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Abstract

The isospin asymmetries of B — Ku™p~ and B — K*pu+ ™ decays and the partial
branching fractions of the B® — K%u*u~, BY — K*utp~ and BY — K*tputyu~
decays are measured as functions of the dimuon mass squared, ¢>. The data used
correspond to an integrated luminosity of 3 fb~! from proton-proton collisions
collected with the LHCb detector at centre-of-mass energies of 7 TeV and 8 TeV
in 2011 and 2012, respectively. The isospin asymmetries are both consistent with
the Standard Model expectations. The three measured branching fractions, while
individually consistent, all favour lower values than their respective Standard Model
predictions.






Contents

(1__Introduction|

P1

Differences to the previous analysis| . . . . . ... . ... ... ... ....

[3 Data samples|

4 Selectionl

A1

OETIPPING] . . . .« o o o o o e e e

4.2 Trigger requirements| . . . . . . . . . ... L

4.3  Pre-selectionl. . . . . . . ..

4.3.2 BT— KTu p™| .. o

133 B0 KOUTI | o oo oo e e

134 B — (KT S Ko | oo

435 BY— (K - Ko )utp|. .. oo

4.4  Multivariate offline selectionl . . . . . . . . . . ... oo

441 BT— K uTu~| ...

4.42 BY— Koputp~|. o o

143 B — (KT S Ko o

|5  Backgrounds|

.1

BY— K uu™| ..

5.1.1 B™— J/ K with kaon-muon swap| . ... .............
512 Bt — (D° — K+ a)rt. .. ...
D13 BT — KT r— . oo

2

B’ — Kgéﬁuﬂ ..................................

Is[i'z'l ‘L Ig:fig:!:!ig!ll:il ------------------------------
[5.2.2  Backgrounds with real K2 . . . . ... ... ... L.

5.3

Bt — (K*" — KOn)uTu™| . . oo

0.4

By (K0 — KTl VUL | o o o oo

6 Mass fits

6.1

6.2

BY— KJuTu™|. o

6.3

6.4




[7.3

Reconstruction & Stripping| . . . . . . . ... L

731 BT— K utuT| ..

732 BO— KOuTp™|. . ...

733 Bt— (K*' — Kin)utp™| ... o

734 B'— (K > K n )y p™|. .. ..

[

Irigger efficiency| . . . . . ... oo
741 BT— KTutuT| oo

742 BY— KOuTu|. ... .. .

743 Bt— (K*' — KSnD)utp™| .o oo o

744 B'— (K > K n ))uTp|. .. ..

[7.5

PID efficiency| . . . . . . . .

751 BT— K uTu™| ..

752 BY— KouTp~|. ..o

753 Bt— (K*' — Kin)utp™| .. .o

754 B'— (K > K n ))uTp|. .. ..

[7.6

BD'T eficiencyl . . . . . . . ..

7.6.1 BT— K uTu™| . . o

762 BY— KluTp~|. ...

763 B — (KT > KOO o oo

764 B'— (K" — Ko ))utp|. .. .0 oo

[7.7

Total efficiency] . . . . . . . . . ...

771 BT— K uTu™| oo

772 B KJutpt|o

773 Bt— (K*' — Kin)utp™| ..o o

774 BY'— (K — Ko ))utp|. ..o

[8_Resultsl

(3.1

Branching fraction results| . . . . .. .. ... ... ... 000

8.1.1 B™— K uTu™| . . . .

8.1.2 B— KiuTp™|. . . . .

813 B — (KT 5 Ko i oo

814 B'— (K = Kta )uTp|. .. ... .

(3.2

Isospin asymmetry results] . . . . . . . ... oL

[8.2.1 Significance from A; = 0 hypothesis|. . . . . ... ... ... ...

[9 Systematic uncertainties|

0.1

B— J/ip h branching fraction| . . . . . ... ..o

[9.2

Physics modell . . . . . . ..o




9.3  Irigger eficiency| . . . . . . . ..o
931 K7 channels. . . . . . . ...
9.3.2 Kg channels| . . . ... ... .. L Lo

9.4 Data/MC mis-modelling| . . . . ... ... ... ... .. ... ...

[0.5 Negligible systematics| . . . . . . . . . . .. ... ... ... .. ...
[0.5.1 K¢ reconstruction efficiency| . . . . . . .. ... L.

9.5.2 PIDI .. .o

(10.1 B— Ku*p~ cross checks|. . . . . . .. .. ... .. ... ... ...
(10.1.1 Old analysis vs new analysis compatibility] . . . . . . ... ... ..
(10.1.2 LL and DD compatibility| . . . . .. .. .. ... ... ... ....
(10.1.3 2011 and 2012 compatibility| . . . . . . . .. .. .. ... ... ...
(10.1.4 Stability with a mass range re-definition| . . . . . . . . .. ... ..

10.1.5 Apply trigger requirements on dimuon candidatel. . . . . . . . . ..

10.1.6 Calculate B — 1(2S) K{/B — J/ib K{ branching fraction| . . . .

(10.2 B— K*utpu~ cross checks| . . . . . . . .. ...
(10.2.1 LL vs DD compatibility] . . . . . ... ... ... ... .. .....
(10.2.2 2011 vs 2012 compatibility| . . . . . . . . .. .. ... ... ... ..

A Data MC agreement|
A1 BT Ktutu | .o .

A2 BY— Klutp™|. . o
A3 BT— (K*" — Ko )uTp™| .o

[B_Mass fits]

B.1 B™— K u ™ p™| . .
B.2 BY— Klutp|. . .
B.3 BT— (K*" — KX )uTu™| .. ..o
BA BY— (K0 — KT VUM | e o oo

[C Trigger efficiency with levell

[ID Data vs MC for K kinematics|

87

89
89
92
96

98
98
102
102
102

117

121



1

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

1 Introduction

The decays B — K® utpu~ are suppressed in the SM as there are no flavour changing
neutral currents at tree level. They instead proceed dominantly via electroweak penguin and
box diagrams which allow new particles to influence observables by introducing additional
diagrams. The most obvious observable to measure is the rates of these decays, which
depend on the magnitude of the Wilson coefficients C; (electromagnetic), Cy (semi-leptonic
vector) and Cyq (semi-leptonic axial-vector). Unfortunately, the SM predictions for rate
observables typically suffer from relatively large uncertainties from hadronic form factor
calculations. However, recent lattice results [1] have improved the situation substantially
meaning improved branching fraction measurements, particularly at high ¢?, are highly
anticipated. Despite this recent progress, cancelling the leading form factor dependence
is essential to maximise the sensitivity to physics beyond the SM, which is achieved by
forming ratios of observables. An example of these ratios which is largely insensitive to
form factor calculations is the isospin asymmetry, defined as,

A - DB = K0ptpm) —T(B— KWyt 1)
"7 T(B'— KOOt~y + T(B+— K&+ ptp—)

where I'(X) is the partial width of a particular decay. In terms of branching fractions
A[ iS,

B(BO—> K(*)OM+H_) _ %B(B+_> K(*)+M+,U_)

A =
' B(B'— KOOutpm) + 2B(B— K&t ptpm)’

(2)

where B is the branching fraction of the decay and TT—E is the ratio of the lifetimes of

the B® and B* mesons. The SM prediction for A; is around —1% in the di-muon mass
squared (¢?) region below the J/i resonance [2]. Although there is no precise prediction
for A7 at high ¢2, Ref [2] claims that it is also expected to be close to zero. The small
isospin asymmetry predicted in the SM is due to initial state radiation of the spectator
quark, which is different between the neutral and charged decays. Previously, A; has been
measured to be significantly below zero in the ¢* region below the J/i) resonance [3,4]. In
particular, the combined B— Ku*tp~ and B— K*ut ™ isospin asymmetries measured
by the BaBar experiment were 3.9 o below zero. For B— K*u™u~, A; is expected to be
consistent with the B — K*%y measurement of 5 + 3% [5] as ¢* approaches zero. No such
constraint is present for B— Kpu™p~. With the 2011 dataset, the LHCb collaboration
measured evidence for isospin asymmetry in B* — K*u*u~, shown in Fig. [I] a result
which is yet to be understood in any physics model [6].

This analysis presents updates to the branching fraction of B* — K+u*tu~—, B —
K°u"u~ and Bt — (K*" — K7™ u~ decays, as well as the isospin asymmetry of
B— Kutp~ and B— K*utpu~ decays. All results use 3fb™! of integrated luminosity -
the entire 201142012 dataset.



34

35

36

37

38

39

40

a1

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

Theory Bl Binned theory -e-Data
T T T T

<‘ 1: T T T T : F _:
. B - Ky LHCb 1 g B - Koy LHCb 3
F ] 5 E
of % l o E

: i 8 3
Jf T +
aF - o + ]
F ] © 3
'15:_ 1 1 1 1 _: 1 1 1 1 1
0 5 10 15 20 25 1O 5 10 15 20 25
? [GeV3cA| ? [GeV3/cA]

Figure 1: Isospin asymmetry of B— Kpu"pu~ (left) and differential branching fraction of
B%— K°uu~ (right) as measured with 2011 data in Ref. [6]. For the isospin asymmetry
there is a 4 ¢ deviation from the naive SM expectation of zero.

2 Strategy

The goal of the analysis is to measure the branching fractions of Bt — K+u*pu~, B —
K%t pu~ and BT — (K*T — K07 t)utp~ as well as the isospin asymmetry of B— KpuTpu~
and B — K*u*tp~. For the rest of this note, the B® - Ku*y~ and Bt — (K*t —
Kot )utp~ decays are known as the “K? channels“, whereas the Bt — K*uTu~ and
BY— (K*® — K™n~)u*p~ channels are known as the “K+ channels“. As the statistics
of the K? channels are low, the dataset is not split into ¢* bins yet - the yields in bins
of ¢* are blinded. Most sections related to the selection, backgrounds are divided into
two sub sections, for Bt — K*utu~, B°— K°utu~, Bt — (K** — K27 " )utp~ and
BY— (K*® — K*tn~)utpu~ respectively.

For the branching fractions and isospin asymmetries, the strategy follows the previous
isospin asymmetry measurement, where signal yields are converted into a branching
fractions by normalising to the resonant case, B — J/iph where J/ip — putp~. These
B — J/ibh decays have well known branching fractions and have the same final state
particles as the signal decays.

For the K? channels, the analysis is split between the LL and DD K? reconstruction
categories. The definition of a LL K? is one where its daughter pions have been recon-
structed inside the VELO, whereas a DD K? is one where its daughters are reconstructed
downstream of the VELO. LL and DD K behave very differently in efficiency and selection
and so there are two separate measurements for LL and DD K? which are combined for the
result. What this means in practice is that there is separate selections and normalisations
for the LL. and DD modes.

The selection, described in Sect. , is based on a Boosted Decision Tree (BDT) method,
where the signal sample is data corrected simulation and the background sample is the
extreme upper mass sideband, which is defined as 5700-6000 MeV/c?. A cut is placed on
the BDT which optimises S/1/(S + B), where S is the expected signal yield given signal
efficiency on simulation and B is the background extrapolated into the signal window from
the upper mass sideband.
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As for backgrounds, there is very little that can trouble these decays. The mass
resolution is good enough to avoid partially reconstructed backgrounds by starting the
fit range at 5170 MeV/c?. Fully reconstructed backgrounds, where one of more particles
can be mis-identified, are described in Sect. [5, where all backgrounds apart from in the
BY— (K*® — K*tn~)utpu~ case are considered to be negligible after specific vetoes have
been applied.

The signal yields are determined in each ¢? bin using an unbinned extended maximum
likelihood fit to the K™+~ mass. Again, the J/) modes help here, by providing a very
good signal shape proxy. The J/i) signal shape and a small correction obtained from the
simulation is used to fit the signal. The correction has a very small effect on the signal
yield.

The relative efficiency is calculated using fully simulated events in each bin of ¢
Variables which are poorly represented in the simulation were corrected using data. The
process of normalisation is discussed in section [7}

For the branching fractions and isospin asymmetries, the normalisation procedure
cancels a large fraction of systematic uncertainties, as most variables are only weakly
correlated to ¢2. The systematics are described in Sect. [9]

2.1 Differences to the previous analysis

Whilst the strategy of the analysis is similar to the 2011 analysis [7], in general, effort has
been devoted to make the analysis simpler. See below for specific differences between this
round and last time.

e The selection for the K? channels have been retrained, due to the larger dataset
available. The background sample is no longer a percentage of the sideband and is
rather the extreme upper sideband instead, which avoids the need to remove part
of the data for the result. When this training strategy was changed there was no
visible difference in the behaviour for BT — KT pu*pu~, apart from an increase in
performance due to the larger training samples.

e There is no longer effort placed to make the K? and K™ selections the same
anymore. The BT — K+ " u~ selection is taken from Ref. [8] and the B®— (K* —
K+~ )uTp~ selection is taken from Ref. [9].

e The trigger for the K channels is no longer restricted to the dimuon pair, as the
trigger is very well behaved for the Kt channels.

e AY reflections are vetoed using a mass requirement, rather than a conditional PID
cut. Downstream tracks will have poor PID performance, which was not taken into
account last time.

e The ¢* binning is devised to avoid all J/i and v(2S5) radiative and mis-reconstructed
tails. This avoids having to implement a complicated charmonium veto.
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e The mass shape for the signal is now fixed from normalisation channels (rather than
constrained), as this turned out have a negligible effect and only served to make the
fits more unreliable.

e There is no longer a component for partially reconstructed backgrounds included in
the mass fit, as the background is at a much lower level this time.

e There was an issue in the previous analysis, where the treatment of the K? in the
“DecProdCut“ efficiency was misunderstood. It was assumed that the K had the
same “DecProdCut“ as charged particles, but in fact DecProdCut is *not™ applied
to K? mesons. This has been corrected this time round, however the effect is well
below the statistical sensitivity of the previous analysis.

e An additional background for Bt — (K*" — K{7")uTu~ decays was considered,
from BY— Jh) (K*" — K1) with a pion-muon swap.

3 Data samples

The data used for this analysis were taken in 2011 and 2012 and correspond to an integrated
luminosity of about 3fb~'. The data samples used are stripped with stripping versions 20
and 20rl for 2012 (Reco 14) and 2011 (Reco 14) data, respectively. All candidates are
taken from the “B2XMuMu” stripping line.

The simulation samples are a mixture of MC11 (Reco 12) and MC2012 (Reco 14). For
BT — K*utu~, only MC11 is used as it agrees very nicely with both 2011 and 2012 data
as from Ref. [8]. For the K? channels, MC2012 samples were generated to cross-check
the K? reconstruction efficiency under different beam conditions and material description.
The trigger for B* — K pu*pu~ decays, two TCKs are simulated, 0x40760037 for MC11
and 0x40990042. These TCKs are very well representative of the data as there was hardly
any changes to the muon lines throughout 2011 or 2012.

For the K? channels, MC2012 is used for normalising 2012 data, which is used to
demonstrate the stability of the efficiency under different reconstruction versions. For
B® —» K{utp~, an additional TCK is simulated, 0x4097003d, introduced due to two
K? bugs introduced into the HLT during 2012 running. The first affects DD K? during
the first ~0.5fb™", first described in Ref. [10], where the TOS efficiency for DD K? was
very low. The second affects LL K? in the HIt2 Topogical trigger for the last 1.5 fb~t of
2012 data, and is described in Ref. [11]. The splitting between the first 0.5fb™" and last
1.5fb~! in 2012 for simulation is referred to as “2012 early“ and “2012 late“ respectively.
Note that somewhat confusingly, “2012 early* simulation sample is actually MC11 for
B — K2t~ with the TCK 0x4097003d applied, whereas “2012 late® is an MC2012
sample. For BT — (K** — K277 )t~ hardly any candidates are trigger via the K and
so only the two TCKs are used (same as the KT channels).

The physics model used for all the decays is based on the form factors described in [12].
Although this model is quite old, the data is split into ¢* bins which reduces the dependence
on the model. In any case, the physics model dependence is explored in Sect. [0

4



Channel Version Events in sample Physics Model

BY = K+t~ MC11 M BTOSLLBALL

Bt — JW K+ MC11 600K SVS

Bt = K*ntn™ MC11 1.7 M PHSP
B®— KOutp- MC11 5M BTOSLLBALL

B°— Jh K? MC11 2M SVS
B°— KOt MC2012 2.5M BTOSLLBALL

B°— Jh K MC2012 2M SVS
Bt — (K = KO Hptp~  MCl11 10M BTOSLLBALL
Bt — Jhp(K* — Ko+)  MC11 1M SVV_HELAMP
Bt — (K™ — KO *)ptp~  MC2012 2M BTOSLLBALL
Bt — Jhp (K*+ — Ko7+)  MC2012 600K SVV_HELAMP
B'— (K = K+n - )utp~  MCI11 500K BTOSLLBALL
B— Jh(K*° — K+7=)  MC11 500K SVV_HELAMP
B'— (K* — K+n )utu~  MC2012 1M BTOSLLBALL
B°— Jhp(K* — K*+x~)  MC2012 2M SVV_HELAMP

Table 1: Monte Carlo simulation samples used in the analysis. The physics model
BTOSLLBALL is based on the form factors described in [12]. The SVV_HEPAMP model
used for J/ib modes involving a K* takes in helicity amplitudes for the daughters. In
general the physics model for the J/i) modes makes little difference to efficiency derived
from it.
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4 Selection

The BT — KTutu~ and B — K2uTu™ parts of this section are identical to the one in
Ref. [13/.

4.1 Stripping

Both decays are stripped using the B2XMuMu stripping line with version S20 and S20r1,
which place the following requirements:

Candidate Selection

B meson IP x? < 16 (best PV)

B meson 4600 MeV/c? < M < 7000 MeV/c?
B meson DIRA angle < 14 mrad

B meson Flight Distance y? > 121

B meson Vertex x?/ndf < 8
DiMuon M < 7100 MeV/c?
DiMuon Vertex x?/ndf < 9

All Tracks Clone Distance > 5000
Long Tracks Ghost Prob < 0.4

K /7 tracks from B vertex min IP y? > 9

Muon IP x?/ndf > 9

Muon isMuon == True

Muon DLL,r > -3

K? 7> 2ps (PDG = 90 ps)
K? 467 MeV/c? < M < 527 MeV/c?
GEC SPD Mult. < 600

Table 2: The stripping selection criteria.

4.2 'Trigger requirements

We place requirements associated with the trigger according to Table [3] Candidates
are required to be TOS in all stages of the trigger. The dominant HLT2 lines are
DiMuonDetached and MuTopo2Body, which is what one would expect as the muons
dominate the trigger rate for these decays.

4.3 Pre-selection
4.3.1 Fiducial cuts

Fiducial cuts are applied to remove contamination from charmonium resonances, and
partially reconstructed backgrounds. For BT — K*utu~ there is an additional veto



154

155

156

157

158

159

160

161

162

163

Level Requirement
LO LOMuon
HLT1 TrackMuon or TrackAll
DiMuonLow or DiMuonHigh
HLT2 TopoMu2BodyBDT or TopoMu3BodyBDT
Topo2BodyBDT or Topo3BodyBDT
SingleMuon or DiMuonDetached

DiMuonDetachedHeavy

Table 3: Trigger requirements. For each level, candidates are required to be TOS on at
least one line.

around the ¢ mass, to remove B* — (¢ — puTpu~ ) K™ decays. For the K? channels no such
veto is applied as the level of the resonance is well below the statistical sensitivity. The ¢?
bins used to seperate the charmonium resonances from the signal are shown in Tab. [ In
addition to the ¢* binning, the B mass window is defined as 5170 — 5700 MeV/c?.

Decay Binning scheme ( GeV/c?)
K channels 0.1,2.0.4.0,6.0,8.0,11.00,12.50,15.00,17.00,22.00
BY— Kt 0.1,0.08,1.1,2.0-8.0 in 1 GeV/c® steps,11.00,11.75,12.50,15.00-22.00 in 1 GeV/c steps

Table 4: Binning schemes for the K? channels and B* — K u ™, both isospin asymmetry
measurements use the same binning scheme as the K channels. The BT — KT utu~
channel has roughly three times as many ¢? bins due to the higher statistics available.

4.3.2 BY— Ktutp~

We place PID requirements to suppress peaking backgrounds (as discussed in Sect. .
They also suppress a large amount of combinatorial background where a random pion is
misidentified as the kaon in the BT — K*u*u~ decay. The PID requirements are listed
in Table [5| (the criteria in red are inherited from the stripping) and have a signal efficiency
of ~ 90%. The PID efficiencies are calibrated from the data using two methods, described
in more detail in Sect. [

Particle PID requirement
Kaon  (ProbNNK — ProbNNpi) > —0.5 and ProbNNK > 0.05
Muons isMuon == 1 and DLL,, > —3 and ProbNNmu > 0.25

Table 5: PID requirements for B* — K*pu™p~. Criteria in red is inherited from the
stripping.
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4.3.3 B— Klutp~

Compared to BT — KTp*pu~, PID is much less important for the B — K2uTu~ decay
as the background is dominated by a real K? and real muons. This is due to the tight
BDT selection compared to the other modes, which are ~90% efficient. No additional PID
requirements are used after the stripping. The K? mass is constrained which improves
the signal resolution of the DD modes by ~ 1 MeV/c? and the LL modes by a negligible
amount.

4.3.4 BT— (K*" — K2 )utp~

Unlike B® — K2uTp~, some fake muons are present in the background sample for
BT — (K** — K27 ")u*pu~. Here we apply an additional ProbNNmu cut on both muons
of 0.25 - the same as BT — KTpu*pu~. There is a 892 & 100 MeV/c? mass window around
the K 7 mass for the signal, which is the same as the previous analysis. Again, the K
mass is constrained which improves the signal resolution of the DD modes by ~ 1 MeV/c?
and the LL modes by a negligible amount.

4.3.5 B'— (K* — Ktn)utp~

The decay B®— (K** — K*n~)u*u~ suffers from a large array of peaking backgrounds,
discussed in more detail in Sect. [5] To help suppress these, and combinatorial background,
the PID requirements detailed in Table [0] are applied.

Particle PID requirement
Kaon DLLg, > —5
pion DLL g, < 25

Kaon - pion DLLg, difference > 10
muon DLL,, > -3

Table 6: PID requirements for B — (K*® — K7~ )u*p~. Criteria in red is inherited
from the stripping.

4.4 Multivariate offline selection

The main selection is based on a Boosted Decision Tree (BDT) [14], with the Adaboost
algorithm [15]. Only geometric and kinematic variables are included (see Tab. [10)), which
are generally well modelled in the simulation as shown in Sect. [A]in the appendix. The
MVA is trained and tested on candidates with a Ku™u™ mass between 5700-6000 MeV/ ¢
as a background sample, which is not used for the rest of the analysis. The BDT is trained
on, Bt — K*u*u~ simulated events for a signal sample. This simulation sample is data
corrected according to the procedure described in Sect. [7] This correction procedure is
carried out mainly for optimisation reasons, as for the efficiency, such effects cancel with
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the normalisation to BT — J/i K. The reason the BDT is trained on simulation rather
than B* — J/p KT is to minimise biases favouring dimuon masses close to the J/i) mass.
Two-thirds of the signal and background samples are used for training and one third is
used for testing. The testing samples are to check overtraining and to optimise the cut
placed on the BDT. The agreement of the BDTs between data and simulation is very
good, see Sect. [A]in the appendix.

441 BY"— Ktutp~

Variable
K IP x* (minimum)
Bt vertex x?
p IP x? (minimum)
B* pr
J/¢ TP x* (minimum)
BT IP (best PV)
B* Flight distance y?
BT DIRA angle
p IP x? (minimum)
KT P
BT P

Table 7: Variables used in the BT — K*pu*tu~ BDT ordered by importance according
to TMVA. There are two types of impact parameter (IP) variables used, one defined
with respect to best PV (Primary Vertex) and the other defined as the minimum IP with
respect to all PVs.

A cut is placed on the BDT to maximise S/1/(S + B), where S is the number of
expected BT — KT putpu~ based on the number of BT — J/i) KT seen in data and B is
the background extrapolated into the signal window. The assumed branching fraction
is the one measured in Ref. [16]. This optimisation procedure is shown in Fig. |3/ and a
cut is chosen at 0.3. The efficiency of this BDT cut on BT — Ktpu*tu~ signal is 89%),
whereas the efficiency for background is 6%. After this selection, the signal is very clean

(see Sect [d]).
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Figure 2: BDT response for Bt — K*utpu~ signal (blue) and background (red). The
testing and training samples are overlaid which shows a negligible amount of overtraining.
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Figure 3: Metric for the signal as a function of Bt — K+ u*pu~ BDT cut. The optimal
cut is chosen to be 0.3.

10



205

206

2

=}

7

208

209

210

211

212

2

=

3

4.4.2

B — Kt p~

LL DD

K? TP x? (min) K? pr
B vertex x? BY TP (best PV)
B DIRA angle B? vertex x?

B° pr p IPx? (min)
B° 1P x? (minimum) B°r
B P B pr
K? pr B P
BY 1P (best PV) B° DIRA angle
B r K°P

Table 8: Variables used in the B’— K{u*pu~ BDT ordered by importance according to
TMVA. There are two types of impact parameter (IP) variables used, one defined with
respect to best PV (Primary Vertex) and the other defined as the minimum IP with
respect to all PVs.

(L/N) dN/ dx

TMVA overtraining check for classifier: BDT

TMVA overtraining check for classifier: BDT
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Figure 4: BDT response for the signal (blue) and background (red) in both LL(left) and
DD(right) categories. The testing and training samples are overlaid which show a negligible
amount of overtraining.

Cuts are placed on the BDTs to maximise S/\/(S + B), where S is the number of
expected BY — K{u*pu~ based on the number of B® — J/) K? seen in data and B is
the background extrapolated into the signal window. The assumed branching fraction
is the one measured in Ref. [@ The optimisation procedures are shown in Fig. [5| and a
cut is chosen at 0.5(0.45) for the LL(DD) category. The efficiency of this BDT cut on
B°— K2u*tpu~ signal is 66(48)%, whereas the efficiency for background is 1.3(0.2)%.

Unlike BT — K+ u~, the selection for B®— K2 p~ is not trivial. This is due to
the fact that the K? flies and cannot be easily distinguished from originating from the BY
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Figure 5: Among other curves, the metric in green as a function of the Bt — (K** —
K27 ™)t~ BDT cut for the LL category (left) and DD category (right).

vertex. For the LL category, there is some separation through the K? IPy?, which is the
most important variable according to TMVA. For the DD category it is comparatively
easy to randomly combine a K from the PV to form combinatorial background, which is
why the BDT is less efficient for this category. The performance of the selection is slightly
improved compared to the 2011, discussed in Sect. [6}
The correlation of the BDT with mass is checked by calculating the average BDT
response for the sideband at different candidate B masses. The result of this study is
shown in Fig. [6] where the BDT response is flat is mass. For the other channels, any
possible BDT correlation is not an issue as the BDT is very efficient in those cases.

average BDT value

(4]
@

G -
-0.05 ;
- — LL
0.1
- - DD
-0.15—
-0.25—
-0.3 f—
o | | | |
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Figure 6: Average BDT response for sideband as a function of m KOt -
uncorrelated to mass.

. The BDT is

The candidate K mass in the signal region is shown in Fig. EI after the full selection.
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2 Although the statistics are small, it is clear the data is dominated by true K?.
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Figure 7: Candidate K? mass distribution of B® — K{u*u~ candidates in the signal
region.
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4.4.3 BT— (K" — K& )utu~

Like BT — KT utp~, the Bt — (K** — K7™ )utp~ BDT is trivial, where the efficiency
is over 90% efficient for both categories. In order to boost statistics, the background
sample is taken from a wider my, mass window, around 300 MeV/c? of the K*™ PDG
mass. The variables used in the BT — (K** — K27 ")uTp~ BDTs, ranked according to
TMVA, are shown in Tab. 0] the BDT signal and background distributions are shown in
Fig. [§ and the optimisation procedure is shown in Fig. [0l There is a peak at very high
BDT values which is not present in the other channels. This is due to a small population
of candidates which have very good pointing (DIRA ; 0.999999) and vertex quality (x*
i 2) requirements. This region has no background left in it, due to the finite size of the
training samples (the Bt — (K** — K27")u"u~ LL mode has the smallest training
sample). Cuts are placed on the BDTs to maximise S/1/(S + B), where S is the number of
expected BT — (K** — K{7")u*u~ based on the number of BT — Ji (K*t — K27t)
seen in data and B is the background extrapolated into the signal window. The assumed
branching fraction is the one measured in Ref. [6].

LL DD
BT DIRA angle Bt pr
B* vertex x? p IP x? (min)
B™ Flight distance B DIRA angle
B* pr 7 IPx? (min)
7 IPx? (min) K*tpy
K? 1Px? (min) BT vertex 2
K? pr Bt IP (best PV)
BTt IP (best PV) T pr
T pr K pr
K TP 2

Table 9: Variables used in the BT — (K** — K27 )u*u~ BDT ordered by importance
according to TMVA. There are two types of impact parameter (IP) variables used, one
defined with respect to best PV (Primary Vertex) and the other defined as the minimum
IP with respect to all PVs.

The candidate K? and K** masses in the signal region are shown in Fig. [10| after the
full selection. Although the statistics are small, it is clear the data is dominated by true
K? and K** decays.

4.44 B— (K — Ktn)utp™

The B — (K*® — K*n )u*u~ BDT is based on Ref. [9]. Its very efficient (~90%),
and does not bias ¢?, as shown in Sect. m The inclusion of PID in the BDT results in
complications regarding the efficiency when applied to the simulation, however given how
the flat the efficiency is, this makes no difference for the analysis.
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TMVA overtraining check for classifier: BDT
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Figure 8: BDT response for the signal (blue) and background (red) in both LL(left) and
DD(right) categories. The testing and training samples are overlaid which show a negligible
amount of overtraining.
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Figure 9: Among other curves, the metric in green as a function of the Bt — (K** —
K27 ™)t~ BDT cut for the LL category (left) and DD category (right). The chosen cut
for both is at 0.3.
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4.5 Multiple Candidates

After the previous selection has been applied, multiple candidates are removed randomly
in a reproducible way. The percentage of multiple candidates is below 0.05% at the end of
the selection chain. As this is such a low fraction, no systematic uncertainty is assigned.
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Figure 10: Candidate K? (left) and K** (right) mass distributions of BT — (K** —
K27 ")~ candidates in the signal region.

Variable

BY 7
B° vertex x?
B° pr
B DIRA angle

B°P

K DLL g,

7 DLL g,

Table 10: Variables used in the B®— (K** — K*7~)u™u~ BDT in no particular order.
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5 Backgrounds

In this section peaking backgrounds are considered. All backgrounds discussed peak in the
signal region, however they are assumed to be negligible after specific vetoes have been
applied.

5.1 BT— Ktutu~
This section is identical to Sect. 6 in Ref. [8].

5.1.1 B"— Ji K" with kaon-muon swap

The decay BT — J/i) KT has roughly 150 times the branching fraction of the signal and
can fall out of the J/i veto if the kaon swaps mass hypothesis with the same-sign muon.
This background is almost completely rejected by computing the x4~ K mass under the
p~ T hypothesis. If this mass is within 60 MeV/c? of the J/ip or 1)(2S5) resonances then
the kaon is required to be in the muon acceptance, but fail the isMuon flag. This is over
99% efficient on signal.

There is no visible structure in the g~ K™ mass after this veto is applied (see Fig. ,
any remaining background is assumed to be negligible.

Bplus_KMu_Jpsi

htemp htemp
Entries 13553 Entries 13553
2528 Mean 2729
1160 RMS 1063

-
@
S
TT T T [T I T T[T T T T[T T T [TTTI[TTT
I I I I I

L L L L | 1 L L L |
060 2000 3000 4000 5000 ooo 2000 3000 4000 5000
M, under M, hypothesis My, under M, . hypothesis

Figure 11: mg, under the p*p~ (left) and K7~ (right) mass hypotheses after applying
the vetoes described in the text. No structure is seen at the J/ib, 1(2S) or D° masses.

5.1.2 BT — (D" - K+ 77)r+

The decay B* — (D° — K+~ )7t has a branching fraction of 2 x 107 and can fake the
signal if the two pions decay in flight. This is removed by computing the g~ K mass
under the 7~ Kt hypothesis. Candidates which have 1850 < m,—(_—x+ < 1880 MeV/c?
are removed. The p~ K mass under the 7~ Kt hypothesis is shown in Fig. Again,
this veto is over 99% efficient on signal.
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Figure 12: The Kt p* p= and put g~ masses for BT — K+ 77 7~ under the Bt —
K"t~ hypothesis. The decay peaks in both mass spectra. The figure has been produced
using a sample of simulated phase-space decays, without applying muon identification
requirements. This sample has subsequently been re-weighted to have the correct dalitz
plot structure.
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Figure 13: Fraction of Bt — K 7" 7~ candidates which are double mis-identified as
Bt — KTpupu~. The average double mis-ID fraction is about 1 x 1072,

The decay BT — K* 7~ 7" has a branching fraction of 5 x 107 (100 times Bt —
K*p*tp™). If both pions decay in flight it will fake signal and peak in the B mass (See
Fig. . The m — p mis-ID rate is measured using the muon unbiased D® — K7~ lines
from the PIDCalib package, where the 7~ has no PID applied. The mis-ID rate is binned
in momentum and eta, and then applied to BT — K+ 7= 77 MC11 where the kinematic
and geometric selection has been applied. The suppression factor both misID rates is
shown in Fig. with an average suppression of 1.5 x 107°. This mis-ID rate reduces the
background to an effective branching fraction of 5 x 1071 and hence negligible.
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5.2 B'— Koutu~
5.2.1 A reflections

One fortunate aspect of the K is because of its long lifetime (c7 = 2.7cm) it is difficult to
misidentify its daughter pions. However the decay Ay, — (Ag — p*7 )~ will look like
B%— K2p*p~ if the proton is misidentified as a pion as the Ag also has a long lifetime
(¢t = 7.89 cm). In order to deal with this decay and combinatorial background with a
random A a veto is applied, where the K, mass is recomputed when one of the pions is
given the proton mass. Candidates with this mass within 10(15) MeV/c? of the Ay mass
(1115 MeV/c?) for the LL(DD) category are removed. The efficiency of the A° veto on
LL(DD) signal is 96(92)%.

5.2.2 Backgrounds with real K?

The decay B® — (D~ — K277 )n*, like Bf — (D° = K*7n~)7" in the B — K*utu~
case, will peak in mass and cos ;. Fortunately the branching fraction for this decay is lower
than in the corresponding BY — (D° — K*7~)r* background in the B* — K*utpu~
case, at 4 x 107°. This, branching fraction, multiplied by a conservative double mis-id of
1 x 1074, results in less one event expected and hence negligible.

5.3 BT— (K*" — KXt~

Similarly to BT — K*pu*pu~, there is background originating from Bt — Ji (K*t —
K27 "), where the pion and same-sign muon are swapped. This background is almost
completely rejected by computing the g~ 7+ mass under the p~ ™ hypothesis. If this mass
is within 60 MeV/c? of the J/ib or 1(2S) resonances then the kaon is required to be in the
muon acceptance, but fail the isMuon flag. This is over 99% efficient on signal. There is no
visible structure in the g~ 7" mass after this veto is applied (see Fig. , any remaining
background is assumed to be negligible.
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Figure 14: m,, under the p*p~ mass hypotheses after applying the vetoes described in
the text. No structure is seen at the J/i) or 1(25) masses.
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06 D.4 BO% (K*O — K+7T_),u+,u_

27 Out of the four signal decays, B — (K*® — K7~ )u"u~ suffers from the largest array of
;s peaking backgrounds. To reject these, specific vetoes based on altered mass hypotheses
w0 are employed. The peaking contribution from the decay A — pKTp*u~ (inclusive of
a0 all resonances) is removed by requirements on pK invariant mass and the PID of the 7
sn  candidate. Candidates are removed if:

o

(5575 < Myrosp)kpp < 5665) MeV/c? (3)
7mDLL,; > 0 (4)
312 O
(5575 < Mk —p)(mos iy < H665) MeV/c? (5)
7DLLgr > 0 (6)

n13 - where m;_p)ku 18 the /12 candidate mass under the hypothesis of mis-identifying the 7 for
s the p, and Mk _yp)(r i)y 18 the Af) candidate mass under the hypothesis of mis-identifying
a5 the K for the p and the 7 for the K.

316 All other vetoes are described in detail in Ref. [9]. Table (11| shows the estimated
7 yields of the peaking backgrounds. The calculations are performed before and after the
s vetoes and the PID requirements are required. All peaking background contributions are
o negligable after vetoes.

=

3

s

3

s

3

e

before vetoes

Channel | expected events perc of signal
A0 A (1520) = | (L.O£0.5) x 10° 17+7
Bt— Ktutuy + 34+9 0.54 +0.06
BY— ¢utp~ | (3.141.3) x 10 50+ 1.7
B°— K*%u*p~ hadron swaps | (4.3+1.1) x 10? 6.9+ 0.6

B°— Jhp K*Y hadron swaps | 0.00022 + 0.00006 (3.6 +0.5) x 107°
after vetoes

Channel | expected events perc of signal
Ag — A*(1520)put p~ 51 + 25 0.84+04
Bt— Ktutpy + 4.7+ 1.3 0.076 £ 0.011
BY— éptp 18£7 0.29 + 0.10
B°— K*°u* i~ hadron swaps 20+5 0.32 £ 0.04

B°— Jhp K*° hadron swaps | (8+5) x 107¢  (1.34+0.8) x 1077

Table 11: Expected yields and percenage relative to signal yield for several peaking
backgrounds. The yields are estimated from MC samples before and after the vetoes are
applied.
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6 Mass fits

In order to determine the signal yield in each ¢? bin, an unbinned extended maximum
likelihood fit is performed to the K™ u* p~ mass in the range 5170-5700 MeV/c?. For each
mass fit, the signal yield and background yield integrated within 20 of the signal mean
are shown. The signal shape is taken from a mass fit to the normalisation modes, and
corrected for differences between the normalisation and signal shapes obtained from the
simulation. There are no partially reconstructed backgrounds expected in the mass region
we consider, as shown in Fig. [15 which is taken from Ref. [17].
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Figure 15: Mass fit to BT — J/ip K+ decays in 2011 data, taken from Ref. [17]. The
partially reconstructed background from B®— J/) (K*® — K*7~) does not extend beyond
5170 MeV/c2.

6.1 BT— K'utu~

The B™ — K*u™ ™ signal shape is parameterised as the sum of two Crystal Ball functions,
with common tail parameters, but different widths. This shape fits Bt — J/ip Kt data
OK, as shown for 2011 and 2012 in Fig. The symbols i, o, a and n in Fig. [16| are the
parameters of the Crystal Ball functions [18]. The pull distribution for BT — Ji) K™ is
not perfect due to the huge statistics here, however the effect of mis-modelling is well below
the sensitivity of the analysis, and indeed the non-resonant B* — Kt~ decays fit well,
shown in Fig.[17] The B* — K*u*u~ branching fractions obtained using equation

B(B"— JW K" )B(Jjp — pp”) 7)
GrelNB+—>J/¢K+
The results for the 2011 and 2012 data are (4.59+0.14) x 10~ and (4.44+0.10) x 1077,
respectively, agreeing within 1o.

A width and mean parameters for BY — Ktutu~ decays as a function of ¢? is
performed with the simulation. The absolute difference between these parameters and the

N _
B(Bt— K*tptp ) = Bt—Ktptu
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Figure 16: Mass fits to BT — J/i KT decays in data for 2011 (left) and 2012 (right). The
signal shape is very similar between the two and so the data are combined for the final fit.
The fit parametrisation is a double Crystal Ball for signal and exponential as background.
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Figure 17: Mass fits to Bt — K*utu~ decays in data for 2011 (left) and 2012 (right).
The signal shape is very similar between the two and so the data are combined for the
final fit. The fit parametrisation is a double Crystal Ball for signal and exponential as
background.

10 BT — JAp KT bin (wide one) is used to correct the signal shape from Bt — J/ KT to
sa BT — Ktpu®p~ decays. These corrections make very little difference to the signal yields,
a2 as shown in Fig.
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Figure 18: The mean and RMS of BT — K*uu~ simulation as a function of ¢*. The
difference between the parameters at the in each ¢* bin and at the J/) mass are used as a

correction.
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Figure 19: Yields of BT — K™y~ in 2012 data with and without the mass model
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corrections as a function of ¢?. There is a negligible change in the yield.
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6.2 B'— Klutu~

The fit procedure for BT — K+ u~ is applied to B — K{u*p~. The only real difference
is a component for B? — Ji) K2, where the signal shape parameters are assumed to be
identical to the BY — J/p K2 with the exception of a mean shift obtained from difference
in the B® and B? masses. The B — J/) K? mass fits in the LL and DD categories are
shown in Fig. 20
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Figure 20: Mass fits to B®— J/ip KU decays in data for 2011 (left) and 2012 (right) in the
LL (top) and DD (bottom) categories. The signal shape is very similar between the two
years and so the data are combined for the final fit. The fit parametrisation is a double
Crystal Ball for signal and exponential as background.

Fits to the non-resonant modes are shown in Fig. 21} There is approximately 30 times
less data than BT — KT utu~ due to four factors; lower visible branching fraction due
to K® — (K? — 7 77 )(factor 3), low reconstruction efficiency (factor 3), tighter BDT
(factor 2) and lower branching fraction (factor 1.5). For the 2011 data, the signal yields
are consistent with previous analysis, whereas the background is significantly reduced. To
take the DD category as an example, the B/S, where B is the background extrapolated
under the signal region and S is the signal, was about 1 last time, whereas now it is about
0.3.

In order to check the consistency between the categories and run periods, the branching
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fraction is calculated with the following equation,

NBoﬁKg/ﬁ,u—B(BO_) T KO)B(Jp — pt ™) (8)
ErelNBO—L]/ng

where Ngjgna is the signal yield, B(B® — Jip K°)B(J/Y — pp~) is the branching
fraction of the normalisation channel, Npgo_, ;g is the number of B®— J/i) K candidates
seen in the data and the ¢, is the relative efficiency between B® — K2uTp~ and B —
Jip K? obtained using the simulation and assuming a SM distribution over ¢?. This
assumption is clearly broken if there is large isospin asymmetry localised in particular
regions of ¢2, but it is best we can do while the results are still blinded. The branching
fraction results are summarised in Tab. (just stat uncertainty). There is a 1.40
fluctuation upwards of the branching fraction in 2012 compared to 2011 for the LL
category, whereas the DD category fluctuates up by 0.90. The probability to get both
these fluctuations is just under 10%. It is difficult to see any effect that could cause this
fluctuation other than statistics. Both 2011 and 2012 datasets use the same reconstruction
version. The only real difference being the trigger, which is dominated by the muons.
Given the fact that the Bt — K*pu*™p~ branching fractions agree very nicely between
2011 and 2012, it is unlikely that the trigger could cause this effect in B®— Kyt~ and
not BT — Ktutu ™.

B(B'— K°utp) =

Mode  Branching fraction
LL 2011  (2.240.8) x 1077
LL 2012 (3.7+£0.7) x 1077
DD 2011 (3.340.7) x 1077
DD 2012 (4.140.6) x 1077

Table 12: Branching fraction results obtained for the different B® — K{u*u~ modes.
There is a combined 1.67¢ fluctuation upwards for the 2012 data compared to the 2011
data.

Similarly to Bt — K*pu®™p~, the simulation is used to calculate the variation of
the mean and width parameters with ¢>. This study is shown in Fig. . Similarly to
Bt — K*p*p~, the corrections make a very small difference, as shown in Fig. [23]
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Figure 21: Mass fits to B— K{u*u~ decays in data for 2011 (left) and 2012 (right) in
the LL (top) and DD (bottom) categories. The signal shape is very similar between the
two years and so the data are combined for the final fit. The fit parametrisation is a
double Crystal Ball for signal and exponential as background.
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6.3 BT— (K*" — KXt~

Again, using the same fitting strategy as BT — K*uTpu~ and B® — K2utp~, the
BT — JW(K*" — K2rT) and BT — (K** — Kd7n")utu~ signal yields are determined,
shown in Figs. 24] and 25] The signal is very clean at the end of the selection chain.
In the same way to the B — K{u™u~ results, the branching fractions are calculated,
assuming the SM ¢? distribution, to assess the consistency between the run periods and
reconstruction categories. This is shown in Tab. [[3] where all branching fractions agree
with each other.

—~ T T T 3 —~ T T T ]
b 800 N, = 3348+62 3 &, 1600 N,, = 6561:88 E
3 700 Niyg = 73:6 3 3 1400 Ny = 143:8 E
u=5282+034Mev/i 3 u=5282+024MeV/c> 7
= 600 = = 1200 =
o 0=144+109MeV/c® 3 =) 0=137+107MeV/ic® ]
o 500 0=242%232MeV/ 3 o 1000 0=246+195MevVié
5 40 a=379+295 3 % 800 o =498+ 091 3
‘g 300 n=70+0 3 ‘g’ 600 n=70+0 =
> fraction=0.58 + 0.13 3 4 fraction=0.54+ 0.11 E
w200 B - Kgrpp (LL) 3 w400 B - Kgrpw (L)
100 2011 3 200 2012 3
05200 5400 5600 0 5200 5400 5600
Bplus M (MeV/c?) Bplus M (MeV/c?)
34 — 34 —
Sorp b Wb b b g bbb [ A IR YTV VNt SR YA PRI £ /OLOK.
2 vy |,§ 11§‘Q!'r 24 2 AR 34 2L BRI 2271 24 o‘ Y > yyYr—§ * v"v bAL 2Ad ‘r L A8 Rk 44 n‘v [} e ¥
a = 4 _]
—_ T T T - —~ 2500 T T T .
L Ngq = 4916+77 ] b N, = 10184+108 ]
3 1000 Ny = 94£7 E 3 2000 Ny = 1918 E
= u=5283+0.33MeV/cZ ] = u=5283+0.19MeV/cZ
o 8w 0=156+123MeV/Z ] = 0=131+098MeV/Z ]
N 0=226+478MeVIE ] = 1800 0=226+110Mev/®
- @ a=123+007 -] - o =480+ 205 ]
T a0 n=70+0 E g 100 n=70£0 -]
> fraction=0.76 + 0.25 b > fraction = 0.42+ 0.09 ]
1 ] m
200 B" - Kgru'w (DD) 1 500 B" - Kgrp'w (DD)
2011 E 2012 E
05200 5400 5600 05200 5400 5600
Bplus M (MeV/c?) Bplus M (MeV/c?d)
i — 34 —
e TR IR T T S 11 I IR T TR T o vt S2— ““H APV NI TPt T I WA T s
0 0
2 AAREE AT 2N TIRE BRAAL 7T LAAAN ] AR ERAEAL T 31 L P 2 L4 ,*1 117"‘! [ 3424 AAARESNELER ST MK T 141 LENS L
-4 — 4 —]

Figure 24: Mass fits to BT — J/ (K*t — K27%) decays in data for 2011 (left) and 2012
(right) in the LL (top) and DD (bottom) categories. The signal shape is very similar
between the two years and so the data are combined for the final fit. The fit parametrisation
is a double Crystal Ball for signal and exponential as background.

Similarly to BT — KTutp~ and B®— K2uu~, the simulation is used to calculate
the variation of the mean and width parameters with ¢?. This study is shown in Fig. .
The Bt — (K** — K{7")u"pu~ data in bins of ¢? is still blind and so the difference in
yields cannot be compared yet. Similarly to BT — K utu™ however, it is expected that
the corrections make a very small difference.
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Figure 25: Mass fits to BT — (K*"™ — K7™ )u*tp~ decays in data for 2011 (left) and
2012 (right) in the LL (top) and DD (bottom) categories. The signal shape is very similar
between the two years and so the data are combined for the final fit. The fit parametrisation
is a double Crystal Ball for signal and exponential as background.

Mode Branching fraction
LL 2011  (7.2+2.6) x 107
LL 2012 (10.241.7) x 1077
DD 2011 (11.242.2) x 1077
DD 2012 (9.54+1.6) x 107

Table 13: Branching fraction results obtained for the different BT — (K** — K27 ™)t~
modes. All modes are compatible with each other.
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Figure 26: The mean and RMS of BT — (K*" — K{7")u*p~ simulation as a function
of ¢?, split into the LL (left) and DD (right) categories. The absolute difference between
parameters for a particular ¢* bin and the J/) bin are used to correct the signal shape.
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.1 Finally, using the same fitting strategy as above, the B — (K** — K*7 " )u*p~ and
w2 BY— JAp(K* — K*r~) signal yields are determined, shown in Figs. 27 and [28]
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Figure 27: Mass fits to B® — Ji) (K*® — K*7r7) decays in data for 2011 (left) and
2012 (right). The signal shape is very similar between the two years and so the data are
combined for the final fit. The fit parametrisation is a double Crystal Ball for signal and
exponential as background.

Events/ ( 10 MeV/&)

pull

180 —;
160 Ng, = 72431 E
140 Ny = 915 3
120 o1 =
100 B~ Ko 3
80 .Signd _;
60 [ Background =
40 —;

0 5200 5400 5600
BO_M (MeV/J)
A= =
2= g g b agbibiigd i L9 S S Oy
2 b {24 BRI IR 44 2014 T [ "oo" ¥ [ 2 el 20
-4 & —

Events/ ( 10 MeV/&?)

pull

FSISINES

Ny, = 163747
Ny, = 19628
2012

B® - K u

. Signal

[ Background

5400 5600

BO_M (MeV/J)

L PR
[

LI
Y ,* RN 241 ”"' yieg

e

PISLIER R T
e S

Figure 28: Mass fits to B — (K** — K7~ )uTu~ decays in data for 2011 (left) and
2012 (right). The signal shape is very similar between the two years and so the data are
combined for the final fit. The fit parametrisation is a double Crystal Ball for signal and
exponential as background.

Similarly to the other channels, the simulation is used to calculate the variation of the
s« mean and width parameters with ¢2. This study is shown in Fig. .
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Figure 29: The mean and RMS of B — (K** — KT~ )u™u~ simulation as a function of
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7 Efficiencies

For the branching fraction measurements and isospin asymmetries, each channel is nor-
malised to the relevant control channel in order to cancel systematic uncertainties relating
to the efficiency. The control channel used for each signal channel is the resonant B — J/i) h
mode, where J/tb — p*p~ which has the identical final state and so the only difference
in efficiency is due to a difference in the kinematics. In order to normalise each signal
channel, the relative selection, reconstruction and trigger efficiency between the signal and
control channel must be calculated. This calculation was done in each bin of ¢2, ignoring
any angular variables. The relative efficiency between the signal and control channels can
be split up into pieces as:

DPC reco&sel| DPC  trigger|reco&sel| DPC 6PID\tv"z'ggerh"eco&sel|DPC’

_ _ € _ _ _
EXptp— _ Xptu— Xptu Xutp Xptp 9)
€ eDPC  reco&sel| DPC trigger|recoksell DPC _PIDl|trigger|reco&sel| DPC
XJ/Y XJyp € € €
X J X J X Jip

where the relative efficiency has been broken down into the DecProdCut (DPC),
reconstruction & selection, PID and trigger relative efficiencies. These pieces that make up
the total relative efficiency are discussed in the following sections. Each piece is calculated
given the previous selection, for example the reconstruction & selection efficiency is
calculated given DPC, the PID efficiency is calculated given the reconstruction & selection
and DPC etc. The simulation is truth matched so that the number of simulation is the
same as the number of signal candidates. The truth matching is 100% efficient above
0.1GeV%ct in ¢®. Below this region, the truth matching removes signal due to shared
muon hits. This is one of the reasons why the data below 0.1 GeV%¢! is not used in the
analysis.

If one truth-matches with the K — « 7~ decay descriptor, this ignores the fraction
of K? which undergo a material interaction with the detector. This fraction is dependent
on the K2 momentum and hence ¢?, as shown in Fig. . This effect is taken care of by
not requiring the K decays at the truth level, but in any case the effect is small compared
to the expected statistical sensitivity.

7.1 Data corrections

The simulation is corrected to match the data. With the exception of the isMuon criteria,
the PID efficiencies are obtained from the data using the PIDCalib package. The isMuon
criteria is taken from the simulation. The DLL cut applied at the stripping is obtained
using the PIDCalib package. The effect of the ProbNN variables is estimated using
Bt — J/ KT, where no PID is applied. The sample is split into bins of momentum and
pseudorapidity, the ProbNN variables are applied and the efficiency is calculated using a
mass fit. The results are shown in Fig. 31} which shows the weights that are applied to the
simulation. No dependence on track multiplicity is applied here, as the track multiplicity
distribution is assumed to be the same as for the non-resonant modes (a good assumption
as they are triggered in the same way). The reason that BT — J/i) K is used rather than
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Figure 30: Fraction of K mesons which decay before interacting with the detector as a
function of ¢2.

the PIDCalib package is there is a slight disagreement between the BT — J/ip Kt results
and weights obtained from the PIDCalib, shown in Fig. for the Kaon ProbNN cut.
Although the disagreement is localised in regions where there are hardly any candidates
anyway, it is safer to simply use BT — J/i) KT to avoid any systematic uncertainty. For
B°— K211~ no ProbNN variables are applied and so no correction is needed.
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Figure 31: Efficiency of the ProbNN selection on BT — J/i KT candidates as a function
of momentum and pseudorapidtiy.

To correct for difference in IP resolution in MC11, all tracks in the best track container
are smeared by approximately 20%. After which the IP distributions match nicely (see
Sect. [A|in the appendix). Finally, the following variables are reweighed: number of tracks,
B pr and B vertex x2. For BY — Ktu*tu~, the py distributions of the daughters are
also reweighed as there is a discrepancy for soft tracks due to the loose selection (see the
mis-modelling systematic in Sect. |§| for more details). This correction procedure is done
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Figure 32: Ratio of ProbNNK efficiencies obtained by applying selection on Bt — J/ip K
data and using the PIDCalib package. For most of the kinematic region, the methods are
consistent with each other, however at the extremes there is discrepancy.

separately for 2011 and 2012 data. These corrections to the efficiency as a function of
¢?, are shown in Fig: For Bt — K*utu~ there is a slight decrease in efficiency at
high ¢ due to the Kt pr reweighing. For B — K2u"u~ there is no significant trend,
as the data/MC agreement is better out of the box in this case (due to the tighter BDT
selection).

The agreement between the data and simulation can be found in the appendix. In
summary, there are no variables badly modelled which are correlated to ¢?. Due to the
large number of variables reweighed for B* — K*u* ™, this is investigated further as a
systematic uncertainty in Sect. 9}

7.2 DecProdCut

There will be a difference in the fraction of particles which enter the LHCb acceptance
due to the different kinematics of the signal and control channels. These fractions are
calculated by generating decays with no generator level cuts. The fraction of these decays
which survive the “DecProdCut“ selection is then calculated in bins of ¢?. The results are
shown in Fig. [34] and There is a difference between the K and K+ channels as the
“DecProdCut “ is not applied to the K candidate.
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B%— K%utpu~ decays, there is no significant effect across ¢? whereas for BT — Kt~
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Figure 34: The relative “DecProdCut“ efficiency between the signal and normalisation
channel for BT — K putpu~ (left) and B — K2u™u~ (right) decays as a function of ¢*.
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Figure 35: The relative “DecProdCut* efficiency between the signal and normalisation
channel for BT — (K** — K27 ")utp~ (left) and B® — (K*° — K*n)utu~ decays
(right) as a function of ¢

7.3 Reconstruction & Stripping

The reconstruction and stripping efficiency is evaluated by applying the stripping selection
to fully simulated signal and control events. The efficiency is defined as the number of
candidates that survive this divided by the number of decays generated which survive
the “DecProdCut “ selection in each bin of ¢?.

7.3.1 BT Ktutu~

The reconstruction and stripping efficiency of B* — Kt u*u~ relative to BT — J/ip KT is
shown in Fig.[36] At high mass the K starts to become collinear with the B direction
and therefore IP 2 criteria in the stripping starts to reduce the signal efficiency. At low
¢* there is a small decrease in efficiency as the muons become soft and become less likely
to reach the muon stations.

7.3.2 B> Klutp

The reconstruction and selection efficiency of B® — K2uTu~ relative to BY — Jjp K
is shown in Fig. [37 The reconstruction efficiency of B® — K%u*pu~ is driven by the
kinematics of the K?; low momentum K¢ are more likely to decay inside the VELO and
so at high ¢? there are more LL candidates reconstructed than DD candidates. Also
remember that due to the absence of a “DecProdCut* on the generator level for the K
means that there is a lower efficiency at low ¢? due to the implicit requirement that the
K? must be in acceptance. Note how similar the MC11 and MC2012 efficiency curves
are, which validates the assumption that the reconstruction version is irrelevant after
normalising to the J/ib modes.
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Figure 37: The relative reconstruction and stripping efficiency between B — K2utpu~
and B — J/ip K? for the LL (left) and DD (right) categories as a function of ¢2.

7.3.3 BT— (K*" — KMt~

The reconstruction and selection efficiency of BT — (K** — Kin™)uTu~ relative to
Bt — Jip (K** — K2rt) is shown in Fig. B8 Unlike B®— K2u*pu~ the efficiency curves
between the LL and DD categories are quite similar. This is because the K kinematics are
less correlated to ¢? due to the heavy K* mass which is obviously constant across ¢>. Note
how similar the MC11 and MC2012 efficiency curves are, which validates the assumption
that the reconstruction version is irrelevant after normalising to the J/i) modes. If there
is any difference it is more likely to be due to the difference in centre-of-mass energies.
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Figure 38: The relative reconstruction and stripping efficiency between BT — (K*t —
K27 utp~ and BT — Jhp (K*t — K277) for the LL (left) and DD (right) categories as

a function of ¢.

7.3.4 B'— (K — Ktr )t~

The reconstruction and selection efficiency of B® — (K** — K*7 )utu~ relative to
B°— J(K* — K*7™) is shown in Fig. . The reconstruction efficiency is similar to
BT — (K*" — K27 ")pTp~ as the K and K kinematics are not so correlated ¢°.
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Figure 39: The relative reconstruction and stripping efficiency between B° — (K*0 —
Ktr)putu~ and B'— JA (K* — K*7~) as a function of ¢*.
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7.4 Trigger efficiency

The trigger requirements are discussed in section [4] In general, the efficiency goes up
with ¢? which is expected as the trigger decisions are dominated by the kinematics of the
muons.

7.4.1 BY"— Ktutp~

The relative trigger efficiency for BT — K*pu* ™, is shown in Fig. [40] The efficiency split
into the different levels can be found in Sect. [C]in the Appendix.
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Figure 40: The relative trigger efficiency for the and selection efficiency between Bt —
KtpTu~ and Bt — JAap K+ as a function of ¢*. The efficiency increases with ¢* as the
trigger is dominated by the muons, which get harder in this region.

7.4.2 B> Klutp~

The relative trigger efficiency for B® — K{u*p~ is shown in Fig. [41] There is some
different behaviour seen between the running periods which is due to HLT2. The efficiency
split into the different levels can be found in Sect. [C]in the Appendix.

7.4.3 BT— (K*" — Kt~

The relative trigger efficiency for BT — (K** — Knt)u*pu~ is shown in Fig. 42| The
efficiency split into the different levels can be found in Sect. [C]in the Appendix. Contrary
to B® — KOu*u~, the trigger efficiency is very similar between 2011 and 2012 as the
K? contributes less for this decay. There is a small difference at very low ¢* due to the
HLT2DimuonDetached line, the mass threshold of which was lowered from 1.5 GeV/c? to
1GeV/c?.
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Figure 41: The relative trigger efficiency for the and selection efficiency between B —
Kutp~ and B®— Jip K? for the LL (left) and DD (right) categories as a function of
¢*. The efficiency increases with ¢ as the trigger is dominated by the muons, which get
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~1.2r . ; — ~1.21 . I .
5 f < 3 f ]
EME ==—"1  EME S AR
s F v 1 s F v 3
1= @ - 1 . -
0.9 E Ju U] E 0.9 = —o v 1] E
g N “ 5 g - @ ]
08 == = 08F  —o— =
o P v 2011 ' E ot i v 2011 E
07: B o Kgtpp (LLY) E 07:_B - Kgtpu (DD) E
’ :_;_ O 2012 ] E o 2012 E

0 6 E L L PR 1 . L PR | L | PR | PR L E O 6 :_.v_. L PR | PR L 1 | L | PR | L

’ 5 10 15 ' 5 10 15

R (Gevch o? (Gevch)

Figure 42: The relative trigger efficiency for the and selection efficiency between Bt —
(K** — K{n)ptp~ and BY — Ji) (K*T — K{n) for the LL (left) and DD (right)
categories as a function of ¢2. The efficiency increases with ¢? as the trigger is dominated
by the muons, which get harder in this region.

7.44 B’°— (K — Ktn)utp~

Please note, the 2011 TCK for B — (K** — K7~ )u™u~ has not been added, this should
have a flatter dependence than 2012.

The relative trigger efficiency for B — (K** — K*7~)u*p~ is shown in Fig. [43] The
efficiency split into the different levels can be found in Sect. [C]in the Appendix. The
trigger efficiency shape is driven by L0, as for the HLT the hadrons can participate which
flattens the efficiency with ¢2.
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Figure 43: The relative trigger efficiency for the and selection efficiency between B —
(K* — Ktr )ptp and B®— Jh) (K*® — K*7~) as a function of ¢>. The efficiency
increases with ¢? as the trigger is dominated by the muons, which get harder in this region.
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7.5 PID efficiency

The PID efficiency is calculated by applying the corrections obtained from the PIDCalib
package for the DLL variables and using Bt — J/ip Kt for the ProbNN variables. In
general, PID has no effect on the efficiency across ¢2.

7.5.1 BY— Ktutp~

The relative PID efficiency for B* — K*puTpu~, is shown in Fig. [44] Tt is clear from how
flat these plots are that any systematic associated with the PID will be negligible.
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Figure 44: The relative muon (left) and hadron (right) PID efficiency between Bt —
K*pTpu~ and BT — Jip KT as a function of ¢°. The muon PID efficiency increases with
¢ the muons have higher momentum in this region. The kaon PID efficiency is almost
flat, with a slight drop at high ¢? which is either due to the RICH kaon threshold or due
to ghost rejection in the NN PID variables.

7.5.2 B> Klutu~

The muon PID efficiency for B®— K?u*pu~ is shown in Fig. The efficiency rises very
slightly with ¢2, as the muons have higher momentum in this region.

7.5.3 BT— (K*" — K" )utu~

The muon PID efficiency for BT — (K** — K7 ")yt~ is shown in Fig. The efficiency
rises very slightly with ¢2, as the muons have higher momentum in this region.

7.5.4 B'— (K — Ktn )utu~

The muon PID efficiency for B — (K*® — K7~ )u*pu~ is shown in Fig. . The efficiency
lowers slightly for high ¢? as the hadrons get harder in this region where they PID selection
is less efficient.

44



g104 :_ T T T _: §104 :_ T T T _:
S1.02F - S1.02F -
s .k . g s =
< 1ke Py & T - S 1ke= o hd -
“’0 o ;_+ = B® 4 Kgr'w (LL) 3 “’0 3 B’ 1 KW (DD) 3
“F e Ve ] ~r ae Ve ]
0.96F . 0.96 3
0.94F v 2011 3 0.94F v 2011 3
o O 2012 early ] o O 2012 early 1
0.92 e ® 2012 late E 0.92 E ® 2012 late e
09 C PR TR P N | L | PR B Og C PEREER T R P N | PR | PRI B

5 10 15 20 5 10 15 20
o (GevZ/ch o (Gevch)

Figure 45: The relative muon PID efficiency between B® — K{u*pu~ and B — Jh) K?
for the LL (left) and DD (right) categories as a function of ¢*. The muon PID efficiency
increases with ¢? as the muons have higher momentum in this region.
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Figure 46: The relative muon PID efficiency between BT — (K** — K27 " )u*p~ and
BT — Jip (K*T — K27") for the LL (left) and DD (right) categories as a function of ¢*.
The muon PID efficiency increases with ¢ as the muons have higher momentum in this
region.
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Jhp (K*® — KT77) as a function of ¢2. The PID efficiency gets worse with ¢* as harder
hadrons have higher momentum in this region.
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7.6 BDT efficiency

The BDT efficiency as a function of ¢ for each channel is shown in this Section. In general,
the BDT efficiency tends to get worse with ¢ as the most discriminating variables are
associated with the hadron and so favour the lower ¢? region where the hadron has higher
pr, IP etc.

7.6.1 BT— Ktutu~

The relative BDT efficiency between BT — K™u*p~ and BT — JA) KT is shown in
Fig. 52
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Figure 48: BT — K*utp~ BDT efficiency as a function of ¢2.

7.6.2 B> Klutp~

The relative BDT efficiency between B® — K2u™u~ and B — Jjp K? is shown in Fig.
For the LL category, there is a higher BDT efficiency at low ¢? late in 2012, which is due
to the LL bug in the trigger, which required the K7 lifetime to be lower than 10 ps. These
K? which are TOS have very good IP x? and thus are subsequently preferentially selected

in the BDT.

7.6.3 BT— (K*" — KMt~

The relative BDT efficiency between BT — (K*T — K07 )utp~ and BT — Jip (K*T —
K?%77T) is shown in Fig. The efficiency is fairly flat as the BDT efficiency in this channel
is very efficient.
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Figure 49: BDT efficiency on B®— K2uTu~ as a function of ¢* for the LL (left) and DD
(right) categories. The efficiency gets worse with ¢* because the K2 pr and IP get worse

with ¢%.
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Figure 50: BDT efficiency on BT — (K*" — K277 )u"u~ as a function of ¢? for the LL
(left) and DD (right) categories. The efficiency gets worse with ¢? because the K? pr and
IP get worse with g2

7.6.4 B'— (K — Ktr)utpu~

The relative BDT efficiency between B — (K** — K*7 " )u*pu~ and B — Jh (K* —
K*7~) is shown in Fig. [51] The efficiency is flat due to the variables chosen to train the

BDT.
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Figure 51: BDT efficiency on B®— (K** — K7~ )u*u~ as a function of ¢>.
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7.7 Total efficiency

This section describes the combination of all the previously described effects. These
histograms are the ones used for the final result to convert signal yields into branching
fractions and isospin asymmetries.
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Figure 52: Relative efficiency between B™ — K*u™p~ and BT — J/ip KT as a function of
¢*. The shape is a combination of effects described in the previous sections.
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Figure 53: Relative efficiency between B®— K2upu~ and B°— J/i) K? for the LL (left)
and DD (right) categories as a function of ¢?>. The shape is a combination of effects
described in the previous sections.
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Figure 54: Relative efficiency between BT — (K** — K7™ )utp~ and Bt — Ji) (K*T —
K27 ") for the LL (left) and DD (right) categories as a function of ¢*. The shape is a
combination of effects described in the previous sections.
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Figure 55: Relative efficiency between B — (K** — K*7~)u*pu~ and B — Jh) (K*0 —

K*77) as a function of ¢%. The shape is a combination of effects described in the previous
sections.

564 The raw ¢? distributions for the four channels are shown in Fig. [56| after the full offline
ses selection. The difference between the K and K? distributions is small compared to the
ses  statistical sensitivity.
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Figure 56: Distribution of ¢? for fully offline selected signal MC. Results are shown for all
four signal decays.
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8 Results

8.1 Branching fraction results
8.1.1 BT— Ktutpu~

The differential branching fraction as a function of ¢? for B* — K+t~ is shown in Fig.
The 1(4160) is clearly visible at high ¢2, and there is also a hint of enhancement at low ¢?
as well, where the p and w could contribute. The results are also split by year in Fig.
where they are compatible with each other. Finally, Tab. tabulates the results, where
the statistical and systematic uncertainties are shown separately. The branching fraction
integrated over ¢? is obtained by extrapolating under the region removed due to charmonium
resonances using the simulation. The result is (4.42 & 0.07(stat) & 0.26(syst)) x 1077,
which is compatible with previous results [16].

60 X10°

v 29

15 20

R (GeV/c?)

Figure 57: Differential branching fraction of BT — KT~ decays as a function of ¢2.

8.1.2 B Koutu~

The differential branching fraction as a function of ¢* for B® — K2u*u~ is in Fig. 59
Here, the LL and DD categories are fit simultaneously, where the branching fraction is
shared between the two. Note that the rate is suppressed at low ¢?, which results in

a negative isospin asymmetry (see later). The branching fraction integrated over ¢? is
(3.16 £ 0.33(stat) & 0.16(syst)) x 1077, which is compatible with previous results [19].

8.1.3 BT— (K*' — K%M )utpu~

The differential branching fraction as a function of ¢ for BT — (K** — K27 )utpu~ is
in Fig. [60f Here, the LL and DD categories are fit simultaneously, where the branching
fraction is shared between the two. Tabulated results are shown in Tab[I§ The branching
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Figure 58: Differential branching fraction of BT — KT~ decays as a function of ¢?
split into the 2011 and 2012 results.

Table 14: Differential branching fraction results (10~ x ¢*/GeV?) for the B* — K*+utu~
decay, including statistical and systematic uncertainties.

q* range (GeV?/c') central value stat syst

0.1 < ¢* < 0.98 33.2 18 1.7
1.1 < ¢% <20 23.3 1.5 1.2
2.0 < ¢%<3.0 28.2 1.6 14
3.0 < ¢ < 4.0 25.4 1.5 1.3
4.0 < ¢® <50 22.1 14 1.1
50 < ¢2 < 6.0 23.1 14 12
6.0<¢®> <70 24.5 14 1.2
70 < ¢ <80 23.1 14 1.2
11.0 < ¢ < 11.8 17.7 13 0.9
118 < ¢ < 125 19.3 12 1.0
15.0 < ¢ < 16.0 16.1 1.0 08
16.0 < ¢> < 17.0 16.4 1.0 0.8
17.0 < ¢ < 18.0 20.6 1.1 1.0
18.0 < ¢% < 19.0 13.7 1.0 0.7
19.0 < ¢% < 20.0 7.4 0.8 04
20.0 < ¢ < 21.0 5.9 0.7 0.3
21.0 < ¢2 < 22.0 4.3 0.7 0.2
11< ¢ <6.0 24.2 0.7 1.2
15.0 < ¢2 < 22.0 12.1 04 0.6

s fraction integrated over ¢? is (9.11 £ 0.92(stat) + 0.68(syst)) x 1077, which is compatible
se0  with previous results [19)].
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Figure 59: Differential branching fraction of B® — K2uTu~ decays as a function of ¢

Table 15: Differential branching fraction results (1072 x ¢*/GeV?) for the B — K%utu~
decay, including statistical and systematic uncertainties.

¢® range (GeV?/c*) central value stat syst

0.1 <¢*<20 12.2 2206
2.0 < ¢® < 4.0 18.7 e 09
4.0 < 2 <6.0 17.3 209
6.0 < ¢*> < 8.0 27.0 214
11.0 < ¢ < 125 12.7 e 06
15.0 < ¢ < 17.0 14.3 307
17.0 < ¢* < 22.0 7.8 HIo04
11 < ¢ <60 18.7 B 09
15.0 < ¢* < 22.0 9.5 e o05

814 B'— (K — Ktr )utu~

Although no public results will be made for B® — (K*° — K*7~)u*u~ decays, the
branching fraction will be used for the isospin asymmetry and is shown here in Fig. [61]
For the 2011 results, the angular analysis measurements are overlaid (stat only). The old
angular analysis measurements agree nicely in all bins except the first.
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Figure 60: Differential branching fraction of BT — (K** — K27 ")yt~ decays as a
function of ¢2.

Table 16: Differential branching fraction results (107 x ¢*/GeV?) for the B* — (K*+ —
K27 ™)t~ decay, including statistical and systematic uncertainties.

¢* range (GeV?/c*) central value stat syst

0.1 <¢®<20 59.2 Hio 4.0
2.0 < ¢? < 4.0 55.9 38
4.0 < ¢*> <6.0 24.9 B I
6.0 < ¢> < 8.0 33.0 S, 2.3
11.0 < ¢ < 12,5 82.8 At 56
15.0 < ¢* < 17.0 64.4 44
17.0 < ¢* < 19.0 11.6 T2 08
11 < ¢®<6.0 36.6 TE 26
15 < ¢* < 19.0 39.5 t30 28
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function of ¢? split into the 2011 and 2012 results.
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8.2 Isospin asymmetry results

There are around 100 (60) candidates for each of the K? DD (LL) modes, and so around
20 (10) candidates in each ¢* bin. With these low statistics, the resulting branching
fraction errors will be asymmetric due to poisson statistics, and combining them is not
trivial. It is therefore preferable to combine the likelihoods of each mode. This is done by
rearranging the signal yields in the fit so that A; becomes a fit parameter. The fit then
automatically propagates the statistical errors to A; by combining the likelihoods of all
the signal yields. This also means systematics can be added to the fit and a significance
from the SM expectation or A; = 0 hypothesis can be easily obtained.

For each ¢? bin, six yields are needed; LL K? signal, LL K{ J/, DD K signal, DD
K? Jh), K+ signal, and finally K+ J/ib. Only the K signal yields are combined as the
J/p and K modes have enough statistics to be combined using error propagation. This
leaves two signal likelihoods to combine with three J/i) modes and one K+ signal yield fit
independently. Although none of the signal yields share any parameters, the two signal
yields are fitted simultaneously. The K signal yields are re-expressed in terms of the K
yields and A; which links all the two cateogires together. Equations [10] to [13]| show this
rearrangement.

Taking the isospin asymmetry of B— Kutu~ (B°— K%utp~ and BT — KT utu™)
as an example, equation [2 can be rearranged to give the B(K°u*pu™), the B — K2utu~
branching fraction as a function A; and B(Ktu*u~), the Bt — K*uTu~ branching
fraction, shown in equation ((10)).

. 1—|—A17’BO

BIK ™) = 7 ——BK ") (10)
— A7 T+

For example the LL B — K% u~ branching fraction for the i** ¢ bin is shown in
equation [IT]

€L NLL(J/ K3)
where N, (K2utp™) is the signal yield in the i ¢* bin, B(J/) K°) is the branching
fraction of B®— J/h K° obtained from in Sect. N(J/p K?) is the control channel yield

and ¢ is the relative efficiency between the signal and normalisation channels in the it" ¢
bin. Substituting these branching fraction expressions into yields equation .

B(K up)' =

Nin(Kpp=))BUJW K®) 14 Ap 7o NY(K p ) B(Jf K)
EZLLNLL(J/wKO) 1 —A[ T+ EZ[(+N<J/¢K+)

rearranging equation in terms of the B® — K™ u~ LL signal yield gives equation (13)).

(12)

i _ 1+ A
Npp(Kdptu™) =S5 1_ Aj

(13)
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S is a combination of the B lifetimes, relative efficiencies and J/i yields which added in as
external gaussian constraint on the fit, with the gaussian width set as the error calculated
by propagating all the systematics to S beforehand. The average systematic error in each
bin is around 5%, compared to the statistical error of 30%. To combine the LL category
with the DD category, the same equation involving the DD yields is added, and is fit
simultaneously with the LL category. A; is then a shared parameter between the two,
which enforces that the LL and DD categories give the same result. The parts of the
systematic, S which are correlated between the LL and DD categories (e.g. B®— J/i K?
branching fraction) are shared between the LL and DD fits.

(14)

8.2.1 Significance from A; = 0 hypothesis

This section describes two statistical tests used to quote the significance of the results with
respect to A; = 0. As a reminder, for the 2011 result the significance was obtained by
adding up the difference in likelihood (DLL) between a fit where A; is let free and where
A; is fixed to zero for each bin and using Wilk’s theorem (with one degree of freedom) to
convert this into a significance. This was found to be 4.4 0. However this was chosen after
the data was seen, and relied on the fact that all bins were negative, which may not be
the case this time round.

For the updated analysis, the simplest method would be to perform a x? test on the
A; measurements with respect to a horizontal straight line at A; =0. This ignores any
shape information (e.g. if all bins are negative), however it is statistically well defined and
is easy to describe in the paper. For the old result this comes to 2.9 ¢. Although this is
much more conservative than the method used previously, it has the advantage that is
blind to the shape of A;.

A more discriminating test is to assume a shape for A; across ¢?. As the shape is
currently unknown, we test the simplest alternative hypothesis, which is a constant value
different from zero. This fit to a constant A; is shown in Fig. [62] as an example. This fit to
a constant A; to the seven bins can be performed for toy datasets, where the measurements
are generated from A; = 0 for each bin independently. The x? of the fit where A; is free
is then compared to the y? obtained where A; is fixed to zero. The difference in these
x? values defines the test statistic. The distribution of the test statistic for 20,000 toy
datasets is shown in Fig. The p-value of the 2011 result is roughly 0.04% with this
method, which corresponds to 3.5 0. Compared to the simple x? test, this method is much
more powerful but has the disadvantage of assuming a shape for Aj.

Systematic uncertainties, in particular the J/i) branching fraction systematic, can have
a large large effect on the p-value estimation as they are 100% correlated across ¢*. This
systematic is roughly 7%, theoretically however, the J/i) modes are expected to have zero
isospin asymmetry at the level of roughly 1% [20]. For this reason, it is also interesting to
quote a p-value assuming the J/i) branching fractions are isospin symmetric.
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Figure 62: Fit to the 2011 data for a constant A;. The x? of the fit compared to the x?
with A; fixed to zero defines the test statistic for determining the p-value from zero.
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Figure 63: Distribution of the difference in x? when Aj is fixed to zero and let free but
constant across ¢?. The vertical line shows the test statistic value for the 2011 result.
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Figure 64: Isospin asymmetry of B— Kutpu~ as a function of ¢2.

[sospin asymmetry

q* range central value stat error syst error
0.1<¢?<2 -0.37 o 0.02
2<q? <4 -0.15 BRRT: 0.02
4<q?<6 -0.10 BT 0.02
6<q¢><8 0.09 oy 0.02
11 <¢®* <125 -0.16 e 0.03
15 < ¢? < 17 -0.04 s 0.02
17 < ¢ <19 -0.12 ol 0.02
11<¢<6 -0.10 oo 0.02
15 <¢? <19 -0.09 008 0.02

Table 17: Isospin asymmetry results for B— Kputp~
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The data is well described by a zero parameter polynomial (horizontal straight line)
with a x? probability of 54%. This is the naive model used to obtain the p-value which
will go into the paper. The observed value overlaid on the distribution of toy datasets
generated from A; =0 is shown in Fig. |65 and corresponds to a p-value of 11% (~ 1.50).
If one instead uses the simple y? test with respect to zero, which assumes no shape in A,
the p-value comes out to be 52%. This disparity between the two methods is expected as
the simple x? test ignores the fact that nearly all measurements are negative.
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Additionally, one can relax the assumption that the isospin asymmetry of the J/
modes is zero, and take the values described in Sect. [9.1] The result is shown in Fig.
with the corresponding in Fig. . When using the PDG J/i) branching fraction values, the
observed value of the test statistic is higher as the A; data points become more negative
so that the y? with respect to zero is higher. However, the distribution of the toy datasets
is also wider because of the relatively large systematic (7%), which is 100% correlated
across ¢°. The p-value is about 6.6%, which corresponds to about 1.9¢.
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Figure 66: Isospin asymmetry of B— Ku*u~ as a function of ¢? with and without the
assumption that AI(J K*) = 0.
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Figure 67: Distribution of the test statistic without the assumption that AI(J/ K) = 0.

8.2.3 B— K*utu~

The B— K*u"p~ isospin asymmetry is shown in Fig. [68] where results are consistent
with zero like last time. These results are obtained assuming that .J/i) isospin asymmetry
is zero.
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Figure 68: Isospin asymmetry of B— K*u™u~ as a function of ¢*.
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[sospin asymmetry

q* range central value stat error syst error
0.1 <¢®<2 0.11 o 0.02
2<®<4 -0.20 s 0.03
4<q®<6 0.23 o 0.02
6<q¢><8 0.19 e 0.02
11 < ¢®> <125 -0.25 o0e 0.03
15 < ¢> < 17 -0.10 e 0.03
17 < ¢ <19 0.51 M 0.02
11<¢<6 0.00 10 0.02
15 < ¢* < 19 0.059 b0 0.02

Table 18: Isospin asymmetry results for B— K*putpu~
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9 Systematic uncertainties

9.1 B— J/ph branching fraction

The branching fraction measurements of the normalisation modes from the B-factory
experiments assume that the BT and B° mesons are produced with equal proportions at
the Y(45) resonance [?,7,21]. In contrast, in this paper isospin symmetry is assumed for
the B— J/ip K™ decays, implying that the B* — Ji K+ (BT — Jip (K* — K7t))
and B — JWpK° (B® — Jh(K* — K'7)) decays have the same partial width.
The branching fractions used in the normalisation are obtained by: taking the most
precise branching fraction results from Ref. [21] and translating them into partial widths;
averaging the partial widths of the K+, K° and the K**, K*° modes, respectively; and
finally translating the widths back to branching fractions. The calculation only requires
knowledge of the ratio of BY and B lifetimes for which we use 0.93 £ 0.01 [22]. Statistical
uncertainties are treated as uncorrelated while systematical uncertainties are conservatively
treated as fully correlated. The resulting branching fractions of the normalisation channels
are

B(Bt— JK™) = (0.998 £ 0.014 4 0.040) x 107,

B(B°— J/ K°) = (0.928 & 0.013 £ 0.037) x 1077,

B(BT — Jhp K*t) = (1.431 4 0.027 4+ 0.090) x 1072,

B(B*— Jip (K* — Ktr™)) = (1.331 4 0.025 4 0.084) x 1072,

where the first uncertainty is statistical and the second systematic. The uncertainties
on the branching fractions of the normalisation modes constitute the dominant source of
systematic uncertainty on the branching fraction measurements while it cancels in the
isospin measurements.

9.2 Physics model

Recently, a resonance was discovered in BT — KTutu~ decays at high ¢ [23]. This
resonance alters the ¢ shape for the highest ¢? bin in B — K2u™u~ (for Bt — Ktputu~
the bins too narrow for it to be an issue). The effect that this resonance has on the
efficiency is estimated by reweighing the simulation at high ¢? so that it looks like the fit to
the BT — KTyt pu~ data (see Fig. [69). The effect that this has on the efficiency is shown
in Fig. , where the efficiency as a function of ¢* for B— K{u*p~ is shown before and
after re-weighting for the resonance. As expected, the only observed difference in efficiency
is for the highest and widest ¢? bin. As we cannot be sure that the B — K%y~ dimuon
spectrum is the same as the Bt — Kt u~ spectrum, we use the difference in efficiency
curves as a systematic rather than a correction. There is also the possibility of resonances
at low ¢ as well, such as the p, w and ¢. These low mass resonances are ignored as
they have lower branching fractions than the v/(4160) and the ¢* bins are narrower which
results in a negligible effect in the efficiency in this region. For BT — (K** — K27 ™)t~
and B®— (K*® — K7~ )u*p~, there is no significant evidence for the 1(4160) and the
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ns efficiency is flatter for these decays at high ¢2. For these reasons no systematic is assigned
ne  for the 1(4160) for Bt — (K** — K2 ")putp~ and B — (K*° — Kt )utpu .
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Figure 69: Fit to the dimuon spectrum of BT — KTu*u~ decays, including three
charmonium resonances, the 1(4160), the ¢(4040) and v (3770). The blue curve is divided
by the sum of the non-resonant curves to obtain weights for the simulation.
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Figure 70: Distribution of ¢* after making the systematic variation as described in [?].
The slope changes at most by about 20%.

In addition to the specific correction due to the ¥(4160), a more general systematic is
assigned due to imperfect knowledge of form-factors and possible effects of new physics
contributions to the shape within a ¢? bin. To assess this systematic, the number of ¢? bins
is doubled when calculating the efficiency from simulation. These bins are then averaged
under two weighting schemes, one where the lower half of each bin is given 20% the weight
of the upper half and vice-versa. This 20% number is obtained by making the systematic
variation of the form factor, suggested in Ref. [?], shown in Fig. . The difference between
the weighting schemes is shown for B — K%u™pu~ and BT — (K** — K7™t~ decays
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9.3 Trigger efficiency
9.3.1 K™ channels

To assess how well the trigger efficiency for BY — Kt~ is re-produced in the simulation,
the trigger efficiency as determined from the TISTOS method is compared to BT — J/i KT
candidates as a function of muon kinematics. This agreement is very good, even for
L0, as shown in Fig. [73] Given this level of agreement no systematic is assigned for
BT— Ktutu .
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Figure 73: Trigger efficiency for BT — J/i) K candidates as measured by the TISTOS
method as a function of muon kinematics. The data/MC agreement is very good.

The TISTOS method is checked by comparing trigger efficiency obtained for BT —
J/p K decays in simulation. The TISTOS trigger efficiency is 85% whereas the absolute
efficiency is 81%. This level of disagreement is expected due to the assumption that TIS
and TOS efficiency are independent of each other. When applied to both data and MC,
and in bins of kinematics, this level of disagreement is expected to cancel so that the
TISTOS efficiency is a good proxy for assessing the systematic uncertainty.
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9.3.2 K? channels

There are not enough data to make the same study for B® — J/ K?, however B® —
K2 pu~ decays should be triggered mostly on the muons, which means that we can use
the TISTOS method on BT — J/ib KT decays, where the requirements are applied to the
J/ip to assess the systematic related to the muon triggers on B®— K%y pu~. This study
is shown in Fig. [74] where the agreement is very good. This is not a surprise given that
the full B* — Jiip KT candidate agrees nicely in Fig. [73|
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Figure 74: Trigger efficiency for J/ip candidates in BT — J/ip KT decays as measured by
the TISTOS method as a function of muon kinematics. The data/MC agreement is very
good.

The systematic associated with the remaining K9 contribution is estimated by compar-
ing the fraction of candidates which are TOS on the 3-body topological lines, which is where
the majority of KU candidates participate. This fraction in data and simulation is shown
in Fig. , where the simulation tends to overestimate the fraction of K participating.
The data here is selected to avoid two K? bugs in the trigger already described in Sect. :
One corrected in June 2012 which resulted in a very low DD K7 trigger efficiency for the
first ~ 0.5fb™" of 2012. Another introduced in June 2012 which resulted in a very low LL
K trigger efficiency for the last ~ 1.5fb™" of 2012.

The disagreement between Data and simulation appears to be quite large, however
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Figure 75: Fraction of offline selected candidates which fire the 3-body topological lines
for data and MC as a function of K? pr. For both categories, the 3-body lines appear to
be more efficient in the simulation.

= T = T
Q14— Q 14—
?E 0 ! r 0
C - C -
a2 B” — K (LL) a L2 B” - K"y (DD)
IS e IS L —
I: 1= L 5 1 S
I r — z r ——
® 08— w08 =, ——
06 06—
04 — Triggered on J/y 04— — Triggered on J/y
02} —— Triggered on B 0.2} —— Triggered on B
T T T T A T
2 4 6 8 10 12 14 16 18 20 22 2 4 6 8 10 12 14 16 18 20 22
o (GeV?/c?) o? (GeV2/ch)

Figure 76: Comparison of the trigger efficiency on B®— K{u*u~ candidates when trigger
requirements are placed on the B candidate and the J/i) candidate.

most BY — K2uTp~ candidates would be triggered by the J/i) anyway, as shown in Fig. ,
which compares the relative trigger efficiency between B® — K2u™p~ and B — J/ip K
when applying requirements only on the J/i). The associated systematic is obtained by
multiplying the fraction of candidates triggered by the K, shown in Fig. , by the
data/MC disagreement shown in Fig. , which results in the systematic curve shown in
Fig. [77} Here results are shown for BY — (K** — K%7")u*u~ as well which are obtained
in a similar way. Due to the K bugs mentioned earlier, this systematic only applies to
roughly half the data in each category (DD candidates were not included in the 2011
topological trigger).
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Figure 77: Systematic associated with the trigger for B® — Ku*tpu~ (left) and Bt —
(K*t — K2n ")~ (right) decays as a function of ¢2.

9.4 Data/MC mis-modelling

As described in Sect. [7], the simulation is re-weighted to match the data. Due to the robust
nature of the analysis via normalisation, this has a relatively small effect on the efficiency
as a function of ¢2.
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Figure 78: MC/Data distribution for K pp in BT — Ji) Kt decays before re-weighting
(left) and effect of this reweighing on the relative efficiency as a function of ¢* (right).
There is a slight drop in efficiency at high ¢ due to the reweighing of the K+ pr.

However there is an effect for BT — KTpu*u~, due to a discrepancy at low K+ pr,
see Fig. [T8 Correcting for this discrepancy removes more high ¢*> BT — K*utu~ than
BT — J/h) KT as kaons are softer in that region. There is also a similar effect for the muon
pr, which are also re-weighted. In total, six variables are re-weighted for B* — K+t u*u~,
B pr, B vertex x2, number of tracks and daughter pr. These are reweighed independently
of each other, and only one dimension. This means that the agreement is not perfect after
re-weighting due to correlations, and other variables, such as the B IP, become badly
modelled. Although the B IP is not correlated to ¢?, this effect deserves a systematic, which
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Figure 79: Effect of re-weighting BT — K*u™u~ simulation again to smooth out residual
discrepancies due to correlations. This effect is used to estimate a systematic associated
with remaining mis-modelling.

is obtained by re-weighting the variables again, to correct for the residual differences due
to correlations. The difference in the efficiency from performing this second re-weighting,
shown in Fig. [79]is used as a systematic.
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Figure 80: Effect of the reweighing on the relative efficiency as a function of ¢2. There is
no significant effect across ¢?, the fluctuations are due to the weight uncertainties which
are not propagated to this plot.

For B®— K2, the situation is different. Due to a much tighter selection, there
are hardly any soft candidates left and so the discrepancy is not visible (see Sect. |A]in
the appendix for more detail). The effect of applying the B and occupancy weights are
shown in Fig. 80} There is no significant trend, although results do tend to fluctuate by
roughly 2%, due to the weight errors which are not included. This 2% fluctuation is used
as a systematic constant across ¢.
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Figure 81: The branching fraction ratio, B(BY — J/i K°)/B(B™ — Jh) K1), as a function
of K? momentum. After a correcting for the K? reconstruction, the DD category agrees
nicely with the theoretical predictions.

9.5 Negligible systematics
9.5.1 K reconstruction efficiency

It is known that the simulation does not reproduce the correct yield ratio between the two
K? reconstruction categories. The effect of possible mis-modelling of K? reconstruction is
estimated by measuring the K reconstruction efficiency in data using D° — ¢K? decays,
the results of which reproduces the correct B®— Ji K?/B*— J/ip KT branching fraction
ratio nicely, see Fig. . More details on the K reconstruction technique can be found
in Ref. [24]. As shown in Fig. , the effect of these corrections on the efficiency is very
small, and so any associated systematic would be negligible.

The K¢ decay Z position, psuedo-rapidity and ¢ coordinate distributions for B® —
J KO and BT — Jip (K** — K27+) decays are shown in Sect. [D]in the Appendix. The
downstream tracking efficiency is also shown as a function of these variables.
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Figure 82: Effect of the K reconstruction correction on the relative efficiency between
B°— Ja K? and B — K2u*pu~ decays.
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9.5.2 PID

The isMuon efficiency is taken from the simulation rather than derived from data, however
it is well modelled in the simulation (see Fig. and the corresponding systematic is
negligible.

Ratio of efficiencies Up Ratio of efficiencies Down

Pseudo Rapitity
Pseudo Rapitity

10° 10
Track Momentum [MeV/c] Track Momentum [MeV/c]

Figure 83: IsMuon efficiency ratio between data and simulation as a function of kinematics.

The remaining PID efficiency as a function of ¢* is very mild, as shown in Figs.
and Any systematic effect would be negligible.
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Figure 84: Relative efficiency for the muon and kaon PID selection between BT — K+ pu*pu~
and BT — J/ip KT decays as a function of ¢*.

9.5.3 IP resolution

Although the daughter IP resolution is quite correlated to ¢2, from Sect. |Alin the appendix,
it can be seen that the IP variables are well described and so no systematic is assigned.

9.5.4 Mass model

Given the mass model parameterisation fits the J/i modes OK with a factor 200 higher
statistics. At the J/i) mass the mass model is assumed to be perfect compared to the
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Figure 85: Relative efficiency for the muon and kaon PID selection between B® — K2t pu~
and B°— J/ih K? decays as a function of ¢*.

statistical precision. The variation of the mass model as a function of ¢> makes very little
difference to the signal yields (see Fig. and so the effect of mis-modelling this correction
is assumed to be negligible. The effect on B®— K?utp~™ and BT — (K* — Ko7 )utu~
will be checked when the yields as a function of ¢? are unblinded, but it is also expected
to be negligible.
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10 Cross checks

10.1 B— Ku'u~ cross checks

10.1.1 Old analysis vs new analysis compatibility

The old result is compared to the 2011 part of the new result to test the compatibility.
To do this, the overlap of events in the signal region is calculated for each ¢? bin, shown
in Fig[86l Although the ¢ binning has changed, the nearest bin is used to calculate the
compatibility. The results are overlaid on Fig. where the x? probability, taking into
account the overlap of events, is shown. The compatibility between the two is very good,
with a x? probability of 92%.
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Figure 86: Overlap of events in the signal region between the old 2011 analysis and the
2011 part of the new analysis.

10.1.2 LL and DD compatibility

although this check was performed before unblinding, it is still useful and is listed here

Although the result are still blind, one can check the compatibility between the LL
and DD categories already. Such a test is shown in Fig. where the isospin asymmetry
results are shown for the DD and LL categories separately. The DD central values have
been moved to zero and the LL central values have been offset by the same amount as
the DD mode, so that the LL points show the difference between the LL and DD results.
The x? agreement between the two categories is good, with a p-value of 15%. It is also
important to note that the LL category is slightly lower than the DD category, which is
the opposite situation to last time.

7



837

838

839

840

841

842

< 04
0.2

X2 prob = 92% — hew
—old
| —Ll— |

I
—e— Yo ljJ(25)

——

-0.2
-0.4
-0.6
-0.8

|
|

1l

10 20
o? Gev?/ct

1
(RN

o

Figure 87: Isospin asymmetry of the old 2011 analysis and the 2011 part of the new
analysis. The compatibility between the two is very good (92%).
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Figure 88: Blinded compatibility test between the LL and DD categories. The DD central
values have been moved to zero and the LL central values have been offset by the same
amount as the DD mode, so that the LL points show the difference between the LL and
DD results.

10.1.3 2011 and 2012 compatibility

The isospin asymmetry results for the 2011 and 2012 datasets are shown in Fig. [89] For
each bin, the 2012 dataset yields more positive central values than the 2011 dataset. The
chance of this happening can be estimated by the binomial theorem (throwing 7 heads or
7 tails in a row), which comes to 1.5%, roughly 2.40. This is more discrepant than the
1.60 fluctuation obtained in Sect. @ by comparing the B — K2u"p~ branching fractions
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integrated over ¢?. Comparisons between some kinematic variables in 2011 and 2012 data
for B®— J/i K? can be found in
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Figure 89: Isospin asymmetry for the 2011 and 2012 datasets. The 2012 results are
consistently above the 2011 ones.

The data is also split into the K? reconstruction categories and then compared between
2011 and 2012 for the categories separately. This is shown in Fig.[90 where there is no such
evidence for a systematic shift. For the LL category there are five bins in a row where the
2012 result is higher but that is not significant compared to the seven in the combination.
The DD category looks perfectly compatible between the 2011 and 2012 datasets. Given
that neither category shows a clear trend, this is evidence that the systematic shift of all
seven bins for the combination is indeed a statistical fluctuation as the two categories are
essentially independent measurements.
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Figure 90: Isospin asymmetry for the 2011 and 2012 datasets for the LL (left) and DD
(right) K? reconstruction categories.
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10.1.4 Stability with a mass range re-definition

The stability of the isospin result with different mass ranges is shown in Fig. There is
no significant change apart from if the lower mass sideband is removed for the 2-4 GeV?/¢*
¢? bin. The mass fit for this bin is shown here (all ¢ bins are in Sect. [B|in the appendix),
where the background level sits slightly below the PDF. If one removes the region the
background level increases and the corresponding B — K{u*p~ signal yield decreases,
which makes A; more negative.
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Figure 91: Isospin asymmetry under different mass ranges (5170-5700 MeV/c? is nominal).
There is no significant change apart from if the lower mass sideband is removed for the
2-4 GeV/c? bin (corresponding mass fit shown on the right).

10.1.5 Apply trigger requirements on dimuon candidate

The isospin asymmetry results are compared when applying the trigger requirements on
the dimuon candidate instead of the B candidate, shown in Fig. This ensures that the
trigger efficiency between BT — KT utpu~ and B®— KOuTu™ cancel as they both trigger
on the muons. There is only a visible effect at low ¢* as expected as that is where the K
participates most. It is however a small effect and no systematic trend is observed.
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Figure 92: Isospin asymmetry results when applying the trigger requirements on the
dimuon candidate.
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10.1.6 Calculate B — (2S) K?/B — J/ K? branching fraction

The ratio of branching fractions between B° — 1(25) K? and B°— Ji) K? decays can
be measured in the different run periods and K? reconstruction categories. The relative
efficiency between the two is taken from the plots in Sect. [7, The mass fits of which are
shown in Fig. 03] with tabulated results in Table. [19] All four branching fractions agree
with each other, the 2011 LL is slightly high, but if this were a systematic effect, it would
be in the opposite direction to the non-resonant case, where the LL 2011 is low.
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Figure 93: Mass fits to B® — 1(25) K? decays for the 2011, 2012 and K? reconstruction
categories.

BBY—4(2S)K?
Category W(/d’;(gs

2011 LL | 0.083+£0.004
2012 LL | 0.075%+0.003
2011 DD | 0.077£0.003
2012 DD | 0.076+0.002

%, where the Ji — p™p~ and 1(25)

— ptp~ branching fractions are not taken into account.

Table 19: Ratio of branching fractions,
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10.2 B— K*u"u~ cross checks
10.2.1 LL vs DD compatibility

The results split between the LL and DD categories is shown in Fig. [94] There is no
evidence for a systematic bias.
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Figure 94: Compatibility test between the LL and DD categories for B— K*u* ™.

10.2.2 2011 vs 2012 compatibility

sro The results split between the 2011 and 2012 run periods is shown in Fig. There is no
sso evidence for a systematic bias.
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Figure 95: Compatibility test between the 2011 and 2012 run periods for B— K*u™ ™.
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Results are further split up in categories an run period in Fig. [06]
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Figure 96: Isospin asymmetry for the 2011 and 2012 datasets for the LL (left) and DD
(right) K? reconstruction categories.

10.2.3 Error estimation

Given that the x? value with zero of B— K*uTu~ A;j results is not very consistent (2%),
possible underestimation of the uncertainty is checked by calculating the uncertainty on
the signal yields by propagating the error from A;. This is shown in Fig. [97 where the
propagated uncertainties agree with what one would expect given that there is only a
small amount of background (for mass fits see Sect. [B|in the appendix).
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Figure 97: Signal yields of the LL and DD categories, where the uncertainties are propagated
from the uncertainty on A;.
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11 Conclusions

11.1 Conclusions

The BY — K*u* ™ results are a substantial improvement over the existing measurements,
and are split into which narrower ¢? bins which will help the theory community understand
systematic effects due to c-¢ interference. In general the data is systematically below the
SM prediction. Further theoretical studies are needed to ascertain whether this is due to
new physics or a systematic effect relating to the theoretical predictions.

The isospin asymmetry is now consistent with zero.
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Appendix

A Data MC agreement
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Figure 98: A summary of the data/simulation comparison for several variables in 2012.
The x-axis shows the y?/ndf agreement between the distribution of the variable . The
y-axis shows the correlation of the variable with the dimuon mass in B® — K2u™u~
simulation. Variables in the top right of this plot, badly modelled and correlated to the
observable, would require a systematic uncertainty.
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Figure 99: A summary of the data/simulation comparison for several variables in 2011.
The x-axis shows the x?/ndf agreement between the distribution of the variable . The
y-axis shows the correlation of the variable with the dimuon mass in B® — K%uu~
simulation. Variables in the top right of this plot, badly modelled and correlated to the
observable, would require a systematic uncertainty.
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Figure 100: MC/data agreement for various B variables. For each variable the correlation
to the dimuon mass in BT — KT u*u~ simulation is shown. The x? of the data with a
horizontal straight line at 1 is also shown.
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Figure 101: MC/data agreement for various kaon variables. For each variable the correlation
to the dimuon mass in B™ — KTuTu~ simulation is shown. The x? of the data with a
horizontal straight line at 1 is also shown.
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Figure 102: MC/data agreement for various muon variables. For each variable the
correlation to the dimuon mass in BT — K+utu~ simulation is shown. The x? of the
data with a horizontal straight line at 1 is also shown.
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Figure 103: A summary of the data/simulation comparison for several variables in 2012.
The x-axis shows the x?/ndf agreement between the MC/data distribution and a straight
line at one. The y-axis shows the correlation of the variable with the dimuon mass in
B — K%uTu~ simulation.
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Figure 104: A summary of the data/simulation comparison for several variables in 2011.
The x-axis shows the x?/ndf agreement between the MC/data distribution and a straight
line at one. The y-axis shows the correlation of the variable with the dimuon mass in
B — K{u*pu~ simulation.
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horizontal straight line at 1 is also shown.

MC/data

+
H*‘* ++H++++ H ++H
~ JYK_ (DD)
corr(costhetal) 0.0048
corr(Jpsi_M) = -0.057
X?ndf = p.81
000

L
500 2000 2500

KSO_ENDVERTEX_R

‘WWWTMMTW

TG ++++++ " Y W@

B® ~ 'K, (LL)
corr(costhetal)— 0.000
corr(Jpsi_M) = -0.042
x‘ ?/ndf 50,84

I
& B &0 700

KSO_ENDVERTEX_R

I I
00 200

MC/data

MC/data

+++++H+++ +++++ + ++ Jr ﬂ J( + H
< I K, + J(
corr(cos!hetal) 0.0116
corr(Jpsi_M) =-0.290
2Indf = 0.98

00620053005 40005000 ‘5000 76050603060 15000

KSO_PT

-
corr(costhesta =10.00;
2indf = 0.80 -OFZ 41f

corr(Jpsi_M)
o05™3o00" 3000 o0 5000800 Focb" 80608000 16000

JARAMARAM]

KSO_PT

MC/data

MC/data

wwwmwﬁ$ﬁﬁﬁ
B - JIy K_(DD)
corr(cos!hetal) 0.0103
corr(Jpsi_M) =-0.222
Xndf=0.78 .. .

L L L
1020 30 80 90 il

KS0_P

+ ++++++ H

i

+ ++ it

”ﬁﬁﬂﬁ+

corr(costhetal) = 0.0094
corr(Jpsi_M) =-0.208
Xindf=0.92 ...

0 20 30 40 50 60 70 8 90 I

Jx10°
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horizontal straight line at 1 is also shown.
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Figure 107: MC/data agreement for various muon variables. For each variable the
correlation to the dimuon mass in B® — K?u"p~ simulation is shown. The x? of the data
with a horizontal straight line at 1 is also shown.
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Figure 115: Mass fits to B — K2uTu~ data (20114+2012) in the bins of ¢* below the J/i).
Note that the LL and DD categories are fit simultaneously to ensure they have the same

branching fraction.
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Figure 117: Mass fits to B — K2uTp~ 2011 data in the bins of ¢? below the J/). Note
that the LL and DD categories are fit simultaneously to ensure they have the same

branching fraction.
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Figure 118: Mass fits to B— K9u*u~ 2011 data in bins of ¢ above the J/A). Note that
the LL and DD categories are fit simultaneously to ensure they have the same branching
fraction.
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Figure 119: Mass fits to B— K{u*p~ 2012 data in bins of ¢* below the J/). Note that
the LL and DD categories are fit simultaneously to ensure they have the same branching
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Figure 122: Mass fits to Bt — (K*" — K{7)u"p~ data (201142012) in the bins of ¢*
above the J/ib. Note that the LL and DD categories are fit simultaneously to ensure they
have the same branching fraction.
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Figure 123: Mass fits to BT — (K*" — K27 ")uTpu~ 2011 data in the bins of ¢ below the
J/. Note that the LL and DD categories are fit simultaneously to ensure they have the

same branching fraction.
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Figure 124: Mass fits to Bt — (K** — K27 ")t u~ 2011 data in bins of ¢* above the
J/p. Note that the LL and DD categories are fit simultaneously to ensure they have the

same branching fraction.
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Figure 125: Mass fits to Bt — (K*" — K27 ")u™u~ 2012 data in bins of ¢* below the
J/. Note that the LL and DD categories are fit simultaneously to ensure they have the

same branching fraction.
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Figure 126: Mass fits to Bt — (K** — K27 ")utp~ 2012 data in bins of ¢* above the
J/. Note that the LL (left) and DD (right) categories are fit simultaneously to ensure
they have the same branching fraction.
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Figure 127: Mass fits to 2011 B*— (K*® — K7~ )uTp~ data in bins of ¢°.
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Figure 128: Mass fits to 2012 B*— (K*® — K7~ )uTp~ data in bins of ¢°.
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C Trigger efficiency with level

In this section the trigger efficiency is shown for the three trigger levels. The HLT2
efficiency at low ¢? is different for the different running conditions. This due to the fact
that in 2011 DD K? did not participate in the Topological trigger and so the efficiency is
lower in 2011. In early 2012, there was a bug which again rendered the K useless in the
Topo. Finally, late in 2012 the K bug was fixed and so the trigger is more efficient in
this period at low ¢?. For the LL category, the situation is reversed, as there was a bug
(lifetime cut at < 10 ps) introduced into the topological trigger late in 2012 which lowers
the efficiency for this period.

= 1: T T T T T T T T T = 1 T T T T T T T T ]
= 3 ]
w 11 -O0-O0—-0—=H = 11 -
F [ F 3
oS v
: e AR T f ;
14— \/ — W UV P-P-—9-—9-9-0-F A/ \/ -0V 9- V¥
o ,{y@ V- ]
o v ] F ]
0o BE o Yo = 09 Iy L =
v YO ] F ]
I 3 F ]
osf B" - K'uy o8 B" - K'ptu
v 2011 u“: v 2011 HH ]
07 — o .
O 2012 O 2012 ]
o AP I P I T T I T P TP P T P I TP U TP P T I Y P TP T T
: 2 4 6 10 12 14 16 18 20 22 g 2 4 6 10 12 14 16 18 20 22
o (GeV3/ch o (GeV?c?)
o VT T T T T T T
5
I uf
~ E
5 [
1= v v v
LN e s ans TN >
@ Ly
oo Jy Lo
oo B Ky
v 2011 HH
07
O 2012
P AP I PRI PP PUPIPI IS I PR B I P IO Y
- 2 4 6 10 12 14 16 18 20 22

o? (GeV?/c?)

Figure 129: Relative efficiency between BT — KTt~ and BT — J/ip K for the three
different trigger levels, L0, HLT1 and HLT2.
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Figure 130: Relative efficiency between B® — K{u*tp~ and BY — Ji K? for the three
different trigger levels, LO on the top row, HLT1 on the middle row and HLT2 on the
bottom row.
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Figure 131: Relative efficiency between BT — (K** — K%7")u*p~ and Bt —
Jfp (K*T — K27%) for the three different trigger levels, L0 on the top row, HLT1 on the
middle row and HLT2 on the bottom row.
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-~ D Data vs MC for K{ kinematics
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Figure 133: Distributions of the Z position of the K2 decay vertex in data and simulation
for B— Jiy K2 and BT — Jip (K*T — K27mT) decays.
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Figure 134: Distributions of the K daughter psuedo-rapidity in data and simulation for
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Figure 136: Downstream tracking efficiency as a function of ¢, n and momentum.
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