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1 Introduction

The decay B? — ¢utp~ is mediated by a b — s flavour changing neutral current (FCNC)
transition. In the Standard Model (SM) it is forbidden at tree-level and proceeds via loop
diagrams as shown in figure 1. In extensions of the SM, new heavy particles can appear in
competing diagrams and affect both the branching fraction of the decay and the angular
distributions of the final-state particles.

This decay channel was first observed and studied by the CDF collaboration [1, 2]
and subsequently studied by the LHCb collaboration using data collected during 2011,
corresponding to an integrated luminosity of 1.0fb~! [3]. While the angular distributions
were found to be in good agreement with SM expectations, the measured branching fraction
differs from the recently updated SM prediction by 3.10 [4, 5]. A similar trend is also seen
for the branching fractions of other b — su™p™ processes, which tend to be lower than SM
predictions [6-8].



This paper presents an updated analysis of the decay BY — ¢(— K™K~ )u*u~ using
data accumulated by LHCb in pp collisions, corresponding to an integrated luminosity of
1.0fb~! collected during 2011 at 7 TeV and 2.0 fb~! collected during 2012 at 8 TeV centre-
of-mass energy. The differential branching fraction dB(B? — ¢u*pu~)/dg? is determined as
a function of ¢2, the square of the dimuon invariant mass. In addition, a three-dimensional
angular analysis in cos 6, cos fx and ® is performed in bins of ¢?. Here, the angle 0 (6;)
denotes the angle of the K~ (u~) with respect to the direction of flight of the B? meson
in the KT K~ (utp™) centre-of-mass frame, and ® denotes the angle between the pu™u~
and the K™K~ decay planes in the B? meson centre-of-mass frame. Compared to the
previously published fit of the one-dimensional projections of the decay angles [3], the full
three-dimensional angular fit gives improved sensitivity and allows access to more angular
observables.

The decay B? — éutp~ is closely related to the decay B® — K*°u*pu~, which has
been studied extensively by LHCb [6, 9, 10]. Although BY meson production is suppressed
with respect to the B® meson by the fragmentation fraction ratio fs/f; ~ 1/4, the narrow
¢ resonance allows a clean selection with low background levels. Furthermore, the contri-
bution from the S wave, where the K™K~ system is in a spin-0 configuration, is expected
to be low [11]. Since the K™K~ u*u~ final state is not flavour-specific, the angular ob-
servables accessible in the decay Bg — ¢utpu~ are the CP averages Fy, S34,7 and the CP
asymmetries As g9 [12]. The flavour-averaged differential decay rate, as a function of the

decay angles in bins of ¢, is given by

! & . §(1—F)sir129 + Fy, cos? 0
dl'/dq? dcost; dcosf A 327 |4 b KA K
1
+ 1(1 — F1) sin? 0 cos 20, — Fy, cos® O cos 26,

+ S5 sin? O sin® 0; cos 2® + Sy sin 20 sin 26; cos ®
+ As sin 20 sin 6; cos @ + Ag sin? O cos b
+ 57 sin 20 sin 0; sin @ + Ag sin 20 sin 20, sin

+ Agsin? 0 sin? 6, sin 29 | . (1.1)

The T-odd CP asymmetries Ag and Ag are predicted to be close to zero in the SM and
are of particular interest, as they can be large in the presence of contributions beyond
the SM [12].

2 Detector and simulation

The LHCDb detector [13, 14] is a single-arm forward spectrometer covering the
pseudorapidity range 2 < 1 < 5, designed for the study of particles containing b or ¢
quarks. The detector includes a high-precision tracking system consisting of a silicon-strip
vertex detector surrounding the pp interaction region, a large-area silicon-strip detector
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Figure 1. Examples of b — s loop diagrams contributing to the decay BY — ¢uTu~ in the SM.

located upstream of a dipole magnet with a bending power of about 4 Tm, and three sta-
tions of silicon-strip detectors and straw drift tubes placed downstream of the magnet.
The tracking system provides a measurement of momentum, p, of charged particles with
a relative uncertainty that varies from 0.5% at low momentum to 1.0% at 200 GeV/c. The
minimum distance of a track to a primary vertex, the impact parameter (IP), is measured
with a resolution of (154 29/pr) um, where pr is the component of the momentum trans-
verse to the beam, in GeV/c. Different types of charged hadrons are distinguished using
information from two ring-imaging Cherenkov detectors. Photons, electrons and hadrons
are identified by a calorimeter system consisting of scintillating-pad and preshower detec-
tors, an electromagnetic calorimeter and a hadronic calorimeter. Muons are identified by
a system composed of alternating layers of iron and multiwire proportional chambers. The
online event selection is performed by a trigger [15], which consists of a hardware stage,
based on information from the calorimeter and muon systems, followed by a software stage,
which applies a full event reconstruction.

Simulated signal samples are used to determine the effect of the detector geometry,
trigger, reconstruction and selection on the signal efficiency. In addition, simulated back-
ground samples are used to determine the pollution from specific background processes.
In the simulation, pp collisions are generated using PYTHIA [16, 17] with a specific LHCb
configuration [18]. Decays of hadronic particles are described by EvTGEN [19], in which
final-state radiation is generated using PHOTOS [20]. The interaction of the generated parti-
cles with the detector, and its response, are implemented using the GEANT4 toolkit [21, 22]
as described in ref. [23]. Data-driven corrections are applied to the simulated samples to
account for imperfect modelling of particle identification performance, the B? meson trans-
verse momentum spectrum and BY vertexing quality, as well as track multiplicity.

3 Selection of signal candidates

The BY — ¢utpu~ signal candidates are required to satisfy the hardware trigger require-
ment, which selects muons with pp > 1.48 GeV/c in the 7TeV data and pp > 1.76 GeV/c in
the 8 TeV data. In the subsequent software trigger, at least one of the final-state particles
is required to have both pp > 0.8 GeV/c and IP larger than 100 pm with respect to all
of the primary pp interaction vertices (PVs) in the event. The tracks of two or more of



the final-state particles are also required to form a vertex that is significantly displaced
from any PV.

Signal candidates are accepted if their reconstructed invariant mass is in the range
5267 < m(K+tK~putp~) < 5800 MeV/c? and the invariant mass of the K+ K~ system is
within 12 MeV/c? of the known ¢ mass [24]. The mass resolutions are 19 MeV/c? for the
invariant KK~ ptp~ mass and 4 MeV/c? for the K+ K~ invariant mass. The final-state
particles are required to have significant X%P with respect to any PV in the event, where x%P
denotes the change in the x? of the PV when reconstructed with or without the considered
track. The four final-state tracks are then fitted to a common vertex which is required
to be of good quality and significantly displaced from any PV in the event. The signal
candidate is required to have small X%P with respect to a PV in the event. Furthermore,
the angle Opira between the reconstructed Bg momentum and the vector connecting the
PV with the decay vertex is required to be small.

To further reduce the combinatorial background, a boosted decision tree (BDT) [25]
using the AdaBoost algorithm [26] is employed. The BDT is trained with a sample of
BY — Jhp(— ptp~)é(— KTK™) decays as a signal proxy and events from the upper
mass sideband, 5567 < m(KTK~putp~) < 5800 MeV/c?, as a proxy for the background.
The discriminating variables of the BDT are the X%P of the BY signal candidate and all
final-state tracks, the BY transverse momentum, the x? of the vertex fit (x%,, ), the flight
distance significance of the signal candidate, and particle identification information for the
final-state particles. The BDT selection has an efficiency of 96% for signal events with
a background rejection of 95%. The total efficiency for signal events, including detector
geometry, trigger and reconstruction effects is 1.1%.

The reconstructed B? mass versus ¢? for signal candidates after the full selection is
given in figure 2. The signal decay B? — ¢u*t ™ is clearly visible as a vertical band. In the
q? region around the J/) and 1(2S5) masses, the tree-level charmonium decays B? — J/i) ¢
and BY — 1(25)$ dominate. The decay B? — J/i) ¢ is used as a control mode throughout
the analysis.

3.1 Backgrounds

The decays BY — Jip¢ and BY — (25)@, primarily originating from b — cés tree-level
processes, are vetoed by rejecting candidates in the ¢? regions 8.0 < ¢? < 11.0 GeV?/c?
and 12.5 < ¢® < 15.0GeV?/c*. The B? — Jk)¢ decay can also constitute a peaking
background if one of the final-state muons is misidentified as a kaon and vice-versa. This
background is vetoed by rejecting candidates for which the invariant mass of the K*uF
system, with the kaon reconstructed under the muon mass hypothesis, is within 45 MeV/c?
of the known J/1 meson mass [24], unless the final-state particles fulfil stringent particle
identification requirements. After the veto is applied, this background contribution is found
to be negligible.

The rare baryonic decay A) — A(1520)(— pK " )pu™p~ can mimic the signal decay
if the proton in the final state is misidentified as a kaon. This potential background is
vetoed by rejecting events with invariant mass close to the known /12 baryon mass [24]
where one kaon has the proton mass hypothesis assigned, unless the kaon passes stringent
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Figure 2. Two-dimensional distribution of ¢ versus the invariant mass of the KK~ T~ system.
The signal decay BY — ¢utu~ is clearly visible within the 450 MeV/c? interval around the BY mass,
indicated by the dashed vertical lines. The horizontal lines denote the charmonium regions, where
the tree-level decays BY — J/ih¢ and B?— 1)(25)¢ dominate.

particle identification requirements. Assuming a ¢?> dependence following ref. [27] and
using B(AY — ApTp~) = (0.96 & 0.29) x 107 [28] as an estimate for the unknown AJ —
A(1520) T p~ branching fraction, a yield of 2.0£0.8 AY — A(1520)p T u~ background events
is expected in the signal region, within 50 MeV/c? of the known BY mass [24], after the
veto. The rare decay B° — K*%utp~ can be a peaking background if the pion in the
final state is reconstructed as a kaon. After suppressing this background using particle
identification information, a yield of 1.7 £ 0.4 events is expected in the signal region. The
background pollution from Ag — A(1520) T~ and B®— K*OuT i~ decays is neglected in
the fit and treated as a systematic uncertainty. Backgrounds from semileptonic b — ¢(—
sp~ vy )y, cascade decays and fully hadronic decays such as BY — D7 (— KTK -~ )nT,
where hadrons are misidentified as muons, are estimated to be small and can therefore
be neglected.

4 Differential branching fraction

Figure 3 shows the KT K~ ptp~ invariant mass distribution for the BY — ¢utu~ signal
decay integrated over ¢2, as well as for the control mode B? — J/p¢. To determine the
BY— ¢uTu~ signal yields in bins of ¢?, extended maximum likelihood fits are performed.
The combinatorial background is described by an exponential function, whilst the signal
component is modelled with the sum of two Gaussian functions with a common mean
and a radiative power-law tail toward smaller invariant mass values. The parameters
describing the signal mass shape are determined from a fit to the B? — J/) ¢ control mode.
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Figure 3. Invariant mass distribution for (left) BY — ¢u™pu~ signal decays, integrated over the ¢?
bins used, and for (right) the control mode B? — J/b¢ in the K+ K~ pu*p~ final state. The signal

component is given by the solid blue area, the background component by the shaded red area.

The ¢? dependence of the signal mass resolution is accounted for by using scale factors,
which are determined from simulation. The KK pu*p~ invariant mass distributions
for the signal decay in bins of ¢ are given in appendix A; the yields and corresponding
uncertainties are listed in table 1. Integrating over the ¢ bins, the signal yield is found to
be 432 & 24. A fit to the control mode BY— J/)$, which is used for normalisation, gives
Nyye = 62033 £ 260 decays.

The differential branching fraction for a given ¢? bin [¢2,;,, ¢2.x] is calculated accord-
ing to

dB(B? — ¢pt ) 1 Nop €000 . )
s — . . -B BS — J¢ B(Jh) — + ’ 41
dg® Thax — Gmin Nojwo €oun ( Wo)B(JY — wp”), (4.1)

where Ny, and N4 denote the yield of the signal and normalisation mode, and €g,
and €7, their respective efficiencies. The branching fractions are given by B(J/i) —
pt =) = (5.961 £ 0.033) x 1072 [24] and B(B? — J/ib¢) = (10.76 £ 0.81) x 10~%. For the
branching fraction of the normalisation channel B?— J/i) ¢ the LHCb measurement [11] is
recalculated using an updated measurement of fs/f; = 0.259 4+ 0.015 [29]. A weighted
average is calculated by combining this updated measurement with the measurements
by Belle [30] and CDF [31]. The resulting relative and absolute differential branching
fractions are given in table 1. The differential branching fraction is also shown in figure 4,
overlaid with SM predictions from refs. [4, 5]. In the ¢? region 1.0 < ¢> < 6.0GeV?/c!
the measured differential branching fraction lies 3.3 0 below the SM expectation of (4.81 +
0.56) x 1078 GeV~2¢* [4, 32]. For the SM predictions, the form factors are determined in a
combined fit to the results of light-cone sum rule calculations at low ¢? [5] and lattice QCD
calculations at high ¢? [33, 34]. Standard Model predictions for the branching fraction
at high ¢ that exclusively use the results from lattice calculations [35] are found to be
larger than the results from the combined fit. Owing to their proximity to the charmonium
resonances, no predictions are available corresponding to the ¢? bins 5.0 < ¢ < 8.0 GeV?/c*
and 11.0 < ¢% < 12.5GeV?/ct.

The total branching fraction of the signal decay is given by the integral over the six
¢ bins. To account for the fraction of signal events in the vetoed ¢? regions, a correction
factor fyeto = 1.520£0.003 +0.043 is applied, which is determined using the calculation in



¢? bin [GeV?¥/c'] Ny, % [107° GeV 3¢ %{W [1078 GeV 3¢
0.l<g¢®>< 20 85T, 5.44708% £ 0.13 5.851005 £0.14 +0.44
20<¢?< 50  6075° 2.387059 £0.06 2.56 7032 +0.06 + 0.19
50<¢*< 80 83T12 2.987035 +0.07 3.2170-95 4+ 0.08 + 0.24
11.0<¢? <125 70179 4.3710:81 £0.14 4717089 +0.15+0.36
150 < g2 <17.0 8310 42093 +0.11 452937 £0.12+0.34
17.0 < ¢ < 19.0 548 3.6870:2 £0.13 3.9670-57 4 0.14 £ 0.30
1.0<¢®>< 60 1017}3 2.4070-39 +0.07 2.5870-3% +0.08 £ 0.19
150 < ¢*> < 19.0 1367}3 3.751030 £0.12 4.0475:3% +0.13 + 0.30

Table 1. The signal yields for B — ¢u*pu~ decays, as well as the differential branching fraction
relative to the normalisation mode and the absolute differential branching fraction, in bins of ¢2.
The given uncertainties are (from left to right) statistical, systematic, and the uncertainty on the
branching fraction of the normalisation mode.

ref. [36] with updated form factors from ref. [37]. The first given uncertainty is statistical,
the second is systematic.
The resulting relative and total branching fractions are

B(B = optp”)
B(BY— J/¢)

= (7417595 £0.20 £ 0.21) x 1074,
B(BY— ¢uTp™) = (7977045 4 0.22 4 0.23 + 0.60) x 1077,

where the uncertainties are (from left to right) statistical, systematic, and from the ex-
trapolation to the full ¢ region. For the total branching fraction, a further uncertainty
originates from the uncertainty on the branching fraction of the normalisation mode.

4.1 Systematic uncertainties

For the branching fraction ratio B(B? — ¢utu=)/B(BY— J/) ¢), systematic uncertainties
are mostly due to uncertainties on the efficiency ratio €/ 4/€g,u, which is taken from sim-
ulation. To evaluate the size of uncertainties affecting the efficiency ratio, it is recalculated
after applying the corresponding systematic variation to the simulated samples. The ob-
served deviation is taken as systematic uncertainty. The procedure to correct the tracking
efficiency in simulation introduces a systematic uncertainty on the efficiency ratio of less
than 0.6%. The correction to particle identification performance in simulation has a sys-
tematic uncertainty of 0.5%. The relative efficiency is further affected by the data-driven
corrections to the simulation in the distribution of the variables pr(B?) and x%, (BY),
as well as the track multiplicity, which have a combined systematic effect of 1.0%. The
non-uniform angular acceptance detailed in section 5 introduces a dependence of the signal



LHCb
SM pred.

*Data

+
+

1
-t

S = D W P NN 0O

| L 1 L L L L 1

5 10 15
¢ [GeV*/c4]

Figure 4. Differential branching fraction of the decay BY — ¢ut ™, overlaid with SM predic-
tions [4, 5] indicated by blue shaded boxes. The vetoes excluding the charmonium resonances are
indicated by grey areas.
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efficiency on the underlying physics model. Its effect on the branching fraction measure-
ment is evaluated by varying the Wilson coefficient Cy used in the generation of simulated
signal events. By allowing a New Physics contribution of —1.5, which is motivated by the
global fit results in ref. [38], the resulting systematic uncertainty is found to be less than
1.6%. The selection requirements introduce a decay-time dependence of the efficiencies
which can, due to the sizeable lifetime difference in the BY system [39], affect the mea-
sured branching fraction [40]. The systematic uncertainty is determined with simulated
BY— ¢utp~ signal events, generated using time-dependent decay amplitudes as described
in ref. [12]. When varying the Wilson coefficients, the size of the effect is found to be at
most 1.6%, which is taken as the systematic uncertainty. The statistical uncertainty due to
the limited size of the simulated signal samples leads to a systematic uncertainty of 1.9%.

The systematic uncertainties due to the parametrisation of the mass shapes are eval-
uated using pseudoexperiments. For the signal mass model, events are generated using a
double Gaussian mass shape, and then fitted using both the double Gaussian as well as the
nominal signal mass shape, taking the observed deviation as the systematic uncertainty.
For the parametrisation of the combinatorial background, the nominal exponential function
is compared with a linear mass model. The systematic uncertainties due to the modelling
of the signal and background mass shape are 2.1% and 1.6%, respectively. Peaking back-
grounds are neglected in the fit for determination of the signal yields. The main sources of
systematic uncertainty are caused by contributions from the decays /12 — pK~pTp~ and
BY — K0yt~ resulting in systematic uncertainties of 0.2 — 2.2%, depending on the ¢?
bin. Finally, the uncertainty on the branching fraction of the decay J/i — u™p~ amounts
to a systematic uncertainty of 0.6%. The complete list of systematic uncertainties is given
in table 2.

For the total branching fraction of the signal decay, the uncertainty on the branching
fraction of the normalisation channel is the dominant systematic uncertainty, at the level



Source (0.1,2] [2,5] [5,8] [11,12.5] [15,17] [17,19] [1,6] [15,19]
Simulation corr. 0.01 0.01 0.01 0.01 0.05 0.04 0.00 0.04
Angular model 0.04  0.00 0.01 0.00 0.01 0.06 0.00 0.01
Efficiency ratio 0.06 0.03 0.03 0.06 0.06 0.07 0.02 0.04
Signal mass model  0.02  0.01 0.03 0.03 0.03 0.00 0.05 0.05
Bkg. mass model 0.02  0.02 0.02 0.02 0.03 0.05 0.01 0.06
Time acceptance 0.09 0.04 0.05 0.07 0.07 0.06 0.04 0.06
B(Jjp — putp™) 0.03 0.01 0.02 0.02 0.02 0.02 0.01 0.02
Peaking bkg. 0.03 0.02 0.02 0.10 0.02 0.01 0.02 0.01
Quadratic sum 0.13 0.06 0.07 0.14 0.11 0.13 0.07 0.12

Table 2.  Systematic uncertainties [10~° GeV~2¢*] on the branching fraction ratio dB(B? —
ot ) /B(BY — Jh¢)dg? per bin of ¢* [GeV?/c!].

of 7.5%. The uncertainty on the correction factor fyeto to account for signal events that
are rejected by the charmonium vetoes is estimated by varying the Wilson coefficients and
form-factor parameters, leading to a systematic uncertainty of 2.9%.

5 Angular analysis

For the determination of the four CP averages Fy,, S347 and the four CP asymmetries
As 6,89 an unbinned maximum likelihood fit to the three-dimensional angular distribu-
tion and the KTK~puTp~ invariant mass distribution is performed in each ¢ bin. The
models described in section 4 are used to parametrise the mass line shapes for signal and
background. The angular distribution of the signal component is given by eq. (1.1). The
angular background distribution is described by the product of second-order Chebyshev
polynomials in the three decay angles.

The non-uniform efficiency due to the reconstruction, triggering and selection of sig-
nal candidates distorts the angular distributions of the final-state particles, as well as
the ¢? distribution. This acceptance effect is parametrised using Legendre polynomials,
according to

e(cos Oy, cos O, @, ¢°) = Z Chimn Pi(cos 0;) Py(cos 05 ) P, (®) P (%), (5.1)
klmn

where P;(x) denote Legendre polynomials of order ¢ and cgjpy, the coefficients that are
determined by performing a moments analysis using a large sample of simulated BY —
¢uTp signal events generated according to a phase-space model. The maximum order of
the polynomials that is included is four for cos 6;, two for cos 0k, six for the angle ® and
five for ¢%. In addition, the acceptance is assumed to be symmetric in the decay angles.
This choice corresponds to the lowest orders of polynomials that describe the acceptance
effect. The acceptance description is cross-checked using the control mode BY — J/i¢. An
angular analysis of the control mode is performed and the angular observables are found
to be in good agreement with the previous measurement [39].



¢? bin [GeV?/

Iy,

Ss3

Sy

Sy

01<¢®>< 20
20<¢®>< 5.0
50<¢%>< 8.0
11.0 < ¢? < 125
15.0 < ¢® < 17.0
17.0 < ¢® < 19.0

0.207058 +0.02
0.687015 +0.03
0.5470 859 +0.02
0.297011 £ 0.04
0.237059 +0.02
0.407012 +0.02

—0.057013 +0.01
—0.0610-33 +0.01
~0.1079-23 +0.01
—0.1979-29 +0.01
—0.061915 +0.01
—0.0719-2% 4+ 0.02

0.27702% +0.01
—0.471939 + 0.01
—~0.107915 +0.01
—0.4710-28 +0.01
—0.037912 +0.01
—0.3979-2% 4+ 0.02

0.047012 4+ 0.00
—0.0379-35 +0.01
0.047035 +0.01
0.007015 £ 0.01
0.127015 £ 0.01

0.207029 +0.01

1.0< ¢’ < 6.0
15.0 < ¢%2 < 19.0

0.631009 £ 0.03
0.2970:07 +0.02

—0.0270:13 £ 0.01
—0.097073 +£0.01

—0.1970:13 £ 0.01
—0.1470 11 +£0.01

—0.031971 £0.00
0.1379 11 £0.01

¢® bin [GeV?/cl]

As

As

As

Ag

0.1 <qg®2< 20
20<¢®>< 5.0
50<¢®>< 8.0
11.0 < 2 < 12.5
15.0 < ¢> < 17.0
17.0 < ¢ < 19.0

—0.027013 £0.00
0.0915:35 £0.01
0.047917 +0.01
0.081931 +£0.01
0.02791% +0.01
0.1319322 £ 0.01

—0.197072 +£0.01
0.0975:39 £ 0.02
—0.017915 +0.01
—0.161075 £ 0.01
0.017912 +0.01
—0.047318 +0.01

0.101974 +£0.00
0.1979:3% +£0.01
—0.1270:17 £ 0.01
—0.0170:12 £ 0.01
0.081935 £ 0.01
—0.16103 £ 0.01

0.0310 1% £0.01
—0.131035 £ 0.01
—0.031974 £ 0.01
—0.0270:1% £ 0.01

0.2170:15 £ 0.01
—0.027919 +0.01

1.0<¢*< 6.0

15.0 < ¢* < 19.0

0.207013 £ 0.00
0.1115:10 +0.00

0.0819:1% £0.01
0.0079:79 +£0.01

—0.0019152 £0.00
0.0375:13 £ 0.00

—0.0170:1% £ 0.01
0.12+0:56 £ 0.00

Table 3. (Top) CP-averaged angular observables Fi, and S5 47 and (bottom) CP asymmetries
As 6,8,9 obtained from the unbinned maximum likelihood fit, where the first uncertainty is statistical
and the second is systematic.

Appendix B gives the one-dimensional angular distributions of the signal decay in
each ¢ bin, overlaid with the projections of the likelihood fit. For the ¢? bins with the
lowest number of signal candidates, pseudoexperiments show the likelihood estimator to be
biased for certain observables due to boundary effects which arise from the requirement of
eq. (1.1) being positive for all values of the decay angles. Therefore, the Feldman-Cousins
method [41] is used to determine confidence regions for each observable, which guarantees
correct coverage for low signal yields. The remaining signal observables are treated as
nuisance parameters following the plugin method [42]. The Feldman-Cousins scans for the
angular observables in bins of ¢ are given in appendix C. In some ¢ bins, the shape of
the obtained confidence level is dominated by effects arising from the boundary condition.
Table 3 gives the minima of the Feldman-Cousins scans and the 68% confidence intervals.
The linear correlations between the angular observables in the different ¢? bins are given in
appendix D. The angular observables are shown in figure 5, overlaid with SM predictions
from refs. [4, 5]. No predictions are given for S7 and As ¢ g 9; they are expected to be close
to zero in the SM.

~10 -
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Figure 5. CP-averaged angular observables Fj, and S3 47 and CP asymmetries As 659 shown by
black dots, overlaid with SM predictions [4, 5], where available, indicated as blue shaded boxes.
The vetoes excluding the charmonium resonances are indicated by grey areas.

5.1 Systematic uncertainties

The systematic uncertainties on the angular observables are evaluated using large numbers
of pseudoexperiments where simulated events are generated to reflect the measured angular
distributions and event yield. To reduce statistical effects, each sample is fitted twice, once
with and once without systematic variations.
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The angular acceptance correction, which is determined from simulation, is a significant
source of systematic uncertainties for the angular observables. The data-driven corrections
of the distributions of pr(B?), x%,,(BY) and track multiplicity, as well as particle identifi-
cation performance and tracking efficiency, amount to a systematic uncertainty of less than
0.01 in total. Furthermore, the kinematic distributions of the final-state particles are cross-
checked using the control mode B? — J/ip¢. Correcting for kinematic differences between
data and simulation amounts to a systematic deviation of less than 0.01. The effect of the
limited size of the simulated signal samples on the acceptance description is evaluated by
varying the Legendre coefficients in eq. (5.1) according to their corresponding covariance
matrix. The resulting systematic uncertainty is smaller than 0.02 for all observables and
¢? bins. The four-dimensional acceptance correction is evaluated at the centre of each ¢°
bin. To estimate the systematic effect due to this, an alternative acceptance description is
used, where a separate three-dimensional acceptance is used for each ¢ bin. The resulting
systematic deviation is negligible.

The systematic effect of neglecting peaking backgrounds is evaluated by performing
toy studies, where simulated /12% pK~ptp~ and BY— K*Ou* i~ background events are
added, according to their expected yields for the specific ¢> bin. The resulting system-
atic deviations of the angular observables are smaller than 0.01 for all observables and ¢
bins. The S-wave pollution for the decay B? — ¢u*pu~ is expected to be similar to that
of the B — J/b ¢ decay, at the level of 1.1% [11]. The effect of the S wave in the K+ K~
system on the angular observables is determined to be smaller than 0.01 using toy stud-
ies. The combinatorial background is described using second-order Chebyshev polynomials
determined from the upper mass sideband. The systematic uncertainty associated with
this model choice is estimated by using first-order polynomials as an alternative. With
a systematic effect of up to 0.04 on the angular observables, depending on ¢? bin, this
constitutes the dominant systematic uncertainty for the angular analysis. In addition, the
effect of fixing the angular background parameters in the nominal fit is evaluated using toy
studies. The systematic deviation is found to be smaller than 0.02 for all observables and
q? bins.

The total systematic uncertainty, given by the quadratic sum over all systematic effects,
is found to be small compared to the statistical uncertainties for all angular observables in
all ¢* bins.

6 Conclusions

Measurements of the differential branching fraction and the first full three-dimensional
angular analysis of the decay BY — ¢utu~ are presented, using data collected by the
LHCD experiment in pp collisions, corresponding to an integrated luminosity of 3.0fb~!.
The results are given in tables 1 and 3 and are the most precise measurements of these
quantities to date. The CP-averaged angular observables Sy and S7 are determined for the
first time for this decay. The determination of the CP asymmetries As and Ag constitutes
the first measurement of these quantities for any rare b — sé¢ decay, providing additional
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constraints in global fits. All angular observables are found to be compatible with SM
predictions.

The BY — ¢utp~ branching fraction relative to the normalisation mode BY — J/) ¢
is measured to be

B(BY = opp”)
B(B)— Jji¢)

and the resulting total absolute branching fraction is measured to be

= (7.411045 £0.20 £ 0.21) x 1074,

B(B?— ¢utp~) = (7.971545 £0.22 4 0.23 £ 0.60) x 1077,

where the uncertainties are (from left to right) statistical, systematic, and from the ex-
trapolation to the full ¢ region. For the total branching fraction, a further uncertainty
originates from the uncertainty on the branching fraction of the normalisation mode. The
measured branching fraction is compatible with the previous measurement [3] and lies be-
low SM expectations. For the ¢? region 1.0 < ¢® < 6.0 GeV?/c* the differential branching
fraction of (2.5815:33+0.0840.19) x 1078 GeV ~2¢? is more than 3 o below the SM prediction
of (4.81 £0.56) x 1078 GeV~2c* [4, 5, 32].
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A Invariant mass distributions
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Figure 6. Invariant mass distributions for BY — ¢u*u~ signal decays in bins of ¢?. The signal
component is shown by the solid blue area, the background component by the shaded red area.
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B Angular fit projections
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Figure 7. One-dimensional projections of the fit to the angles cos §;, cos g, ® in bins of ¢2. The

signal component is shown by the solid blue area, the background component by the shaded red
area.
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C Confidence intervals
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Figure 9. Confidence level obtained from a likelihood scan (shaded blue) and from the Feldman-
Cousins method (solid black). The shaded blue and solid red vertical lines indicate the corresponding
68% CL intervals obtained from the likelihood scan and the Feldman-Cousins method, respectively.
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Cousins method (solid black). The shaded blue and solid red vertical lines indicate the corresponding
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D Correlation matrices

Correlation matrix for 0.1 < ¢? < 2.0 GeV?/c*

I, Ss Sy As Ag S Asg Ag
Fy, 1.00 0.03 -0.15 — 0.02 0.10 0.03 -
Ss3 1.00 0.04 0.07 — 0.05 -0.18 -0.05
Sy 1.00 -0.13 -0.09 -0.19 0.06 -0.09
As 1.00 0.11 0.06 -0.14 0.10
Ag 1.00 0.07 -0.03 -0.16
St 1.00 -0.30 0.03
Ag 1.00 0.06
Ag 1.00

Correlation matrix for 2.0 < ¢* < 5.0 GeV?/c?
F, Sy Sy As Ag S7 Ag Ay
F1, 100 -0.06 027 004 -009 002 002 -0.16

Ss 1.00 -0.23 -0.06 -0.05 0.20 -0.11 0.40
Sy 1.00 0.11 0.16 0.14 -041 -0.33
As 1.00 -0.24 -0.31 0.06 0.08
Ag 1.00 -0.03 0.05 0.11
St 1.00 -0.05 -0.02
Asg 1.00 -0.16
Ag 1.00

Correlation matrix for 5.0 < ¢? < 8.0 GeV?/c?
Fry, S3 Sy A5 AG S7 Ag Ag
Fr 100 -0.03 -0.01 0.11 0.01 0.03 -0.07 0.09

S, 1.00 -0.03 -0.01 -0.02 -0.18 — 0.5
Sy 1.00 -0.05 -0.01 -0.03 0.20 -0.08
As 1.00 —  0.14 -0.05 -0.16
Ag 1.00 —  0.05 -0.25
Sy 1.00  0.04 -0.14
Asg 1.00 -0.04
Ag 1.00

Table 4. Correlation matrices for the ¢ bins 0.1 < ¢? < 2.0 GeV?/c?, 2.0 < ¢% < 5.0 GeV?/c* and
5.0 < ¢> < 8.0GeV?/ct.
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Correlation matrix for 11.0 < ¢% < 12.5 GeV?/c*

Fr, S35 As Ag S7 As Ag
Fr 1.00 021 0.11 020 0.06 0.21 -0.06 0.03
Ss 1.00 0.02 0.12 0.18 0.08 -0.02 0.04
S 1.00 -0.11 -0.37 0.26 -0.01 -0.09
As 1.00 -0.16 -0.07 0.22 0.04
Ag 1.00 -0.04 -0.11 0.14
S7 1.00 -0.36  0.08
Ag 1.00 -0.23
Ag 1.00

Correlation matrix for 15.0 < ¢* < 17.0 GeV?/c?
Fr, S3 S4 As As S7 Ag Ay
Fr 1.00 -0.01 -0.01 0.07 -0.05 0.06 -0.06 -0.06

Ss 1.00 0.03 -0.06 0.11 -0.08 -0.06 0.15
Sy 1.00 0.01 -0.07 0.04 0.22 0.04
As 1.00 -0.04 0.14 0.05 0.01
Ag 1.00 0.05 0.01 -0.09
S7 1.00 -0.03 0.06
Ag 1.00 -0.11
Ag 1.00

Correlation matrix for 17.0 < ¢% < 19.0 GeV?/c?
Fr, S3 Sa As Ag S7 As Ay
Fr 100 -0.12 0.08 -0.32 0.06 -0.04 0.15 -0.01

Ss 1.00 -0.04 040 0.16 0.22 - 0.02
Sy 1.00 025 0.30 -0.13 040 0.14
As 1.00 -0.05 0.16 -0.06 0.28
Ag 1.00 -0.03 0.19 -0.05
S7 1.00 -0.02 0.18
Asg 1.00 -0.02
Ag 1.00

Table 5. Correlation matrices for the ¢ bins 11.0 < ¢? < 12.5GeV?/c?, 15.0 < ¢® < 17.0GeV?/c*
and 17.0 < ¢% < 19.0 GeV?¥/ct.
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Correlation matrix for 1.0 < ¢? < 6.0 GeV?/c?

Fr, S3 Sy As Ae Sz As Ay
Fr, 100 -0.02 0.08 0.08 -0.04 0.07 0.03 -0.05
S3 1.00 -0.07 0.13 -0.13 0.10 -0.06 0.12
S4 1.00 0.17 0.10 -0.06 -0.01 -0.13
As 1.00 -0.14 -0.05 -0.05 0.04
Ag 1.00 -0.04 -0.09 -0.06
S7 1.00 0.07 0.04
As 1.00 -0.10
Ag 1.00

Correlation matrix for 15.0 < ¢ < 19.0 GeV?%/¢*

Fr, S3 Sy As As 57 As Ag
Fr, 100 0.01 -0.05 -0.03 — 0.07 -0.04 -0.08
S3 1.00 -0.03 0.16 0.09 0.05 0.02 0.07
Sy 1.00  0.12 0.03 0.03 0.24 0.09
As 1.00 -0.09 0.08 0.04 0.14
A 1.00 0.05 0.05 -0.11
S7 1.00 0.01 0.10
Ag 1.00 -0.07
Ay 1.00

Table 6. Correlation matrices for the ¢ bins 1.0 < ¢? < 6.0 GeV?/c* and 15.0 < ¢ < 19.0 GeV?/c?.
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