03
0.16 1.0 -0.12 -0.13 0.04 0.05 -0.01 -0.03 0.1 -0.01
—0.02 -0.12 1.0 0.21 —0.2 0.08 —0.02 0.06 —-0.07 -0.16
0.01 -0.13 0.21 1.0 -0.14 0.02 0.07 0.2 —-0.02 -0.14
—0.33 0.04 —-0.2 -0.14 1.0 —-0.05 0.01 -0.02 0.86 0.01
0.16 0.05 0.08 0.02 —-0.05 1.0 0.15 -0.13 -0.07 0.05
0.03 —-0.01 —-0.02 0.07 0.01 0.15 1.0 —-0.08 —-0.04 0.11
—0.01 —-0.03 0.06 0.2 -0.02 -0.13 -—-0.08 1.0 —-0.03 0.03
—0.31 0.1 -0.07 -0.02 0.86 —0.07 —-0.04 —-0.03 1.0 —-0.41
0.03 -0.01 -0.16 —-0.14 0.01 0.05 0.11 0.03 —-0.41 1.0
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Table 140: Correlation matrix for 17.0 < ¢* < 18.0 bin for the S; observables.

Iy, S3 Sy Ss  Arp S7 Ss Sy Ses See
1.0 0.06 —0.08 0.05 -0.21 —-0.05 0.06 0.0 -0.0v -0.27
0.06 1.0 -0.12 -0.19 0.03 0.09 0.01 —-0.08 0.03 —-0.01
—0.08 —-0.12 1.0 0.14 -0.07 0.05 -0.12 0.0 —-0.05 -—-0.01
0.05 —-0.19 0.14 1.0 -0.06 —-0.17 0.07 0.06 0.05 —-0.18
—0.21 0.03 —-0.07 -—-0.06 1.0 0.01 0.03 0.03 0.88 0.03
—0.05 0.09 0.05 -0.17 0.01 1.0 0.11 —-0.2 —-0.01 0.05
0.06 0.01 -0.12 0.07 0.03 0.11 1.0 —-0.05 0.09 -0.11
0.0 -0.08 0.0 0.06 0.03 —-0.2 —-0.05 1.0 0.03 0.0
—0.07 0.03 —0.05 0.05 0.88 —0.01 0.09 0.03 1.0 —-0.42
—-0.27 -0.01 -0.01 -0.18 0.03 0.05 -0.11 0.0 —-0.42 1.0

Table 141: Correlation matrix for 18.0 < ¢* < 19. bin for the S; observables.

I, Ss3 Sy Ss  App Sz Ss Sy Ses See
1.0 0.2 -0.21 -0.16 -0.21 0.01 0.1 0.02 —-0.31 0.29
0.2 1.0 -0.18 -0.21 —-0.03 —0.0 0.05 -=0.02 —-0.04 0.07
—0.21 -0.18 1.0 0.36 —0.18 0.03 0.0 —0.0 0.03 —-0.16
—-0.16 —-0.21 0.36 1.0 -0.24 -0.01 -0.03 0.02 0.04 —-0.25
-0.21 -0.03 —-0.18 -0.24 1.0 —-0.04 0.02 0.05 0.85 —0.03
0.01 —0.0 0.03 —-0.01 —-0.04 1.0 0.19 -0.17 -0.06 0.09
0.1 0.05 0.0 —-0.03 0.02 0.19 1.0 —-0.01 -0.03 0.06
0.02 —-0.02 —0.0 0.02 0.05 —-0.17 —-0.01 1.0 0.02 —0.0
—-0.31 —-0.04 0.03 0.04 0.85 —0.06 —0.03 0.02 1.0 —-0.42
0.29 0.07 -0.16 —-0.25 —-0.03 0.09 0.06 —-0.0 -—-0.42 1.0

Table 142: Correlation matrix for 1.10 < ¢ < 2.5 bin for the S; observables.

Iy, S3 Sy S5  Arp S Sg Sy Ses See
1.0 —-0.05 —-0.02 0.1 0.02 -0.13 -0.03 0.11 0.18 —-0.14
—0.05 1.0 —-0.04 0.08 0.08 0.11 -0.01 0.01 0.04 —-0.01
—-0.02 —-0.04 1.0 0.02 0.01 -0.08 —-0.0 —-0.1 —-0.01 0.09
0.1 0.08 0.02 1.0 -0.07 -0.04 -0.05 -0.09 0.04 -0.13
0.02 0.08 0.01 -0.07 1.0 0.01 —0.1 —0.05 0.82 0.05
—0.13 0.11 —-0.08 —-0.04 0.01 1.0 -0.03 -0.02 —-0.07 —0.0
—0.03 -0.01 —0.0 —-0.05 —-0.1 -0.03 1.0 —-0.02 0.01 -0.31
0.11 0.01 -0.1 -0.09 -0.05 -0.02 -—-0.02 1.0 -0.02 -0.01
0.18 0.04 -0.01 0.04 0.82 —-0.07 0.01 -0.02 1.0 —-0.45
—0.14 -0.01 0.09 -0.13 0.05 -0.0 -0.31 -0.01 -0.45 1.0
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Table 143: Correlation matrix for 2.5 < ¢ < 4.0 bin for the .S; observables.

Iy, S3 Sy Ss  Arp S7 Ss Sy Ses See
1.0 —-0.0 -0.04 -0.04 0.06 -0.04 -0.11 -0.01 -0.13 0.32
—0.0 1.0 —-0.04 —-0.03 0.02 -0.06 —-0.07 -0.04 0.02 —0.0
—0.04 —-0.04 1.0 0.06 0.04 0.03 —0.06 —-0.0 0.06 —0.05
—0.04 —-0.03 0.06 1.0 —-0.04 —-0.05 0.03 —0.03 0.0 —-0.06
0.06 0.02 0.04 —-0.04 1.0 0.02 —-0.03 0.01 0.79 0.16
—-0.04 —-0.06 0.03 —-0.05 0.02 1.0 0.04 0.0 0.07 —-0.08
-0.11 -0.07 -0.06 0.03 —-0.03 0.04 1.0 —-0.05 0.07 -0.15
—0.01 —-0.04 —-0.0 -0.03 0.01 0.0 —-0.05 1.0 -0.01 0.03
—0.13 0.02 0.06 0.0 0.79 0.07 0.07 -0.01 1.0 —-0.48
0.32 —0.0 -0.05 -—0.06 0.16 —-0.08 —-0.15 0.03 —0.48 1.0

Table 144: Correlation matrix for 4.0 < ¢ < 6.0 bin for the .S; observables.

Iy, Ss3 Sy Ss  App Sy Ss Sy Ses See
1.0 0.02 -0.01 -0.11 —-0.0 -0.07 -0.01 0.06 —0.21 0.28
0.02 1.0 —-0.08 —-0.1 -0.03 0.0 —-0.04 0.08 —-0.04 0.02
—0.01 —-0.08 1.0 0.13 —-0.03 —0.0 0.12 0.02 0.04 —0.1
—0.11 —-0.1 0.13 1.0 —-0.06 0.06 0.0 —-0.02 -0.02 -0.03
—-0.0 -0.03 -0.03 -0.06 1.0 0.06 —0.06 0.0 0.73 0.15
—0.07 0.0 —-0.0 0.06 0.06 1.0 0.05 -0.09 0.03 0.04
—0.01 —-0.04 0.12 0.0 —-0.06 0.05 1.0 —0.06 0.0 —-0.08
0.06 0.08 0.02 —-0.02 0.0 -0.09 -0.06 1.0 0.0 —0.0
—-0.21 —-0.04 0.04 -0.02 0.73 0.03 0.0 0.0 1.0 —0.56
0.28 0.02 —-0.1 —-0.03 0.15 0.04 —-0.08 —0.0 —-0.56 1.0

Table 145: Correlation matrix for 6.0 < ¢ < 8.0 bin for the S; observables.

Iy, S3 Sy S5  Arp Sy Ss Sy Ses See
1.0 0.03 -0.16 -0.16 —-0.11 0.0 0.04 0.04 —0.29 0.31
0.03 1.0 -0.11 -0.15 0.01 0.04 0.01 -0.02 -0.01 0.02
-0.16 —-0.11 1.0 0.15 —-0.08 —-0.04 0.02 -0.02 0.09 -0.27
—-0.16 —-0.15 0.15 1.0 —-0.08 0.07 —=0.03 —-0.0 0.06 —-0.21
—0.11 0.01 —-0.08 —0.08 1.0 —-0.01 —-0.08 0.01 0.81 0.06
0.0 0.04 —-0.04 0.07 -0.01 1.0 0.15 -0.12 —-0.03 0.04
0.04 0.01 0.02 —-0.03 —0.08 0.15 1.0 -0.07 -0.07 0.01
0.04 -0.02 -0.02 —-0.0 0.01 -0.12 -0.07 1.0 0.03 —-0.02
—-0.29 -0.01 0.09 0.06 0.81 -0.03 -0.07 0.03 1.0 —-0.52
0.31 0.02 -0.27 -0.21 0.06 0.04 0.01 -0.02 —-0.52 1.0
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Table 146: Correlation matrix for 11.0 < ¢* < 12.5 bin for the S; observables.

F, S3 Sy Ss  Ars S7 Ss Sg Ses Seec
1.0 0.1 0.03 0.01 -0.25 —-0.05 -—-0.03 —-0.0 -0.42 0.22
0.1 1.0 -0.1 -=0.17 —-0.03 0.02 —0.0 0.02 —0.0 0.01
0.03 —0.1 1.0 0.17 —0.2 0.0 0.01 -0.03 -0.03 -0.11
0.01 —-0.17 0.17 1.0 -0.14 0.02 —-0.01 —-0.1 —-0.02 —-0.03
—-0.25 —-0.03 —-0.2 —-0.14 1.0 -0.03 —-0.07 0.01 0.69 0.04
—0.05 0.02 0.0 0.02 —-0.03 1.0 0.21 —-0.09 0.04 —-0.04
—0.03 —0.0 0.01 -0.01 -0.07 0.21 1.0 —-0.09 0.01 —-0.11
—-0.0 0.02 —-0.03 —0.1 0.01 —-0.09 —-0.09 1.0 0.0 —-0.0
—0.42 —-0.0 —-0.03 —-0.02 0.69 0.04 0.01 0.0 1.0 -0.63
0.22 0.01 -0.11 -0.03 0.04 —-0.04 -—-0.11 —-0.0 —-0.63 1.0
Table 147: Correlation matrix for 15.0 < ¢* < 17.0 bin for the S; observables.

Py, S3 Sy S5 Ars S7 S Sg Sés Séc
1.0 0.11 -0.01 -0.05 —-0.33 0.08 0.03 —-0.02 -0.28 —-0.03
0.11 1.0 -0.14 -0.21 0.06 0.0 0.0 —-0.06 0.07 0.01
—-0.01 -0.14 1.0 0.26 —0.13 0.04 —-0.09 0.03 0.01 -0.19
—-0.05 —-0.21 0.26 1.0 —-0.11 —-0.05 0.02 0.07 0.01 -0.15
—0.33 0.06 —-0.13 —-0.11 1.0 —-0.03 -0.01 —-0.03 0.85 0.03
0.08 0.0 0.04 —-0.05 —-0.03 1.0 0.14 -0.11 —-0.05 0.03
0.03 0.0 —-0.09 0.02 —-0.01 0.14 1.0 —-0.1 —-0.03 0.05
—-0.02 —-0.06 0.03 0.07 —-0.03 —-0.11 —0.1 1.0 —-0.02 0.02
—0.28 0.07 0.01 0.01 0.85 —-0.05 —-0.03 -0.02 1.0 -043
—0.03 0.01 -0.19 -0.15 0.03 0.03 0.05 0.02 —-0.43 1.0

Table 148: Correlation matrix for 17.0 < ¢ < 19.0 bin for the S; observables.

Iy, S3 Sy S5  Ars Sy Ss Sy Ses See
1.0 0.12 -0.14 -0.04 -0.21 —-0.02 0.07 0.01 -0.18 —-0.04
0.12 1.0 -0.15 -0.19 0.0 0.05 0.03 —0.06 0.0 0.02
-0.14 -0.15 1.0 0.23 —-0.1 0.03 —0.05 0.01 0.01 -0.11
—-0.04 -0.19 0.23 1.0 -0.14 —-0.1 0.03 0.05 0.06 —0.22
—0.21 0.0 —-0.1 -0.14 1.0 —-0.02 0.01 0.03 0.86 0.01
—0.02 0.05 0.03 —-0.1 -0.02 1.0 0.14 -0.19 -0.03 0.07
0.07 0.03 —-0.05 0.03 0.01 0.14 1.0 —-0.04 0.03 —-0.04
0.01 —-0.06 0.01 0.05 0.03 -0.19 -0.04 1.0 0.02 0.0
—0.18 0.0 0.01 0.06 0.86 —0.03 0.03 0.02 1.0 —-0.42
—0.04 0.02 -0.11 -0.22 0.01 0.07 —-0.04 0.0 —-0.42 1.0

358



Table 149: Correlation matrix for 15.0 < ¢* < 19.0 bin for the S; observables.

I, S3 Sy Ss  App Sy Ss Sy Ses See
1.0 0.11 -0.07 —-0.04 —-0.28 0.04 0.04 -0.01 -0.23 -0.04
0.11 1.0 -0.15 -0.21 0.04 0.02 0.01 —-0.06 0.04 0.01
—-0.07 -0.15 1.0 0.24 -0.11 0.04 -0.07 0.02 0.0 -0.16
—-0.04 -0.21 0.24 1.0 —-0.11 -—-0.08 0.03 0.07 0.03 -0.19
—0.28 0.04 -0.11 -0.11 1.0 —-0.02 0.0 —-0.0 0.86 0.02
0.04 0.02 0.04 —-0.08 —-0.02 1.0 0.14 -0.15 —-0.04 0.05
0.04 0.01 -0.07 0.03 0.0 0.14 1.0 —-0.07 —0.0 0.01
—0.01 -0.06 0.02 0.07 -0.0 -0.15 -0.07 1.0 0.0 0.01
—0.23 0.04 0.0 0.03 0.86 —0.04 —0.0 0.0 1.0 -0.43
—0.04 0.01 -0.16 -0.19 0.02 0.05 0.01 0.01 -0.43 1.0

Table 150: Correlation matrix for 0.1 < ¢* < 0.98 bin for the A; observables.

As Ay As  A(Aws) Aq Ag Ag Ags Age

1.0 0.04 0.09 —0.02 0.01 —0.04 0.06 —-0.0 -0.04
0.04 1.0 -0.24 -0.07 —-0.08 0.07 0.02 -0.02 -0.17
0.09 -0.24 1.0 0.07 0.0 -0.0v -0.01 0.06 0.02

-0.02 -0.07 0.07 1.0 0.08 —0.11 0.0 0.96 —0.16
0.01 —-0.08 0.0 0.08 1.0 -0.09 0.12 0.05 0.08
—0.04 0.07  —0.07 —-0.11  —-0.09 1.0 0.01 -0.09 -—0.07
0.05 0.02 -0.01 0.0 0.12 0.01 1.0 —-0.0 -0.02
-0.0 -0.02 0.06 0.96 0.06 -0.09 -0.0 1.0 -041
-0.04 -0.17 0.02 —0.16 0.08 —-0.07 -0.02 —-0.41 1.0

Table 151: Correlation matrix for 1.1 < ¢* < 2.0 bin for the A; observables.

As Ay As  A(App) Ay Ag Ag Ags Ase

1.0 -0.01 0.04 0.06 0.12  —0.05 0.08 0.07  -0.0
—0.01 1.0 —-0.06 0.04 —0.16 0.04 —-0.1 —-0.04 0.12
0.04 —0.06 1.0 —0.05 0.01 -0.11 -0.07 -0.02 —-0.03
0.06 0.04 —0.05 1.0 -0.06 -0.07 -0.09 0.89 —0.04
0.12 -0.16 0.01 —0.06 1.0 -0.12 01 0.0 0.0
—0.05 0.04 -0.11 -0.07 —-0.12 1.0 -0.04 -0.05 —-0.08
0.08 —-0.1 —-0.07 —0.09 0.1 —0.04 1.0 -0.04 -0.02
0.07 -0.04 —0.02 0.89 —-0.0 -0.05 -—-0.04 1.0 —-0.43
-0.0 0.12  —0.03 —0.04 0.0 -0.08 -—0.02 -0.43 1.0
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Table 152: Correlation matrix for 2.0 < ¢* < 3.0 bin for the A, observables.

A3 Ay As  A(Ars) Az As Ag Ags Ase

1.0 —-0.1 0.06 0.03 0.07 -0.04 —0.02 0.02 0.01
-0.1 1.0 -0.07 0.07 0.06 —0.06 —0.05 0.06 —0.01
0.06 —0.07 1.0 -0.1 -0.07 0.04 -0.07 0.03 -0.23
0.03 0.07 -0.1 1.0 -0.03 -0.11 0.04 0.84 0.14
0.07 0.06 —0.07 —0.03 1.0 -0.15 0.02 —0.05 0.06

—-0.04 —-0.06 0.04 —-0.11 -0.15 1.0 -0.07 0.12  —-0.39
-0.02 —-0.06 —0.07 0.04 0.02 -0.07 1.0 0.02 0.02
0.02 0.06 0.03 0.84 —0.05 0.12 0.02 1.0 -0.41
0.01 -0.01 -0.23 0.14 0.06 —0.39 0.02 -0.41 1.0

Table 153: Correlation matrix for 3.0 < ¢* < 4.0 bin for the A; observables.

As Ay As  A(Ars) Aq Ag Ag Ags Age

1.0 0.0 —0.04 0.03 -0.12 -0.05 —0.06 0.02 -0.01
0.0 1.0 0.18 0.06 0.01 -0.05 -0.01 0.1 —0.07
—0.04 0.18 1.0 0.01 -0.01 0.01 -0.01 0.02 -0.02
0.03 0.06 0.01 1.0 0.03 —0.05 -0.0 0.72 0.21
—0.12 0.01 -0.01 0.03 1.0 0.18 —0.05 0.11 —0.1
—-0.05 —0.05 0.01 —0.05 0.18 1.0 -0.03 0.04 -0.11
-0.06 —-0.01 —-0.01 -0.0 —-0.06 -0.03 1.0 -0.03 0.03
0.02 0.1 0.02 0.72 0.11 0.04 -0.03 1.0 —-0.52
-0.01 -0.07 -0.02 0.21 -0.1 -0.11 0.03 —0.52 1.0

Table 154: Correlation matrix for 4.0 < ¢* < 5.0 bin for the A; observables.

As Ay As  A(Ars) Aq Ag Ag Ags Age

1.0 -0.12 -0.11 0.02 0.06 —0.12 0.06 0.01 0.01
—0.12 1.0 0.17 —-0.03 —0.06 0.19 0.03 0.08 —-0.17
—0.11 0.17 1.0 —0.04 0.14 -0.06 -0.09 -0.01 -0.04

0.02 -0.03 —-0.04 1.0 0.1 -014 -0.0 0.77 0.17
0.06 —0.06 0.14 0.1 1.0 0.04 -0.08 -0.01 0.14
—-0.12 0.19 —0.06 —0.14 0.04 1.0 0.02 -0.04 -0.13
0.06 0.03 —0.09 -0.0 —-0.08 0.02 1.0 0.01 -0.02
0.01 0.08 -0.01 0.77 —0.01 -0.04 0.01 1.0 -0.5
0.01 -0.17 —-0.04 0.17 0.14 -0.13 -0.02 —-0.5 1.0
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Table 155: Correlation matrix for 5.0 < ¢ < 6.0 bin for the A; observables.

As Ay As  A(Ars) Aq Ag Ag Ags Age

1.0 -0.03 -0.07 —-0.09 —-0.04 0.03 0.11 —-0.09 0.04
—0.03 1.0 0.1 —0.03 0.08 0.07 0.03 0.02 -0.03
-0.07 0.1 1.0 -0.08 —0.04 0.07 0.07 -0.01 -0.06
-0.09 -0.03 -0.08 1.0 0.01 -0.01 -0.01 0.69 0.14
—0.04 0.08 —0.04 0.01 1.0 0.07  —0.09 0.07 —0.08

0.03 0.07 0.07 —0.01 0.07 1.0 -0.12 0.03 —0.03
0.11 0.03 0.07 -0.01 -0.09 -0.12 1.0 —-0.02 0.02
-0.09 0.02 -0.01 0.69 0.07 0.03 —0.02 1.0 —-0.6
0.04 -0.03 -—0.06 0.14 -0.08 -0.03 0.02 —-0.6 1.0

Table 156: Correlation matrix for 6.0 < ¢ < 7.0 bin for the A; observables.

As Ay As  A(Ars) Aq Ag Ag Ags Age

1.0 -0.08 -0.15 —0.09 0.02 -0.05 -0.02 —-0.09 0.01
—0.08 1.0 0.21 -0.15 -0.03 —-0.04 -0.04 01 -0.34
-0.15 0.21 1.0 -0.1 -0.02 -0.03 -0.05 0.11 -0.31
-0.09 -0.15 -0.1 1.0 0.03 0.0 -0.05 0.76 0.12

0.02 -0.03 —-0.02 0.03 1.0 022 -0.11 -0.04 0.09
—-0.05 —-0.04 —-0.03 0.0 0.22 1.0 -0.05 -0.03 0.05
-0.02 -0.04 -0.05 -0.05 -0.11 -0.05 1.0 -0.04 —-0.0
-0.09 0.1 0.11 0.76 —0.04 -0.03 —0.04 1.0 —0.55

0.01 -0.34 -0.31 0.12 0.09 0.06 —-0.0 -0.55 1.0

Table 157: Correlation matrix for 7.0 < ¢* < 8.0 bin for the A; observables.

As Ay As  A(Ars) Aq Ag Ag Ags Age

1.0 -0.07 -0.11 0.04 0.06 0.04 -0.01 0.02 0.02
—0.07 1.0 0.18 -0.07 —0.02 0.05 0.01 0.08 —0.28
—0.11 0.18 1.0 —0.11 0.14 —-0.02 0.02 0.02 -0.22

0.04 -0.07 -0.11 1.0 -0.03 -0.14 0.07 0.84 0.1
0.06 —0.02 0.14 —0.03 1.0 0.07 -0.11 -0.02 —-0.01
0.04 0.06 —0.02 —0.14 0.07 1.0 -0.08 —-0.1 -0.03
—0.01 0.01 0.02 0.07 -0.11 -0.08 1.0 0.07 —-0.03
0.02 0.08 0.02 0.84 -0.02 0.1 0.07 1.0 —-0.45
0.02 -0.28 —0.22 0.1 -0.01 -0.03 -0.03 -045 1.0
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Table 158: Correlation matrix for 11.00 < ¢* < 11.75 bin for the A; observables.

As Ay As  A(App) Az Ag Ag Ags Asgec
1.0 —0.08 —-0.2 —-0.1 0.06 0.03 —-0.02 —-0.09 —0.0
—0.08 1.0 0.16 —0.14 -0.1 -0.15 -0.04 -0.08 -0.07
—0.2 0.16 1.0 —-0.09 -0.11 —-0.09 -0.1 -0.11 0.05
-0.1 -0.14 —-0.09 1.0 -0.02 -0.07 -—-0.05 0.83 0.09
0.06 —-0.1 -—-0.11 —0.02 1.0 0.25 —0.02 0.05 —-0.12
0.03 -0.15 —-0.09 —-0.07 0.25 1.0 —-0.09 0.07 -0.23
—0.02 —-0.04 —-0.1 —-0.05 -—-0.02 —-0.09 1.0 -0.03 -0.04
—0.09 —-0.08 —-0.11 0.83 0.05 0.07 —-0.03 1.0 —-0.48
—0.0 -0.07 0.05 0.09 —-0.12 -0.23 —-0.04 -—-0.48 1.0

Table 159: Correlation matrix for 11.75 < ¢? < 12.50 bin for the A; observables.

Az Ay As  A(Arp) A7 Ag Ag Ags Age
1.0 -0.12 -0.16 0.01 0.01 0.03 0.06 0.0 0.0
—0.12 1.0 0.17 —0.21 0.08 0.15 —-0.05 -0.01 -0.21
—0.16 0.17 1.0 —0.17 0.14 0.12 -0.09 -0.02 -0.13
0.01 -0.21 -0.17 1.0 -0.07 -0.17 0.05 0.66 0.1
0.01 0.08 0.14 —0.07 1.0 0.19 -0.15 —-0.05 —0.0
0.03 0.15 0.12 —0.17 0.19 1.0 -0.08 —-0.09 -0.04
0.06 -0.05 -—-0.09 0.05 —-0.15 —-0.08 1.0 0.02 0.02
0.0 —-0.01 -0.02 0.66 —0.05 —0.09 0.02 1.0 -0.67
0.0 -0.21 -0.13 0.1 —-0.0 -0.04 0.02 -0.67 1.0

Table 160: Correlation matrix for 15.0 < ¢? < 16.0 bin for the A; observables.

As Ay As  A(Ars) Aq Ag Ag Ags Age
1.0 -0.14 -0.26 0.05 —-0.02 0.02 —-0.1 0.02 0.04
—0.14 1.0 0.36 -0.12 -0.02 -0.17 0.0 —-0.01 -0.19
—0.26 0.36 1.0 -0.16 -0.12 -0.02 -0.04 —-0.08 —-0.12
0.05 -0.12 -0.16 1.0 -0.02 -0.03 -—-0.05 0.88 0.01
—0.02 -0.02 -—-0.12 —0.02 1.0 0.13 —-0.09 -—-0.03 0.02
0.02 -0.17 -0.02 —0.03 0.13 1.0 -0.12 -0.03 0.01
—-0.1 0.0 -0.04 —-0.05 -0.09 -0.12 1.0 —-0.04 0.0
0.02 -0.01 —-0.08 0.88 —0.03 —-0.03 —-0.04 1.0 —-0.47
0.04 -0.19 -0.12 0.01 0.02 0.01 0.0 —-047 1.0
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Table 161: Correlation matrix for 16.0 < ¢ < 17.0 bin for the A; observables.

As Ay As  A(Ars) Aq Ag Ag Ags Age

1.0 —-0.08 —0.09 -0.0 0.01 -0.03 -0.04 -0.01 0.01
—0.08 1.0 0.21 —0.22 0.06 —0.02 0.06 -0.15 -0.14
-0.09 0.21 1.0 -0.14 -0.01 0.05 0.19 -0.09 -0.13

-00 -0.22 -0.14 1.0 0.02 0.02 -0.01 0.93 -0.03
0.01 0.06 —0.01 0.02 1.0 0.15 —-0.13 0.01 0.04
—-0.03 —0.02 0.05 0.02 0.15 1.0 -0.08 —-0.02 0.11
—0.04 0.06 0.19 -0.01 -0.13 -0.08 1.0 -0.02 0.04
-0.01 -0.15 -0.09 0.93 0.01 -0.02 -0.02 1.0 —-04
0.01 -0.14 -0.13 -0.03 0.04 0.11 0.04 04 1.0
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Table 162: Correlation matrix for 17.0 < ¢ < 18.0 bin for the A; observables.

As Ay As  A(Ars) Aq Ag Ag Ags Age

1.0 -0.1 -0.16 —0.01 0.1 0.0 —-0.06 —-0.01 0.02
—-0.1 1.0 0.18 —0.1 0.07 —-0.14 0.03 —0.1 0.03
—0.16 0.18 1.0 -0.1 -0.16 0.05 0.09 -0.03 -0.13
—0.01 -0.1 -0.1 1.0 0.0 0.05 0.01 0.9 -0.02
0.1 0.07 —0.16 0.0 1.0 0.09 —-0.2 -0.03 0.06
0.0 -0.14 0.05 0.05 0.09 1.0 —-0.06 0.1 -0.13
—0.06 0.03 0.09 0.01 —-0.2 —0.06 1.0 0.0 0.02
—0.01 -0.1 —-0.03 0.9 -0.03 0.1 0.0 1.0 —-0.46
0.02 0.03 -0.13 —0.02 0.06 —0.13 0.02 —0.46 1.0

Table 163: Correlation matrix for 18.0 < ¢ < 19.0 bin for the A; observables.

As Ay As  A(Ars) Aq Ag Ag Ags Age

1.0 -0.18 —0.2 —-0.06 —0.01 0.04 -0.03 —0.06 0.06
—0.18 1.0 0.28 —-0.1 —0.02 0.01 0.07 -0.01 -0.23
-0.2 0.28 1.0 -0.15 -0.05 -0.0 0.04 -0.0 -0.31
-0.06 —-0.1 -0.15 1.0 -0.01 -0.01 0.03 0.9 0.0
-0.01 -0.02 —-0.05 —0.01 1.0 021 -0.19 -0.04 0.1
0.04 0.01 -0.0 —0.01 0.21 1.0 -0.03 -0.03 0.07
—0.03 0.07 0.04 0.03 -0.19 -0.03 1.0 0.01 -0.02
—-0.06 —0.01 -0.0 0.9 -0.04 -0.03 0.01 1.0 -04
0.06 -0.23 -0.31 0.0 0.1 0.07 -0.02 -04 1.0

Table 164: Correlation matrix for 1.1 < ¢* < 2.5 bin for the A; observables.

As Ay As  A(Ars) Aq Ag Ag Ags Age

1.0 -0.04 0.08 0.06 0.1 —-0.02 0.01 0.05 0.0
—0.04 1.0 -0.02 0.07  —0.08 0.01 -0.1 0.01 0.07
0.08 —0.02 1.0 -0.05 -00 -0.03 -0.1 0.01 -0.12
0.06 0.07  —0.05 1.0 -0.06 -0.12 —-0.03 0.87 0.04
0.1 -0.08 —=0.0 —0.05 1.0 -0.09 0.02 —-0.03 0.04
—0.02 0.01 —-0.03 —-0.12  —-0.09 1.0 —-0.02 0.03 —0.3
0.01 0.1 —0.1 —0.03 0.02 —-0.02 1.0 -0.01 -0.02
0.05 0.01 0.01 0.87 —0.03 0.03 -0.01 1.0 -0.44
0.0 0.07 —-0.12 0.04 0.04 -03 -0.02 -0.44 1.0
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Table 165: Correlation matrix for 2.5 < ¢? < 4.0 bin for the A; observables.

As Ay As  A(Ars) Aq Ag Ag Ags Age

1.0 —-0.03 —0.04 0.01 -0.07 -0.06 —0.02 0.02 -0.01
—0.03 1.0 0.07 0.05 0.03 -0.06 —0.0 0.07 —0.04
—0.04 0.07 1.0 -0.03 —-0.05 0.03 -0.01 0.02 -0.07

0.01 0.06 —0.03 1.0 0.03 —-0.04 —0.01 0.77 0.19
—0.07 0.03 —0.05 0.03 1.0 0.04 0.0 0.06 —0.07
—0.06 —0.06 0.03 —0.04 0.04 1.0 —-0.04 0.07 —-0.16
-0.02 —-0.0 -0.01 —0.01 0.0 —0.04 1.0 -0.01 0.02

0.02 0.07 0.02 0.77 0.06 0.07 -0.01 1.0 -047
-0.01 -0.04 -0.07 0.19 -0.07 -0.16 0.02 -047 1.0

Table 166: Correlation matrix for 4.0 < ¢* < 6.0 bin for the A; observables.

As Ay As  A(Ars) Aq Ag Ag Ags Age

1.0 -0.08 —0.1 —0.03 0.0 —-0.05 0.08 —0.04 0.03
—0.08 1.0 0.14 -0.03 0.0 0.12 0.02 0.06 —0.12
-0.1 0.14 1.0 —0.06 0.06 —-0.0 -0.02 -0.01 -0.06
-0.03 -0.03 —0.06 1.0 0.06 -0.07 —-0.0 0.72 0.16
0.0 0.0 0.06 0.06 1.0 0.06 —0.09 0.03 0.03
—0.05 0.12 —-0.0 —0.07 0.05 1.0 -0.06 —-0.0 -—-0.07
0.08 0.02  —-0.02 -0.0 -0.09 -0.06 1.0 -0.0 0.0
—0.04 0.06 —0.01 0.72 0.03 -0.0 -0.0 1.0 —0.56
0.03 -0.12 -0.06 0.16 0.03 -0.07 0.0 -—0.56 1.0

Table 167: Correlation matrix for 6.0 < ¢* < 8.0 bin for the A; observables.

As Ay As  A(Ars) Aq Ag Ag Ags Age

1.0 -0.08 -0.13 —0.01 0.04 0.01 -0.02 -0.01 0.01
—0.08 1.0 0.2 -0.1 —0.03 0.02 —-0.02 0.1 -0.32
-0.13 0.2 1.0 -0.1 0.07 -0.03 -0.01 0.06 —0.26
—0.01 —0.1 -0.1 1.0 -0.01 -0.07 0.02 0.8 0.1

0.04 -0.03 0.07 —0.01 1.0 0.15 -0.12 -0.03 0.02
0.01 0.02  —0.03 —0.07 0.15 1.0 -0.06 -0.07 0.02
-0.02 -0.02 -0.01 0.02 -0.12 -0.06 1.0 0.03 —0.02
—0.01 0.1 0.06 0.8 -0.03 -0.07 0.03 1.0 -0.51
0.01 -0.32 -0.26 0.1 0.02 0.02 -0.02 -0.51 1.0
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Table 168: Correlation matrix for 11.0 < ¢ < 12.5 bin for the A; observables.

Az Ay As  A(Arp) A7 Ag Ag Ags Age
1.0 -0.11 -0.17 —0.05 0.03 0.03 0.03 —0.04 0.0
—0.11 1.0 0.16 —0.18 —0.0 0.01 -0.05 -0.05 -0.15
—0.17 0.16 1.0 —-0.13 0.02 0.01 —0.1 -0.06 —0.06
—-0.05 —-0.18 -0.13 1.0 -0.04 -0.11 0.0 0.74 0.1
0.03 —0.0 0.02 —0.04 1.0 0.22 —-0.09 0.0 —-0.05
0.03 0.01 0.01 —0.11 0.22 1.0 -0.09 -0.01 -0.12
0.03 -0.05 —0.1 0.0 —-0.09 -0.09 1.0 0.01 -0.01
—0.04 —-0.05 -0.06 0.74 0.0 —-0.01 0.01 1.0 -0.59
0.0 —-0.15 -0.06 0.1 -0.05 -0.12 —-0.01 -0.59 1.0

Table 169: Correlation matrix for 15.0 < ¢ < 17.0 bin for the A; observables.

Az Ay As  A(Arp) A7 Ag Ag Ags Age
1.0 -0.11 -0.17 0.02 -0.01 -0.01 -0.07 0.01 0.02
—0.11 1.0 0.29 —0.17 0.01  —0.09 0.03 —-0.09 -0.16
—0.17 0.29 1.0 —-0.15 -0.07 0.02 0.08 —-0.09 -0.12
0.02 -0.17 —-0.15 1.0 0.0 —-0.0 —-0.03 0.9 -0.01
—0.01 0.01 —-0.07 0.0 1.0 0.14 -0.11 -0.01 0.02
—0.01 -0.09 0.02 —0.0 0.14 1.0 —0.1 —-0.03 0.05
—0.07 0.03 0.08 —-0.03 —-0.11 —0.1 1.0 -0.03 0.02
0.01 -0.09 -0.09 09 -0.01 -0.03 -0.03 1.0 —-0.44
0.02 -0.16 -—-0.12 —0.01 0.02 0.05 0.02 —-0.44 1.0

Table 170: Correlation matrix for 17.0 < ¢? < 19.0 bin for the A; observables.

As Ay As  A(App) Az Ag Ay Ags A
1.0 -0.13 -0.18 —0.02 0.05 0.03 —-0.04 -0.03 0.03
—0.13 1.0 0.22 —0.1 0.02 —-0.07 0.04 —-0.06 —0.09
—0.18 0.22 1.0 —0.12 -0.11 0.02 0.07 —-0.01 -0.22
—0.02 —-0.1 -0.12 1.0 —0.0 0.02 0.02 0.9 -0.01
0.05 0.02 -0.11 —0.0 1.0 0.14 —-0.2 —-0.03 0.07
0.03 -0.07 0.02 0.02 0.14 1.0 —-0.04 0.04 -0.04
—0.04 0.04 0.07 0.02 —0.2 —-0.04 1.0 0.01 0.01
—0.03 —-0.06 —0.01 0.9 —-0.03 0.04 0.01 1.0 —-0.43
0.03 -=0.09 -0.22 —0.01 0.07 —-0.04 0.01 —-0.43 1.0
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Table 171: Correlation matrix for 17.0 < ¢ < 19.0 bin for the A; observables.

A3 Ay As  A(App) Ar Ag Ag Ags Age
1.0 -0.12 -0.18 0.0 0.01 0.01 -0.05 -—-0.01 0.03
—0.12 1.0 0.26 —0.14 0.02 —0.08 0.03 —-0.07 -0.13
—0.18 0.26 1.0 —0.13 —-0.09 0.02 0.07 -0.05 -0.16
0.0 -0.14 -0.13 1.0 0.0 0.01 -0.01 0.9 -0.01
0.01 0.02 —-0.09 0.0 1.0 0.14 -0.15 —-0.02 0.04
0.01 —-0.08 0.02 0.01 0.14 1.0 —-0.07 0.0 0.01
—0.05 0.03 0.07 —-0.01 -0.15 -0.07 1.0 —-0.01 0.02
—-0.01 -0.07 -0.05 0.9 -0.02 0.0 -0.01 1.0 —-0.43
0.03 -0.13 -0.16 —0.01 0.04 0.01 0.02 —-0.43 1.0

Table 172: Correlation matrix for 0.1 < ¢* < 0.98 bin for the P; observables.

i, P Py Ps Py Ps Fs Py
1.0 -0.0 0.12 0.09 -0.04 -0.23 -0.04 -0.08
-0.0 1.0 -0.02 -0.05 0.04 0.08 0.01 —-0.04
0.12 -0.02 1.0 0.06 —0.05 0.11 0.08 —0.08
0.09 —-0.05 0.06 1.0 -0.04 -0.01 -0.1 —-0.03
—0.04 0.04 —-0.05 —-0.04 1.0 -0.22 -0.07 0.07
—0.23 0.08 0.11 -0.01 -0.22 1.0 0.01 -0.07
—0.04 0.01 0.08 —-0.1 -0.07 0.01 1.0 —-0.08
-0.08 —-0.04 -0.08 —0.03 0.07 -0.07 -0.08 1.0

Table 173: Correlation

matrix for 1.1 < ¢? < 2.0 bin for the P, observables.

I, Py Py Py Py P Ps P
1.0 0.02 —-0.09 0.03 0.21 044 -0.35 —-0.17
0.02 1.0 -0.17 0.03 0.01 0.08 0.04 —-0.04
—-0.09 -0.17 1.0 -0.31 -0.17 —-04 0.31 0.11
0.03 0.03 —-0.31 1.0 0.1 0.18 —-0.1 —-0.04
0.21 0.01 -0.17 0.1 1.0 0.16 -0.24 —-0.07
0.44 0.08 —-0.4 0.18 0.16 1.0 -0.32 -—-0.21
—0.35 0.04 0.31 -0.1 -0.24 -0.32 1.0 0.09
—0.17 —-0.04 0.11 -0.04 -0.07 -0.21 0.09 1.0
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Table 174: Correlation matrix for 2.0 < ¢ < 3.0 bin for the P; observables.

, P Py Ps Py Ps Ps Py
1.0 -0.09 -039 —-0.0 —-0.45 02 —-04 -0.12
—0.09 1.0 0.11 0.01 -0.03 0.02 0.11 -0.01
-0.39 0.11 1.0 -0.03 0.35 —0.24 0.31 0.04
—0.0 0.01 —-0.03 1.0 0.04 0.07 —-0.01 0.06
—-0.45 —0.03 0.35 0.04 1.0 -0.23 0.3 0.08
0.2 0.02 —-0.24 0.07 —-0.23 1.0 -0.23 -0.03
—04 0.11 0.31 -0.01 0.3 —-0.23 1.0 0.0
-0.12 -0.01 0.04 0.06 0.08 —0.03 0.0 1.0

Table 175: Correlation

matrix for 3.0 < ¢?> < 4.0 bin for the P; observables.

, P Py Ps Py P Ps Py
1.0 -0.23 0.08 —-0.33 —-0.08 —-0.23 0.3 0.07
-0.23 1.0 -0.11 0.38 -0.01 -0.05 -0.04 -0.03
0.08 -0.11 1.0 -0.28 0.06 0.07 -0.05 -0.05
—0.33 0.38 —0.28 1.0 -0.03 -0.11 0.18 0.04
—-0.08 —0.01 0.06 —0.03 1.0 0.18 —-0.03 —0.06
-0.23 —-0.05 0.07 -0.11 0.18 1.0 -0.14 -0.03
0.3 —-0.04 -0.05 0.18 -0.03 -0.14 1.0 0.21
0.07 -0.03 —0.05 0.04 -0.06 —0.03 0.21 1.0

Table 176: Correlation matrix for 4.0 < ¢ < 5.0 bin for the P; observables.

, P Py Ps Py Ps Ps Py
1.0 —-0.34 -0.08 024 -027 -0.55 —-0.24 0.25
—0.34 1.0 031 -064 -014 -024 -0.03 —0.0
—0.08 0.31 1.0 -037 -0.13 -0.23 -0.01 -0.01
024 -0.64 —-0.37 1.0 0.13 0.38 0.17 —-0.13
-0.27 -0.14 -0.13 0.13 1.0 0.36 0.07 0.03
-0.55 —-0.24 —-0.23 0.38 0.36 1.0 0.28 —0.25
-0.24 -0.03 -0.01 0.17 0.07 0.28 1.0 —-0.05
025 -0.0 -0.01 -0.13 0.03 -0.25 -—0.05 1.0
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Table 177: Correlation matrix for 5.0 < ¢ < 6.0 bin for the P; observables.

, P Py Ps Py Ps Ps Py
1.0 -0.28 0.14 019 -0.25 -0.14 0.01 -0.13
—0.28 1.0 -0.18 -0.21 0.08 —-0.0 -0.04 0.06
0.14 -0.18 1.0 0.13 -0.14 —-0.11 0.01 -0.04
0.19 -0.21 0.13 1.0 -0.11 -0.11 0.08 0.07
—0.25 0.08 -0.14 -0.11 1.0 0.17 0.06 0.06
-0.14 -0.0 -0.11 -0.11 0.17 1.0 -0.04 0.07
0.01 -0.04 0.01 0.08 0.06 —0.04 1.0 0.07
-0.13 0.06 —0.04 0.07 0.06 0.07 0.07 1.0

Table 178: Correlation matrix for 6.0 < ¢ < 7.0 bin for the P; observables.

, P Py Ps Py P Ps Py
1.0 -0.21 02 -015 -0.41 -0.33 0.09 0.12
—-0.21 1.0 -0.13 0.06 0.02 -0.07 0.0 -0.07
0.2 —-0.13 1.0 0.0 -0.22 -0.16 0.05 0.02
—0.15 0.06 0.0 1.0 0.12 0.1 0.09 0.04
—0.41 0.02 —0.22 0.12 1.0 0.25 —-0.04 —-0.05
-0.33 -0.07 —-0.16 0.1 0.25 1.0 —-0.03 —0.04
0.09 0.0 0.05 0.09 -0.04 -0.03 1.0 0.21
0.12 -0.07 0.02 0.04 -0.05 —0.04 0.21 1.0

Table 179: Correlation matrix for 7.0 < ¢ < 8.0 bin for the P; observables.

F, P Py Ps Py Ps Ps Py
1.0 —0.08 0.58 -0.18 -0.26 -0.41 -0.13 -0.16
—0.08 1.0 -0.01 0.03 -0.08 —0.09 0.06 0.03
0.58 —0.01 1.0 -019 -028 -045 -0.12 -0.26
—0.18 0.03 -0.19 1.0 0.05 0.06 0.12 0.11
—-0.26 —-0.08 —0.28 0.05 1.0 0.26 —0.01 0.13
-041 -0.09 —-0.45 0.06 0.26 1.0 0.17 0.11
-0.13 0.06 —0.12 0.12 —-0.01 0.17 1.0 0.1
—0.16 0.03 —0.26 0.11 0.13 0.11 0.1 1.0
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Table 180: Correlation matrix for 11.0 < ¢* < 11.75 bin for the P; observables.

, P Py Ps Py Ps Ps Py
1.0 -0.32 0.6 0.17 0.15 0.02 -0.06 —0.13
—0.32 1.0 -024 -0.05 -0.12 -0.19 0.06 0.06
0.6 —0.24 1.0 0.16 -0.03 -0.09 -0.03 -0.14
0.17 —-0.05 0.16 1.0 0.05 0.09 0.01 0.07
0.15 -0.12 —-0.03 0.05 1.0 0.19 -0.11 -0.14
0.02 -0.19 -0.09 0.09 0.19 1.0 -0.12 -0.1
—0.06 0.06 —0.03 0.01 -0.11 -0.12 1.0 0.24
-0.13 0.06 —0.14 0.0r -0.14 0.1 0.24 1.0

Table 181: Correlation matrix for 11.75 < ¢? < 12.5 bin for the P; observables.

, P Py Ps Py Ps Ps Py
1.0 -041 055 —-0.1 -046 -—-047 —-037 —0.1
—0.41 1.0 -0.48 0.05 0.15 0.16 0.2 0.04
0.55 —0.48 1.0 -019 -055 -057 —-04 -0.13
-0.1 0.05 -0.19 1.0 0.11 0.18 0.2 0.09
—0.46 0.15 —0.55 0.11 1.0 0.52 0.4 0.23
—-0.47 0.16 —0.57 0.18 0.52 1.0 0.45 0.16
-0.37 02 -04 0.2 0.4 0.45 1.0 0.22
-0.1 0.04 -0.13 0.09 0.23 0.16 0.22 1.0

Table 182: Correlation matrix for 15.0 < ¢* < 16.0 bin for the P; observables.

I, P Py Py Py P Ps Py
1.0 -0.03 0.41 0.09 0.12 0.06 —0.0 0.05
—0.03 1.0 0.07 0.09 -0.15 -0.28 -0.03 0.01
0.41 0.07 1.0 008 -0.02 -0.11 -0.01 -0.01
0.09 0.09 0.08 1.0 0.02 0.06 0.1 0.12
0.12 -0.15 -0.02 0.02 1.0 0.34 -0.02 —-0.16
0.06 —-0.28 —0.11 0.06 0.34 1.0 -0.13 -0.02
-00 -0.03 -0.01 01 -0.02 -0.13 1.0 0.12
0.05 0.01 -0.01 0.12 -0.16 —0.02 0.12 1.0
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Table 183: Correlation matrix for 16.0 < ¢ < 17.0 bin for the P; observables.

FL, Py Py P Py P B Py

1.0 —-0.09 0.33 0.03 0.17 0.23 0.06 —0.01

—0.09 1.0 0.07 0.03 -0.12 -0.14 0.01 -0.02

0.33 0.07 1.0 0.04 —-0.15 —-0.06 0.02 0.02

0.03 0.03 0.04 1.0 —-0.06 —-0.18 0.13 0.08

0.17 -0.12 -0.15 —-0.06 1.0 0.25 0.09 —-0.02

0.23 —-0.14 -0.06 -—-0.18 0.25 1.0 0.02 0.06

0.06 0.01 0.02 0.13 0.09 0.02 1.0 0.14

—0.01 —0.02 0.02 0.08 —0.02 0.06 0.14 1.0

Table 184: Correlation matrix for 17.0 < ¢? < 18.0 bin for the P; observables.

F, Py Py Py Py P P Py

1.0 -0.07 0.28 0.11 0.04 0.21 —0.06 0.06

—0.07 1.0 0.02 0.07 —-0.12 —0.2 0.1 —0.0

0.28 0.02 1.0 0.0 —-0.07 0.01 —-0.01 0.06

0.11 0.07 0.0 1.0 0.0 —-0.03 0.19 0.05

0.04 -0.12 -0.07 0.0 1.0 0.15 0.04 —-0.12

0.21 —0.2 0.01 —-0.03 0.15 1.0 -0.17 0.08

—0.06 0.1 —-0.01 0.19 0.04 —-0.17 1.0 0.11

0.06 —0.0 0.06 0.05 —-0.12 0.08 0.11 1.0

Table 185: Correlation matrix for 18.0 < ¢? < 19.0 bin for the P; observables.

, Py Py Ps Py Ps Ps Py
1.0 0.03 0.39 0.1 -0.06 -0.01 —-0.0 0.06
0.03 1.0 0.02 0.03 -0.14 -0.18 —-0.0 0.03
0.39 0.02 1.0 0.0 -0.27 -0.29 -0.03 0.07
0.1 0.03 0.0 1.0 -0.01 -0.03 0.17 0.02
-0.06 -0.14 -0.27 -0.01 1.0 0.38 0.03 0.01
-0.01 -0.18 —-0.29 —0.03 0.38 1.0 -0.01 -0.03
-00 —-0.0 -0.03 0.17 0.03 -0.01 1.0 0.19
0.06 0.03 0.07 0.02 0.01 -0.03 0.19 1.0
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Table 186: Correlation matrix for 1.1 < ¢ < 2.5 bin for the P; observables.

Iy, Py Py P Py P P Pg
1.0 0.05 —-0.47 0.11 -0.07 043 —-0.48 —-0.23
0.05 1.0 —-0.03 0.0 -0.04 0.09 0.05 —-0.02
—0.47 —-0.03 1.0 -0.17 0.06 —0.43 0.46 0.17
0.11 0.0 -0.17 1.0 0.07 0.17 -0.1 -0.04
—-0.07 —-0.04 0.06 0.07 1.0 —-0.03 —-0.01 0.03
0.43 0.09 -0.43 0.17 -0.03 1.0 -0.38 —-0.23
—0.48 0.05 0.46 —-0.1 -0.01 -0.38 1.0 0.18
—0.23 —-0.02 0.17 -0.04 0.03 —-0.23 0.18 1.0

Table 187: Correlation matrix for 2.5 < ¢ < 4.0 bin for the P; observables.

, P Py Ps Py Ps Ps Py
1.0 0.1 -0.16 023 —-0.35 —0.05 0.08 —0.07
0.1 1.0 -0.11 0.17 -0.09 -0.04 -0.04 -0.07
-0.16 —0.11 1.0 -0.38 0.25 0.01 -0.04 0.02
0.23 0.17 —0.38 1.0 —-0.2 -0.01 0.04 —-0.0
-0.35 —0.09 025 —0.2 1.0 0.07 —=0.05 —0.02
—-0.05 —0.04 0.01 -0.01 0.07 1.0 —0.06 0.03
0.08 —-0.04 —0.04 0.04 -0.05 —0.06 1.0 0.03
-0.07 -0.07 0.02 -0.0 -0.02 0.03 0.03 1.0

Table 188: Correlation matrix for 4.0 < ¢ < 6.0 bin for the P; observables.

, Py Py Ps Py Ps Ps Py
1.0 0.2 025 -027 -024 -037 -0.13 0.05
0.2 1.0 0.07 -0.15 -0.13 -0.17 -0.02 -0.03
0.25 0.07 1.0 -017 -0.16 -0.23 -0.01 -0.02
-0.27 -0.15 -0.17 1.0 0.09 0.17 0.13 0.02
-0.24 -0.13 -0.16 0.09 1.0 0.27 0.05 0.08
-0.37 -0.17 —-0.23 0.17 0.27 1.0 0.12 —-0.04
-0.13 -0.02 -0.01 0.13 0.05 0.12 1.0 0.04
0.06 —-0.03 —0.02 0.02 0.08 —0.04 0.04 1.0
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Table 189: Correlation matrix for 6.0 < ¢ < 8.0 bin for the P; observables.

, P Py Ps Py Ps Ps Py
1.0 -0.15 041 -016 -027v =03 —0.01 -0.0
—0.15 1.0 -0.06 0.056 -0.05 -0.09 0.04 0.01
0.41 -0.06 1.0 -0.09 -0.21 -0.22 -0.02 -0.07
—0.16 0.06 —0.09 1.0 0.06 0.05 0.12 0.07
-0.27 —-0.05 —0.21 0.06 1.0 0.2 —-0.04 0.03
-03 —-0.09 -0.22 0.05 0.2 1.0 0.07  —0.02
—0.01 0.04 -0.02 0.12 —-0.04 0.07 1.0 0.15
-0.0 0.01 -0.07 0.07 0.03 —0.02 0.15 1.0

Table 190: Correlation matrix for 11.0 < ¢? < 12.5 bin for the P; observables.

, P Py Ps Py Ps Ps Py
1.0 —-0.42 0.75 0.08 -0.12 -0.16 -0.14 -0.07
—0.42 1.0 -037 -0.06 -0.03 —0.06 0.09 0.04
0.7 —-0.37 1.0 0.06 -023 -023 -0.15 0.1
0.08 —0.06 0.06 1.0 0.02 0.08 0.08 0.08
-0.12 -0.03 —-0.23 0.02 1.0 0.2 0.03 0.03
-0.16 —-0.06 —0.23 0.08 0.2 1.0 0.06 —0.0
—0.14 0.09 -0.15 0.08 0.03 0.05 1.0 0.21
-0.07 0.04 0.1 0.08 0.03 0.0 0.21 1.0

Table 191: Correlation matrix for 15.0 < ¢* < 17.0 bin for the P; observables.

F, P Py Ps Py Ps Ps Py
1.0 -0.07 0.37 0.06 0.13 0.13 0.03 0.03
-0.07 1.0 0.07 0.06 -0.14 -0.21 —-0.01 -0.0
0.37 0.07 1.0 0.06 —0.08 —0.08 0.0 0.01
0.06 0.06 0.06 1.0 -0.02 -0.07 0.11 0.1
0.13 -0.14 -0.08 —0.02 1.0 0.28 0.04 —0.09
0.13 -0.21 -0.08 —0.07 0.28 1.0 -0.04 0.03
0.03 -0.01 0.0 0.11 0.04 -0.04 1.0 0.14
0.03 —0.0 0.01 0.1 -0.09 0.03 0.14 1.0
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Table 192: Correlation matrix for 17.0 < ¢* < 19.0 bin for the P; observables.

F, Py Py Ps Py Ps Ps Py
1.0 —-0.02 0.3 0.11 0.0 0.11 -0.03 0.05
—0.02 1.0 0.02 0.06 -0.14 -0.19 0.06 0.02
0.3 0.02 1.0 0.0 -0.13 -0.11 -0.03 0.04
0.11 0.05 0.0 1.0 -0.01 -0.04 0.19 0.04
0.0 -014 -0.13 -0.01 1.0 0.23 0.03 —0.04
0.11 -0.19 -0.11 -0.04 0.23 1.0 -0.1 0.04
—0.03 0.06 —0.03 0.19 0.03 —0.1 1.0 0.14
0.05 0.02 0.04 0.04 -0.04 0.04 0.14 1.0

Table 193: Correlation matrix for 15.0 < ¢? < 19.0 bin for the P; observables.

i, P Py Ps Py Ps Ps Py
1.0 —0.05 0.33 0.08 0.08 0.13 0.01 0.03
—0.05 1.0 0.05 0.05 -0.14 -0.21 0.02 0.01
0.33 0.05 1.0 0.03 -0.1 -0.07 -0.01 0.02
0.08 0.05 0.03 1.0 -0.02 —-0.06 0.15 0.07
0.08 -0.14 -0.1 —-0.02 1.0 0.24 0.04 —-0.07
0.13 -0.21 -0.07 —0.06 0.24 1.0 -0.07 0.03
0.01 0.02 -0.01 0.15 0.04 -0.07 1.0 0.14
0.03 0.01 0.02 0.07 -0.07 0.03 0.14 1.0
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N Difference between Recol2 and Recol4

N.1 Overlap between Recol2 and Recol4

The difference between the angular distributions in B® — J/i) K*0 for Reco12-Strippingl7
and Recol4-Stripping20r1 were checked on data using the Recol2-Strippingl7
stripped candidates, where either the Reco12 or Recol4 reconstruction was rerun. For
more details see Ref. |13]. A simplified selection was used to select a pure sample of
B — Jhp K*9 events, with cuts on the pr of the final state particles, the B® flight direction
and the PID variables of the 7~ and the K applied. Furthermore only one candidate per
event was allowed. The comparison of the B® mass and helicity angles for events which
are unique in their corresponding sample is shown in Fig. . The B° candidate mass
and the angular distributions are compatible, however in Fig. one can see that the
value of these distributions can differ on an event-by-event basis.

In Fig. the event-by-event difference is shown for ¢ and the helicity angles
in the overlapping dataset for B — K**u*p~. These plots are made using the
Recol12-Strippingl7 and the 2011 part of the Recol4-Stripping20r1l tuple of the
B° — K*9u*pu~ analysis, i.e. in addition to the changes in the reconstruction shown
in the other two figures, also the changes in the selection and the BDT are included.
Still, one can see that the differences are of the same order as for the re-reconstructed
BY — J/ip K* events. When assuming a difference of 10 MeV/c? in the reconstructed
mass for the calculation of ¢ at a ¢ of 9 GeV?/c? (as seen in BY — J/ K*°), this leads
to a difference in ¢? of: 32 GeV?/c* — (3 — 0.01)*> GeV¥/c* =~ 0.06 GeV¥¢*, which is well
compatible with what is seen in B®— K*Ou* .

N.2 Observables from a counting method

To check the impact of the differences between the Recol2-Strippingl7 and the
Reco14-Stripping20r1 B’ — K*'utpu~ dataset, the results for the observables Sy, Ss, Sy
and Sg, obtained with a ” counting experiment” (for details, see Ref. [50]) were compared on
the Reco12-Strippingl7 dataset and on the 2011 part of the Recol4-Stripping20(r1l)
data set. The results are shown in Figs. 228] [229] and [231] All events were weighted
with an event-weight accounting for the acceptance. The B° candidate mass distribution
was fitted with the mass shape taken from B — J/i K*Y used in Ref. [50] for both datasets.
Note that the binning scheme is not the same as in the 2011 analysis, as not exactly the
same cuts were used to cut out the contributions from the J/ip the 1(2S) resonances,
and that there are more unique events in the Reco14-Stripping20 sample than in the
Recol12-Strippingl7 sample. This, in addition to the fact the the unique events are more
dominated by background events, can lead to difficulties in the mass fit, as observed in
some bins.

As can be seen from these plots, all distributions with the unique events show an
agreement compatible with the fact that these datasets are statistically independent but
follow the same underlying distribution, while the overlapping datasets show a very good

375



1938

1939

1940

1941

1942

1943

1944

1945

1946

1947

1948

1949

1950

1951

1952

Figure 225: Angular distributions and B° candidate mass for BY — Ji) K* with
Recol12-Strippingl7 and Recol12-Stripping20r1 for events unique in the corresponding
data sets.
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N.3 Observables from the folded fit

In order to cross check that the differences between Recol2 and Recol4 does not give
sizable effects for the angular observables, the analysis performed last year is repeated
using the folding technique for the 2011 data reconstructed using Recol12 and Recol4.
Since about 35% of the events are unique in each reconstruction version we expect to
observe statistical deviations in this comparison. Three kinds of comparison have been
performed: analysis of the full 2011 dataset for Recol2 and Recol4 (Fig. ; analysis
of the full Recol2 dataset compared with unique events in Recol4 (Fig. ; analysis of
overlapping events in Recol2 and Recol4 (Fig. . As can be observed in the figures
perfect agreement (almost exact) is observed for overlapping events. Small differences
are expected in this case due to the angular and ¢? resolution. Statistical agreement
is observed in the comparison of the two statistically independent sample full Recol2
and unique events in Recol4. It should be noted that some of the fit do not converge
nicely given the small statistics, however this does not change our conclusions. The only
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Figure 226: Difference of angular observables and B candidate mass for B® — J/i) K** with
Recol12-Strippingl7 and Recol2-Stripping20rl for events that are in both datasets.
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1053 exception is the fourth bin of the observable Pj at large ¢* which show a significant larger
s« than expected disagreement. This effect is currently under investigation.
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Figure 227: Difference of angular observables and ¢? candidate mass for B® — K*0p* -
with Recol2-Strippingl7 and Recol2-Stripping20rl for events that are in both
datasets.
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Figure 228: Results for S, using a counting experiment for overlapping events (left) and
unique events (right) of the Recol2 and Recol4 datasets. In red are the Recol4 events, in
black the Recol2 events.
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Figure 229: Results for S5 using a counting experiment for overlapping events (left) and
unique events (right) of the Recol2 and Recol4 datasets. In red are the Recol4 events, in
black the Recol2 events.
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Figure 230: Results for S7 using a counting experiment for overlapping events (left) and
unique events (right) of the Recol2 and Recol4 datasets. In red are the Recol4 events, in
black the Recol2 events.
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Figure 231: Results for Sg using a counting experiment for overlapping events (left) and
unique events (right) of the Recol2 and Recol4 datasets. In red are the Recol4 events, in
black the Recol2 events.
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Figure 232: Comparison between the P! observables for full (2011) Recol2 dataset and
full (2011) Recol4 dataset.
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O Performance comparison for determination of ob-
servables

Several toy studies are performed to evaluate the performance of the fitter. For the
following studies the nomial fitter for the observables is used. A detailed comparison with
a RooFit based fitter was done and no major differences were found. For the toy studies
the EOS MC sample including background, but without acceptance correction is used (see
Sec. . The large sample is divided into subsets which correspond to the yields shown
in Tab. 12

In each subset the angular observables are determined separately and compared to the
values which were used for the generation (see Tab . In the following three different
methods are compared: The nominal fit, the folded fit and the method of moments. The
sensitivity is determined from the widths of the distribution of the angular observables (o
from a fit of a Gaussian). The values which were obtained for different ¢* regions can be
seen in Fig. The dependence on ¢? is introduced due to a different number of signal
events and different values of the parameters in each bin. In general the folded fit and the
full fit have similar sensitivities and the method of moments performs around 10% worse.

To check the bias of the methods pull distributions are generated ((S;gttea —
Si generated)/0s;) and fitted with a Gaussian. The mean of these Gaussians is shown
in Fig. and the width in Fig. [237] The mean of the Gaussians is ideally zero. Whereas
the Method of Moments is most stable and is in every ¢? bin unbiased the fits show in
some bins statistical significant deviations. The bias depends on the number of events in
each bin and it is tested that the bias gets insignificant if the number of events is enhanced.
A detailed discussion of the bias was done in Sec. [6.2.9. The widths of the Gaussians is
expected to be one. A larger width means that the error in the Fit is underestimated. To

guarantee a correct error the method of coverage correction is applied for the real fit on
data as described in Sec. [6.2.10

P Treatment of S-wave for determination of observ-
ables

The toys studies done in the last subsection do not include a possible S-wave contribution.
However, a priori the S-wave contribution (including all interferences terms) in the
B° — K*0u* 1~ channel is not known.

As the E0OS MC does not include a S-wave contribution, toy events are generated
according to a pdf including 10% S-wave fraction (thus Fs = 0.1, all interference terms are
set to zero). Two possible scenarios are compared. In the first case, events are generated
including the S-wave contribution, however in the fit pdf the S-wave is ignored. In the
second case, the S-wave is generated and also fitted for. Both cases are compared to the
nominal case, where the S-wave is neither generated nor fitted for.

The mean and sigma of the pulls for the different methods are shown in Fig. and
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Fig. 239 If the S-wave is ignored, this results in an extreme bias of the mean of up to
80%. If the S-wave is included into the fit, the additional bias gets statistical insignificant.
However, in the latter case the statistical sensitivity of the methods is reduced, as can be
seen in Fig. [240 What also can be seen is that an additional prior to Fg would reduce
this sensitivity loss significantly. Nevertheless, also without this prior, it is possible to
include the S-wave in the Fit to B®— K*%u*pu~.

Q Angular observables from the decay B — Ji) K*

A fit to the full data sample of 2011 and 2012 data (£60 MeV around the nominal J/i)
mass) is performed comparing the different methods to determine the angular observables.
The fit is the nominal four-dimensional unbinned maximum likelihood fit in m (KT p*pu™)
and the three decay angles cos;, cosfx and ¢. The mass shapes are parametrized as
discussed in Sec. [5.1] For the angular distribution of the signal, the full PDF including
S-wave as given in Sec. is used. The background is parametrized using Chebyshev
polynomials.

There are two possibilities how to implement the angular acceptance. One possibility
is to include it using weights which are shown in Fig. [241] The weights are derived on
an event-by-event basis and are the inverse of the efficiency for given combination of
cos 0y, cos O, ¢ and ¢*> which is described in Chapt. . These weights are also used to
account for the angular acceptance in the method of moments. In this case each weight is
additionaly multiplied by the sWeight to statistically separate the signal component. The
second possibility is to implement the acceptance directly in the PDF of the fit. In this
case the differential decay rate is multiplied by the expected efficency in this phase space
region, as described in Sec. [6.2.3

The result for the two fits and the method of moments is given in Tab. [194] The
projections of the mass of the three methods (for the MoM the fit to get the sWeights) is
shown in Fig. 242

There is a good agreement betweem all three methods compared to the expected
statistical uncertainty expected for the fits of the signal decay B® — K*°uTu~. The
projections of the weighted fit are shown in Fig. [243|and [244] Furthermore two-dimensional
pulls are shown in Figs. 247, showing that, accounting for the acceptance effect, the
data is well described by the PDF.
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Table 194: Result of the observables fit and the method of moments for B® — J/i K*
data of 20114-2012. In the fit the angular acceptance is either folded into the pdf (no
weights) or implemented using weights (weights). For the method of moments events are
weighted with the product of the sWeight times the acceptance weight. All methods agree
to a level which is sufficient for the B®— K*puu analysis.

parameter  Full Fit (no weights) Full Fit (weights) MoM (weights)
fsig 0.9485 + 0.0009 0.9430 £+ 0.0010 0.9467 £+ 0.0011
mpo 5284.33 4+ 0.04 5284.32 + 0.04 5284.32 = 0.05
feBiose 0.745 £ 0.024 0.746 £ 0.030 0.725 £ 0.028
0CBm,1 15.61 £ 0.17 15.68 £0.20 15.56 £0.19
0CBm,2 27.45 + 0.86 275+ 1. 26.94 + 0.87
nen(fixed) 5.2 5.2 5.2
acB1 1.493 £0.018 1.477 £+ 0.020 1.469 £+ 0.020
QcB2 1.780 4+ 0.067 1.837 £ 0.096 1.683 £ 0.060
Qlbkg 0.00503 £ 0.00009 0.00543 £ 0.00009 0.00522 4 0.00010
AmBg 90.23 + 0.85 89.51 £0.92 89.11 + 0.83
fBg/BO 0.01088 £ 0.00042 0.01125 £ 0.00049 0.0123 + 0.0005
S1s 0.3309 + 0.0010 0.3332 £+ 0.0011 0.3340 + 0.0011
Ss 0.0015 £ 0.0019 0.0015 £ 0.0020 0.0012 £ 0.0021
Sy —0.2774 £ 0.0020 —0.2773 £0.0021 —0.2813 £ 0.0024
S —0.0018 +£0.0020 —0.0018 +=0.0020 —0.0033 = 0.0023
Ses 0.0017 £ 0.0016 0.0017 £ 0.0018 0.0012 £+ 0.0017
S 0.0009 + 0.0020 0.0014 + 0.0021 0.0013 & 0.0024
Sy —0.0507 £0.0020 —0.0510 £ 0.0021 —0.0534 £+ 0.0024
So —0.0874 £ 0.0019 —0.0883 £0.0020 —0.0878 4 0.0021
F, 0.0833 £ 0.0031 0.0860 £ 0.0033 0.0834 + 0.0040
Ss1 —0.2292 £ 0.0034 —0.2361 £0.0033 —0.2363 4 0.0040
S 0.0003 + 0.0022 0.0016 + 0.0024 0.0023 + 0.0025
Sg3 0.0024 + 0.0021 0.0025 + 0.0022 0.0035 £ 0.0024
Squ 0.0013 £ 0.0021 0.0016 £ 0.0023 0.0018 £ 0.0024
Sgs —0.0655 £0.0023 —0.0661 £ 0.0025 —0.0653 %+ 0.0025
1 —0.013 £ 0.018 —0.017 £0.018 —
Cl o —0.450 £ 0.021 —0.469 £ 0.021 —
CK 1 0.557 £ 0.018 0.572 £0.018 —
CK 2 0.261 £ 0.016 0.296 £ 0.015 —
Co1 —0.0096 £ 0.0059 —0.0126 £ 0.0058 —
Cp2 0.0001 £ 0.0018 0.0005 £ 0.0018 —
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Figure 236: Mean of the pulls of the P-wave observables vs ¢* for the full and the folded
fit, and the method of moments.
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S-wave’ the S-wave is both generated and fitted. The main challenge in fitting the S-wave
is the determination of Fg, which is illustrated by the case ’'inc. S-wave (fixed Fg)’,
which case Fjs is fixed to the generated value.
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Figure 241:
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Weights for the B® — Jip K*O events to take the angular acceptance int
account. The angular acceptance is described in Chapt. [8 the weights are the inverse of
the expected efficiency of the data event for a given point in the phase-space.
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Figure 243: Projections of the full (weighted) fit to B® — Jip K*O for cosf for all
available data of 20114+2012.
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Figure 246:
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R Fitting B'— J/i) K* with a single set of decay am-
plitudes

For the BY— J/ip K*° decay there are really only a single set of K** decay amplitudes,
rather than different left- and right-handed amplitudes as is the case for the B® — K*0p* =
decay. For B®— J/i) K*°, A” 10= AﬁL,o = A, 10- Applying this relationship forces Ss ¢ 7
(and Aj67) to be identical to zero. In this basis the 4 symmetries of the B — K*utpu~
decay are also reduced to one, a global phase rotation that can be used to fix one of the
amplitudes to be real, e.g. I(Ag) = 0.

As a cross-check a fit has also been performed to the B®— Jj) K*O decay using this
reduced number of amplitudes. As was the case for the ¢ dependent amplitude fit, the
scale of the amplitudes is fixed by applying a constraint on the number of signal candidates
in the fit,

+1 +1 +7 (13:[1 E;1§§]
Niig = / / / dcos 0, d cos frc Ao €(cos by, cos O, p)dcosbpdcos O dp . (115)

The result of this fit is compatible with the more general amplitude fit where left- and
right-handed amplitudes are floated separately. The shift seen for Sy between the “full”
amplitude fit and the observable fit is also present. See Table for details.

Observable | Fitting Ag | Fitting Ay, | = A, | | LHCb-PAPER-2013-023
Sie +0.563 £ 0.001 +0.563 £ 0.001 +0.572 £ 0.020
Ss —0.012 £ 0.002 —0.012 4 0.002 ~0.0130 + XX
Sy —0.248 + 0.001 —0.248 £ 0.001 —0.250 £ 0.008
Ss —0.008 £ 0.002 - -
Se +0.003 £ 0.002 - ~
Sy +0.001 + 0.002 — ~
Sg —0.049 = 0.002 —0.049 £ 0.002 —0.048 £ 0.007
So —0.091 = 0.002 —0.091 = 0.002 —0.084 £ 0.010

Table 195: Result of fitting B® — J/) K** data for constant decay amplitudes in two
configurations, first where separate left- and right-hand amplitudes are considered and
second when the left- and right-handed amplitudes are forced to be identical. The two fits
are compared to the result from LHCb-PAPER-2013-024 [51]. The S-wave observables
have been omitted.

S Fitting run periods and B flavour separately

As an additional cross-check the data for B® — K*°u*pu~ has been split by run-period
and by B flavour and fit separately. The result of these fits is shown in Fig. The
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four sub-samples (corresponding to different combinations of year and B flavour) are
compatible.
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shift

Figure 248: Comparison of fit results for the J; /T (as opposed to S; or A;) for B®— J/i) K*°
fitting separately for: B° in 2012 (red square), B® in 2012 (blue triangular), B® in 2011
(inverted purple triangle) and B° in 2011 (green open circle). The J; are determined from
a fit to the observables and are plotted with respect to a combined fit to the full run 1
dataset (black circle).

T Peaking backgrounds

After applying the full selection criteria, peaking backgrounds are reduced to < 1% of the
level of the signal. These backgrounds will however have a different angular distribution
to the signal and in the case of A) — pKpu*pu~ the angular distribution of the background
is essentially unknown.

The mass and angular distributions of B?— ¢u™p~ and A — pK~p*p~ candidates
reconstructed as B®— K*uTp~, with m(K*7~) within £100 MeV/c? of the nominal K*
mass, in the data are shown in Figs. 2494252 In order to produce these distributions, the
PID requirements from the pre-selection have been removed and a second BDT has been
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trained without the Kt and 7~ PID information. The candidates are then selected by
inverting the PID requirements such that

e the pion in the B® — K**uTu~ decay is kaon-like for the BY — ¢u™u~ decay, by
requiring that the pion and the kaon have ProbNNK > 0.4;

e the pion in the B®— K*%u*p~ decay is proton-like for the A) — pK~putp~ decay,
by requiring that the kaon has ProbNNK > 0.4 and the pion ProbNNp > 0.4.

These requirements suppress the background from the B — K*°u* 1~ signal. The cos 6,
and ¢ distributions of these backgrounds are reasonably compatible with the signal,
however the cos 0k distribution is strongly peaked towards cos 0 ~ —1. The distributions
in Figs. 249H{252] are only illustrative, the distribution in the data will be further influenced
by the PID requirements in the pre-selection and by the inclusion of PID in the BDT.
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Figure 249: The KTK pu*p~ invariant mass of candidates after requiring the pion
ProbNNK > 0.4 (left) and the K*7n~ pup~ invariant mass of the candidates that are
compatible with originating from B? — ¢u*pu~ (right). The top pair of plots corre-
sponds to the J/) window and the lower plots to candidates with ¢ < 6 GeV? /c* or

¢* > 15GeV?/ct,
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Figure 250: The pK~ pt u~ invariant mass of candidates after requiring the pion ProbNNp >
0.4 and kaon ProbNNK > 0.4 (left) and the K*t7~ptp~ invariant mass of the candidates
that are compatible with originating from A} — pK~u*p~ (right). The top pair of plots
corresponds to the J/i window and the lower plots to candidates with ¢ < 6 GeV? /ct or
¢* > 15GeV?/ct .
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Figure 251: Angular distribution of B? — ¢u*u~ candidates reconstructed as B® —
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Figure 252: Angular distribution of AY — pK~u*pu~ candidates reconstructed as B® —
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U Background angular distribution from the ABCD
method

In the analysis, the background angular distribution in the signal region is determined
using the events in the upper mass sideband. To test and to validate this choice the ABCD
method is used as a crosscheck and a comparison between the background angular
distribution of these two methods is made.

The goal of the ABCD method is to infer the distribution of the background in the
signal region (A) using the distributions from three control regions (B - D). The candidates
in a 2D plane defined by the BDT variable and the B° mass are divided into four regions
as follows and shown in Fig. 253

A. BDT > 0.2 and m(K m~ptpu™) < 5350 MeV/c?
B. BDT > 0.2 and m(K 7 putp™) > 5350 MeV/c?
C. BDT < —0.4 and m(KTn~putp™) < 5350 MeV/c?
D. BDT < —0.4 and m(K 7 putp~) > 5350 MeV/c?

0.2 BDT

-0.4

-0.55

5170 5350 5800
m(B°) (GeV/c?)

Figure 253: 2D plane defining the different regions of the ABCD method.

The region A corresponds to the signal region and the region B to the commonly
called upper mass sideband region. With the ABCD method, the background angular
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distribution in the signal region A, is obtained from the background angular distributions
of the three other regions by

(116)

The method relies on two hypothesis:

1. region B,C,D contain only background events;

2. and there is no correlation between the BDT variable and the reconstructed mass of
the candidate.

To ensure that the first hypothesis is true, events with —0.4 < BDT < 0.2 are excluded
from the regions B and D. The leakage of signal events into region B is then < 1 in every
¢® bin. The advantage of this approach is that there is no assumption that the angular
distribution of the background is the same in the sideband and the signal mass window.
The ABCD method can then be used to test this assumption.

U.1 Validation of the ABCD method

Unfortunately, when the BDT requirement is relaxed, there can be a correlation between
the BDT response and the mass of the candidate. To take into account this correlation, a
correction to the angular distribution in the A region is applied.

The correction factor is computed as the following:

_ExH
- Fx@
where EF,G and H are subsets of region D, defined as:

(117)

E. —0.55 < BDT < —0.4 and 5350 < m(K 7~ puTp™) < 5800 MeV/c?;
F. —0.55 < BDT < —0.4 and m(K 7~ putp~) > 5800 MeV/c?;

G. BDT < —0.55 and 5350 < m(K 7~ p*tu~) < 5800 MeV/c?;

H. and BDT < —0.55 and m(K 7w~ pu™) > 5800 MeV/c?.

The correction factors for the different ¢? bins are given in Table [196] It has been
checked that this correction factor has a negligible angular dependence, see Sec.

A comparison of the background angular distributions in the A region, obtained from
the ABCD method, to the upper mass sideband has been done for each ¢? bin in both
binning schemes and for the three angles. All comparisons are given in Fig. [254] Fig. [255]
Fig. |250| Fig. and in Sec. The resulting distributions for region A are in excellent
agreement with the distributions in the upper mass sideband.
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¢*[GeV? Correction factor R ¢*[GeV?] Correction factor R
[0.1,0.98] 1.304 [0.1,0.98] 1.034
[1.1,2.0] 1.584 [1.1,2.5] 1.517
2.0, 3.0] 1.259 2.5, 4.0] 1.301
3.0, 4.0] 1.366 [4.0,6.0] 1.282
[4.0,5.0] 1.281 (6.0, 8.0] 1.304
[5.0,6.0] 1.276 [11.0,12.5] 1.206
[6.0,7.0] 1.324 [15.0, 17.0] 1.176
[7.0,8.0] 1.282 [17.0,19.0] 0.968
[11.0,11.75] 1.435
[11.75,12.5] 1.007
[15.0, 16.0] 1.438
16.0,17.0] 0.994
[17.0, 18.0] 1.057
[18.0,19.0] 0.902

Table 196: Correction factor R with the two ¢* binnings: (left) 1GeV?/c* and (right)
2 GeV?/c? bins.
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Figure 254: Comparison of the cos(#) distribution for the ABCD method (blue) and the
upper mass sideband (red) in the 2 GeV?/c! binning scheme
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Figure 255: Comparison of the cos(6;) distribution for the ABCD method (blue) and the
upper mass sideband (red) in the 2 GeV?/c? binning scheme
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Figure 256: Comparison of the ¢ distribution for the ABCD method (blue) and the upper
mass sideband (red) in the 2 GeV?/¢* binning scheme
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Figure 257: Comparison of the ¢? distribution for the ABCD method (blue) and the upper
mass sideband (red) in the 2 GeV?/¢! binning scheme
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Figure 258: Comparison of the cos(f) ,cos(6;) [258(b)l ¢ [258(c)| and ¢* [258(d
distribution for the ABCD method (blue) and the upper mass sideband (red) in the large

bin 1-6 GeV?/ct.
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a0 U.2 Correlation correction factor
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Figure 260: Correction factor R for the cos(f;) distribution for the 2 GeV?/c* bin width.

20 U.3 Comparison with upper mass sideband
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Figure 261: Correction factor R for the ¢ distribution for the 2 GeV?/¢* bin width.
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Figure 262: Correction factor R for the ¢? distribution for the 2 GeV?/¢! bin width.
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Figure 263: Comparison of the cos(#) distribution for the ABCD method (blue) and the

upper mass sideband (red) in the 1 GeV?/c* binning scheme.
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Figure 264: Comparison of the cos(6;) distribution for the ABCD method (blue) and the
upper mass sideband (red) in the 1 GeV?/c* binning scheme.
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Figure 265: Comparison of the ¢ distribution for the ABCD method (blue) and the upper
mass sideband (red) in the 1 GeV?/¢? binning scheme.
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Figure 266: Comparison of the ¢? distribution for the ABCD method (blue) and the upper
mass sideband (red) in the 1 GeV?/¢* binning scheme.
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a0 V. The angular acceptances of the trigger lines
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Figure 267: cos(f;) acceptance of the different trigger lines determined using phase-space
K*uu MC.
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Figure 268:

K*uu MC.
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Figure 269: ® acceptance of the different trigger lines determined using phase-space K**upu

MC.
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.n W Correlation Formulas

212 As already discussed in Sec. [7] the correlation of the different angular terms can be
ans calculated analytically using their moments:

{fifk) = (fi) (Fr)

cor(S;, Si) = (118)
V) = (VAR — (fi)?
2114 In the following calculations a different angular basis was used (A5 = 0.55¢1, Ay =
2115 2/3352, As5 = 2/355‘3, AS7 - 2/3554, Asg - 2/3555)
2116 The angular terms are defined as (x = cos(0y), y = cos(8,)):
fl - 'IQ,
fz=(1—2%)(1 —y*)cos(29),
fa = 22V1 — 222y\/1 — y2c0s(),
fs = 22V1 — 22y/1 — y2cos(¢),
f6 - (1 - )ya
fr = 22V1 — 22+/1 — y2sin(¢),
fs = 22V1 — 222y+/1 — y2sin(o),
> N (119)
fo=(1—27)(1—y")sin(29),
st =1- y27
fAS = 33'(1 - y2)7

fa, = V1 —222y\/1 — y2cos(¢),
fa, = V1 —12\/1—y2cos(¢p)
fa., = V1 —22\/1 — y2sin(¢),
fas = V1 —222y/1 — ysin(¢)

2117 The corresponding moments are:

)
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<f1 - 2/15(6+SH(F8 - 1) _Fs)a

= —8/25(—1 + F,)S,,
= —2/5(—1+ F})S;,

) =
) =
)
)
) =
(fr) = =2/5(=1+ F)Ss,
(fs) = —8/25(—1 4+ F})Ss,
(fo) = —8/25(—1+ Fj)Sy,
(fr,) =1/5(3+ F, + F, — FiF}),
(fa.) = 8/154;
<fAS4> = 2/51454,
<fA55> = 1/2As5
<fAs7> = 1/21437
<fA58> = 2/5A58
(120)
(fif1) =8/105(9 4+ 6F;(—1 + Fy) — 2F}),
(fifs) = —(48/175)(—1 + F})S3,
(f1f1) = —(32/175)(—1 + Fy)S,,
(fifs) = —(8/35)(—1 + F})S5,
(fife) = —(12/35)(—1 + F)Ses,
(fifr) = —(8/35)(—1 + F}) Sy,
(fifs) = —(32/175)(—1 + F})Ss,
(f1fo) = —(48/175)(—1 + F})So,
(fifr,) =4/75(9 + 3F (-1 + F,) + F}),
(fifa.) = (16A,)/75,
<f1fA 4> = (81454)/25,
<f1fA 5> = (21435)/57
(fifan) = (2A4)/5,
(fifas) = (84s)/25
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(fafs) = (32(6 + 3F(—1 + F) + F\)) /1225,
(fsfe) = —((64(—=1+ F,)S4)/1225),
(fsfs) = —(16/175)(—1 + F)Ss,
(fsfs) =0
(fafz) = (16/175)(—1 + F})S7
(fsfs) = (64(—1 + F,)Ss)/1225
(fsfo) =0

(fafr.) = —(48/175)(—1 + F})Ss,

(fsfa,) =0

(f3fa.,) = (16A4)/175,

(f3fas) = (4As5)/25,

(fafaq) = —((4As7)/25),

(fsfas) = —((16A)/175)
(fafs) = =32/3675(—15 + 3F(=1 + F,) + F, — 653 + 6F,.S),
(fafs) = —(16/175)(—=1 + FY)Ses,
(fafe) = (16/175)( 1+ F,)Ss,
(fafr) =
(fafs) = (64(—1 + F,)Sy) /1225,
(fafo) = —(64(—1 + F)Sg)/1225,
(fafr,) =0,

(fafa,) = (16A5) /175,

(fafa,) = (644,)/525

<f4fAs5> =0,

(fafan) =0,

(fafas) =0
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(fsfs) = —(8/525)(=9 + 9Fi (=1 + Fy) — 653 + Fy (=5 + 653)),
(fsfo) = —(16/175)(—1 + F})Sy,
(fsfr) = (16/175)( 1+ F)So,
(fsfs) =
(fsfo) = (16/175)( 1+ F)S,
(fsfr) = —(8/25)(—=1 + F})Ss,
(fsfa,) = (4445)/25,
<f5fA 4> =
(fsfas) = 6As)/757
(fsfan) =
(fsfas) =
(fofo) = 8/525(18 + 15F)(—1 + Fy) — 11FY),
(fof7) = —(16/175)(—1 + F})Ss,
(fofs) = —(16/175)(=1 + F)Sr,
(fofs) =0,
(fofr) = —(4/25)(—1 + F})Ses,
(fefa,) =0,
(fofau) = (445)/25,
(fofas) = (4A5)/25,
(fofan) = (44A5)/25,
(fofas) = (4As7)/25
(frfr) = —(8/525)(=9 + 9F(—1 + Fy) + 653 —
(frfs) = —(16/175)(=1 + F)Ses,
(frfo) = —(16/175)(—1 + F})Ss,
(frfr) = —(8/25)(=1+ F)S,
(frfa,) = (4457)/25,
(frfau) =0,
(frfas) =0,
(f1fa,) = (164;)/75,
(fifas) =0
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(fsfs) = —32/3675(—15 + 3 (=1 + F,) + F, + 653 — 6F,S3),
(fsfo) = —(64(—1 + F;)Sy4) /1225,
(fsfr,) = —(32/175)(—1 + F)S,
(fsfa,) = (16A)/175,
(fsfau) =0,
(fsfas) =0,
(fsfan) =0,
(fsfas) = (64A,)/525
(fofo) = (32(6 + 3 (=1 + F,) + F,)) /1225,
(fofr,) = —(48/175)(—1 + Fj)Sy,
(fofa,) =0,
(fofa..) = (16As)/175,
(fofas) = (4A47)/25,
(fofan) = (4As5)/25,
(fng s> = (16As4>/175
(frfr) = 8/35(2+ Fi + F, — FiF) 12
(fr.fa.) = (164,)/35,
(fr.fa.) = (844)/35,
(fr.fas) = (245)/5,
(fr.faq) = (2A4)/5,
(fr.fas) = (8As)/35
(fa.fa,) =8/175(2 — TE (=1 + Fy) + 3F),
(fa.fau) =—(16/175)(—=1 + F})Sy,
(fasfas) = —(4/25)(=1 4 F;)Ss,
(facfaz) = —(4/25)(=1+ F})5y,
(fa,fa) = —(16/175)(—1 + F;)Ss
faufan,) =8/525(15 +9F(—1 + F) + 655 — Fs(5 + 653)),
faufas) = (4/25)( 1+ Fy)Ses,
faufas) =
faufas) = (16/175)( 1+ F)So
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(Fasfas) =2/7509+3F(—1+4 F,) + F, + 655 — 6F,55),
(fasfag) = —(4/25)(=1+ F;)Sy,
<fAs5fAsS> 0

(famfan) =2/7T5(9 + 3F (=1 + F) + Fy, — 655 4 6F,S3),
<fAs7fASS> = _(4/25)(_1 + FS)SGS

(fawfas) =8/525(15 + 9Fy(—1+ Fy) — 653 + Fo(—5 + 653))
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Figure 270: Distribution of B mass vs. cos(6;) of events in the right sideband. Events
are weighted according to their angular acceptance. The plots are corresponding to
different ¢ regions: top left: 0.1 — 0.98 GeV?/c?, top right: 1.1 — 2.5 GeV?/c*, bottom left:
2.5 — 4.0 GeV¥ ¢!, bottom right: 4.0 — 6.0 GeV?/ ¢! In the control sample B®— Ji) K*° in
the upper right corner a structure is visible. However, for the real analysis the expected

number of events is small enough to neglect this.
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Figure 271: Distribution of B mass vs. cos(6;) of events in the right sideband. Events
are weighted according to their angular acceptance. The plots are corresponding to
different ¢* regions: top left: 6.0 — 8.0 GeV¥/c*, top right: 15.0 — 17.0 GeV?/¢?*, bottom:
17.0 — 19.0 GeV?/c* In the control sample B® — J/i) K* in the upper right corner a
structure is visible. However, for the real analysis the expected number of events is small
enough to neglect this.
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Y Goodness of Fit

A detailed comparison of different goodness of fit methods can be found in Ref. [53]. The
goodness of fit of the one-dimensional mass fits can be checked by looking at the pull
distribution. However, due to the high dimensionality (mass and three angles) of the
four-dimensional fit and the small number of events it is not possible to use the binned
x? method to determine the goodness of the fits. Instead the point-to-point dissimilarity
method (P2PD) will be used to test the agreement of the fits with data. However, it must
be noted that also this method only has limited power to distinguish ”good” and ”bad”
fits. Due to the very limited statistics, small disagreements between fitted PDF and data
can not be detected. Only if there is a clear disagreement between data and the fitted
PDF a significantly lower p-value can be expected. This will be discussed in detail in the
following sections.

Y.1 Point-to-point dissimilarity method

The point-to-point dissimilarity method [53] is designed to test if two data sets origin from
the same PDF. A comparison of the fitted PDF with data can be performed by generating
toy MC events according to the PDF. It is then tested if the data events agree with the
generated toy MC events. To reduce statistical fluctuations, the number of generated MC
events should be significantly larger than the number of data events. As a result this
method is rather time consuming for a large number of events.

The test statistic T for the point-to-point dissimilarity method is calculated according
to the following formula:

1 nq 1 Nd,MNme
T = — i} d _ d)y _ \\/) d __ pme 125
=3 Wt -t~ S (et ) (125

1,5>1 1,J

with ng data and n,,. MC events and a function ¥ of the distance between two points.
The first term means that ¥ is evaluated and summed up for all data points. In the
second term W is calculated for all data and MC events. A third term which calculates
the distance between all MC events is usually neglected.

There is no strict rule for the choice of the distance function W. As discussed in Ref. [53]
a Gaussian function provides good results. The widths of the multidimensional Gaussian
must be tuned with simulation to deliver the best results. Nevertheless the results should
not strongly depend on this tuning parameter. In the following a Gaussian function is
used for W. As the fit is done in four dimensions, a four-dimensional Gaussian function is
used:

_Uw—mﬂ2_(%—¢ﬁ2_(%¢*%ﬂ2_(%¢*%@P

2 252

U(z,zj)=e " ¢ 20 20 (126)

The four tuning parameters (o;) must be tuned such the influence of all four terms is
balanced. If one term would be dominating, the effect of the other terms would vanish
and only the agreement of the dominating variable would be tested.
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The p-value is determined in the following way. First, the test statistic of the data
sample is calculated. Afterwards, the data events are replaced by the same number of
toy MC events and T is calculated again| This is repeated several times until the T
distribution is known for the specific case. The p-value is the fraction of toys, where the
value of T is lower than the one calculated on data. For the toy studies in the next sections
the following settings are used:

® Nye/ng =75

Nioys to determine p-value = 500
e 0, = 40 MeV
[} Uphi = 7T/2

009121

e gy =1

Y.2 Comparison of y? method and P2PD method

To check the performance of the point-to-point dissimilarity method it is compared to
the x? method. The test scenario is chosen such that the x? method is still possible
(one dimension, no empty bins) and the P2PD method provides a result in a reasonable
computing time. It was chosen to look at 500 events in a broad mass peak (see Fig. .
The x? value is calculated for 10 bins, as shown in the figure. It is tested, that for this
case this gives slightly better results than using 20 bins. Events are generated according
to the PDF. Afterwards the p-value of the events are calculated with both methods. No
fitting procedure is applied.

The resulting p-value distribution can be seen in Fig. 273|top left). There is only a
small deviation to the ideal flat distribution and within the desired precision there is no
bias. To check the power of both methods to identify wrong PDFs, the PDFs are changed
before calculating the p-value. Namely the position of the B mass peak is shifted to higher
values by 10, 25, 50 MeV. In these cases the p-values of both methods get significantly
smaller. The P2PD method shows a better discrimination power than the x? method.

Y.3 Testing P2PD method in a realistic scenario

The performance of the P2PD method is tested in scenarios similar to what is expected
to be present in the B®— K*%utpu~ fit (see Fig . The mass and angular distribution
is taken from a B? — JAp K* data fit . The signal fraction parameter is reduced to
0.80, to account for the significantly larger background fraction which is expected in
BY— K*9utpu~ compared to B®— J/i K*0. In each toy 200 events are generated.

7Actually due to timing no new MC events are generated, but a subsample is randomly drawn from
the combined pool of MC and data events
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In a first test the power of the P2PD method to identify a shifted mass peak is tested,
similar to what was done in the last subsection. Events are generated according to a PDF
and afterwards the B mass in the PDF is changed. Compared to the last subsection
the mass peak is now much better defined and smaller mass shifts are used (namely 1, 5,
15MeV). Two different options are compared. In one case the test statistic is calculated
using only the mass, in the second case all four variables (mass and 3 angles) are considered.
Because only the mass is modified, it is expected that also testing the mass alone provides
better results. The results of this test can be seen in Fig. 275 The P2PD method shows
an unbiased performance in this scenario and shows only p values significantly below 1%
for a mass shift of 15MeV. The 1D case performs only slightly better than the 4D case.

In a second test the capability to identify a wrong angular distribution is tested. The
signal fraction is reduced from originally 0.8 to 0.5,0.3 and 0.1 which affects the angular
pdf as signal and background are differently distributed. Again two different options are
compared. In the first case the test statistic is calculated using the angles only. In the
second case all four variables are used. Modifying the signal fraction has the largest impact
on the mass peak. Thus it can be expected, that in this test the option also using mass
information performs best, what can be seen in Fig. 276, Nevertheless also the option
using only the angular variables is sensitive to a wrong PDF.
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Figure 272: PDF distribution to test both the P2PD and x? method. As a test scenario a
broad peak in one dimension with 500 events is chosen. The data points show one possible
toy.
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Figure 273: Distribution of the p value for four different tests. On the top left the
agreement of the data points to the generated PDF is tested. On the top right the mass
peak is shifted after the generation by 10 MeV, bottom left by 25 MeV, bottom right by
50 MeV.
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Figure 274: PDF distribution to test the P2PD method on a realistic scenario. The mass
and angular distribution is taken from a fit to B®— J/j) K*O data. The signal fraction is
set to 0.8 and the number of events is 200. The data points show one possible toy.
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Figure 275: Distribution of the p value for four different tests. On the top left the
agreement of the data points to the generated PDF is tested. On the top right the mass
peak is shifted after the generation by 1MeV, bottom left by 5MeV, bottom right by
15 MeV.
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Figure 276: Distribution of the p value for four different tests. On the top left the
agreement of the data points to the generated PDF is tested (fs, = 0.8). On the top right
the signal fraction is set after generation to fg, = 0.5, bottom left f;, = 0.3, bottom right

fsig =0.1.
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Z Exotic charmonium states in B'— Jh) K'n

The Belle experiment sees evidence for two exotic charmonium states, Z1(4200) and
Z1(4430), decaying to Jiynt in an amplitude analysis of B® — Ji) K7~ decays [54].
The two states have a favoured J¥ of 1. The Z}(4430) is consistent with what LHCb
sees in it amplitude analysis of B®— ¢(2S)K 7~ [55].

To study the possible impact of these ZI states in the 795 < m(Kt7~) < 995 MeV/c?
mass window used in the analysis, toy experiments were generated using a matrix element
squared,

IMP = Y | A Rlmce o fmi, Tr)dy® o(0) + (127)
Ap=—1,011 k
Z d>\z7 QKZ)AZ)\zR(me |mz,rz)d0 /\z (92) . (128)
w =-1,0,1
(129)

Here, the dil,,m are Wigner d-functions and the functions R are relativistic Breit-Wigner
functions describing the line shapes of the different states. The amplitudes Ay, and
Ay A7 were taken from Belles result. By parity conservation

Ay = Az (130)

for a J¥ = 17 state. This is the same model used in LHCb’s Z analysis.

The P-wave observables are not significantly effected by the presence of the ZF, but a
sizeable difference is seen in the S-wave fraction, Fs. Interestingly in toys included the ZF
states, a difference is seen between the value of Fg estimated by the angular fit/moments
and the m(K*7~) mass fit (see Table [197). This difference is consistent with what is
seen in data. The cosfx and m(K*n~) distribution of toys with and without the Z are
included in Fig. . Small differences are seen in the 795 < m(K*7~) < 995 MeV/c?
mass window.

Table 197: Result of fitting either the angular or m (K *7~) distribution of toy experiments
for the S-wave fraction, Fg, in three configurations: one in which only the K*(892), K(800)
and K((1430) were included in the toy; one in which K* states up-to J = 4 were included;
and finally one in which the Z} states were added.

model | angular m(Ktr™)
J <4+ Z(4200) + Z(4430) | 0.067 +0.002 0.050 £ 0.002
J <41]0.057£0.002 0.053 +0.002
K*(892) + Ko (800) + Ko(1430) | 0.052 +0.002  0.047 % 0.02
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Figure 277: The cos @ and m(K ™) distributions of toy experiments produced with:
only the K*(892), Ky(800) and K(1430) (red short-dashed); all K* states up to J =4
(blue long-dashed); and adding the two Z states observed by Belle (black solid-line). In
each case only events in the 795 < m(KT7~) < 995 MeV/c? mass window are shown.
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