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ABSTRACT: The ratio of branching fractions of B} — B+ and B} — J/¢7T decays is
measured with proton-proton collision data of a centre-of-mass energy of 13 TeV. The data
were collected with the LHCb experiment during 2016-2018, corresponding to an integrated
luminosity of 5.4fb~!. The B? mesons are reconstructed via the decays B? — J/1¢ and
BY — Dy w". The ratio of branching fractions is measured to be B(BS — Bz ")/B(Bf —
J/mT) = 91+1048+43 where the first uncertainty is statistical, the second is systematic and
the third is due to the knowledge of the branching fractions of the intermediate state decays.
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1 Introduction

The B((;*)+ family of mesons is the only one formed by two different heavy flavour quarks
(bc). Both the b quark and the ¢ quark can each decay with the other as a spectator, leading
to final states such as J/int and BYnt. In addition, the b quark and the ¢ quark can
annihilate via a W boson, allowing pure leptonic final states such as 77 v;.

The BY — Bo7" decay! was first observed in 2013 by the LHCb collaboration [1], and
can be used to tag the initial flavour of the B? meson with the charge of the accompanying
7+ meson. The BF — B+ decay is also the first observed case of one B meson decaying
weakly into another B meson. This property makes the decay ideal for testing theoretical
models. The branching fraction of the B} — B%7* decay should be large as it is a Cabibbo-
favoured decay. There are several predictions for the branching fraction of the B} — Bon+
decay based on QCD sum rules or quark-potential models, which range between 2.5% and
16.4% [2-9]. A precise measurement of the branching fraction of the Bf — BY7T decay
will improve the understanding of the B, theory models.

The B — 77 v, decay is highly sensitive to new physics effects [10-12] but experimental
accessibility to this mode is limited. Due to the large branching fraction of the Bf — Bon+
decay, its improved measurement contributes to a more stringent limit on the B — 71u;,
decay via the B total decay width, depending on the theoretical model assumed [11, 13, 14].

In this paper, the ratio between the branching fractions of the B} — B%r* and
B — JiprT decays is measured, using proton-proton (pp) collision data collected with the
LHCDb experiment between 2016 and 2018 at a centre-of-mass energy of 13 TeV, corresponding

Mnclusion of charge conjugate processes is implied throughout this paper.



Decay Branching fraction [%)]

Dy - KtK 7~ 5.38 £0.10
BY — Dot 0.298 +0.014
BY — J/¢é 0.104 £ 0.004
¢— KtK~ 49.1+£0.5
Jhb — ptp~ 5.961 4 0.033

Table 1. Branching fractions of intermediate-state decays [15].

to an integrated luminosity of 5.4fb~!. The ratio of branching fractions is measured
separately using the BY — Ji(— ptu~)¢(— KTK~) and BY — D, (— KTK 7 )nt
decays. These two measurements are then combined. The ratio of branching fractions is
evaluated as

B(Bj — BST&'"‘) NBj—)BSWJr EBF S Jppmt 1

RX = - P
B(B — Jjpr+) NBj—>J/¢7r+ € Bt BOr+ Rint

(1.1)

where N is the signal yield, € is the total efficiency to reconstruct these decays, and
R, is the ratio of branching fractions of the corresponding intermediate state decays, as
shown in table 1. The X represents the final state of the B? decay, J/i)¢ or Dyw". The
superscripts or subscripts J/t¢ and D; 7" are used to indicate the B} — BY(— Jib¢)nt

and B — BY(— D;nt)nt decay modes. The Ry, are defined as

RV = B(BY — Jhvo) - B(¢p — KTK™), (1.2)

int
R = B(BY — Dyat) - B(Dy — KK ~n7)/B(Jjb — putp) (1.3)

int

with corresponding values of R/¥? = (5.114£0.20) x 10~4 and R2: ™ = (2.69+0.14) x 1073,

int int

2 Detector and simulation

The LHCD detector [16, 17] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < n < b5, 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 [18], a large-area silicon-strip detector located upstream
of a dipole magnet with a bending power of about 4 Tm, and three stations of silicon-strip
detectors and straw drift tubes placed downstream of the magnet [19]. The tracking
system provides a measurement of the 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 pp collision vertex (PV), the impact parameter (IP), is
measured with a resolution of (15429 /pr) um, where p is the component of the momentum
transverse to the beam, in GeV/c. Different types of charged hadrons are distinguished
using information from two ring-imaging Cherenkov detectors [20]. Photons, electrons and
hadrons are identified by a calorimeter system consisting of scintillating-pad and preshower



detectors, an electromagnetic and a hadronic calorimeter. Muons are identified by a system
composed of alternating layers of iron and multiwire proportional chambers [21]. The online
event selection is performed by a trigger [22], 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.

Simulation is required to model the effects of the detector acceptance and the imposed
selection requirements. In the simulation, pp collisions are generated using PYTHIA 8 [23, 24]
with a specific LHCb configuration [25]. A dedicated generator BCVEGPY [26] is used
to simulate the production of B mesons. Decays of unstable particles are described by
EVTGEN [27], in which final-state radiation is generated using PHOTOS [28]. The interaction
of the generated particles with the detector, and its response, are implemented using the
GEANT4 toolkit [29, 30] as described in ref. [31].

3 Event selection

In the Bf — B%7" decay mode, the BY meson is reconstructed using two decay modes, BY —
Jfpg and BY — D, with the intermediate states selected based on the Dy — K+ K7,
Jp — ptp~ and ¢ — KK~ decays. The reconstructed BY candidates are selected using
the boosted decision tree (BDT') [32-34] classifier used in refs. [1, 35], with the same working
points. In the B — J/iym™ decay channel, the J/i) mesons are reconstructed using a
pair of oppositely charged muons. The selected Bg and J/ candidates are combined with
a track identified as a pion to reconstruct the B candidates. These candidates and all
intermediate states are required to have good vertex-fit quality. All final state particles
(pions, kaons and muons) are required to have a good track-fit quality and high transverse
momentum. Particle identification (PID) information is used to suppress misidentified
tracks. The reconstructed masses of intermediate state particles are required to be within
three times the expected mass resolution of their known masses [15]. A second boosted
decision tree classifier taken from refs. [35, 36] is used to further distinguish signal B
mesons from combinatorial background. The vertex fit quality, transverse momentum and
topological information are used in all BDT classifiers.

In the offline selection, trigger signatures are associated with reconstructed particles.
Selection requirements can therefore be made on the trigger selection itself and on whether
the event was selected at trigger level because of the signal candidate (denoted T0S), or
because of the decay products of the b- or c-hadrons produced together with the signal B
meson (denoted TIS). For the BY — BY(— J/p¢)nt decay, the reconstructed J/i) mesons
are required to pass the hardware trigger that selects a muon or a pair of muons with high
pr (the muon TOS trigger). For the B — BY(— D;n")nt decay, hadronic triggers are
avoided due to the complexity of simulating the detector response of many-body final states
overlapping in the calorimeter. Instead, events containing B — BY7* decays are required
to pass the trigger in case there is a muon or pair of muons in the rest of the event, not
related to the B daughter particles (the muon TIS trigger). This requirement gives better
control of trigger efficiencies, even though it reduces the signal yields. In the R 4 case,
the TOS trigger requirement is applied to the Bf — BYr" and B} — Jint decays, and
in the R Dot CASe, the TIS trigger requirement is applied.
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Figure 1. Invariant-mass distributions of BJ candidates: (top left) Bf — Jjipr™ TOS, (top right)
B} — Jjpnt TIS, (bottom left) Bf — BY(— Jiv¢)nt, and (bottom right) Bf — B(— Dyn)rt.
The black dots represent the data, the blue line represents the results of the total fit, and the red
dashed line and green shaded area show the signal and combinatorial background components,
respectively.

4 Signal yields and efficiencies

The signal yields are determined from unbinned maximum-likelihood fits to the B candidate
invariant-mass distributions. The invariant mass spectrum of BJ-meson candidates is
obtained from a fit to the whole decay chain with the masses of BY, J/i, and D; mesons
constrained to their known values [15], as described in ref. [37]. For the B} — Jppm™
decay, the signal component is modelled using the sum of two double-sided Crystal Ball
(DSCB) functions [38] with a common peak position. For the B} — B%7* decay, one DSCB
function is sufficient to model the signal shape. The tail parameters of all DSCB functions
are determined from simulation, as detailed in ref. [35]. In both cases the combinatorial
background is modelled with an exponential function. The fit results are shown in figure 1,
and the signal yields are summarised in table 2.

The total efficiency is calculated as the product of the geometrical detector acceptance
and of the efficiencies related to particle reconstruction, event selection, particle identification



Decay channel Signal yields

Bf — Jiprt (TOS) 14641 + 195
B — Jjprt (TIS) 1376 + 45
B — BY(— Jhpe)nt 186 + 25
Bf — BY%— Dynt)nt 65+ 12

Table 2. Yields of the normalisation and signal decay modes.

Decay channel Efficiency [%)]

B — JRpmt (TOS) 1.6141 + 0.0028
Bf — Jipmt (TIS) 0.15846 4 0.00063
BY — BY(— Jhpo)rt 0.4526 + 0.0013
Bf — BY(— Dym™)r™  0.02801 4 0.00028

Table 3. Total efficiencies of the B} — J/r™ and Bf — Bnt decay modes. The uncertainties
are due to the finite size of the simulated samples.

and trigger decision. The efficiencies are determined using simulation calibrated with data.
Since the number of final-state particles is different between the signal and normalisation
modes (five and three, respectively), accurate modelling of the track reconstruction efficiency
is important. For every event, a track-by-track correction to the track reconstruction
efficiency of all final states is applied using a calibration sample of J/ip — p*p~ decays [39).
The PID information used in the event selection is corrected with high-yield calibration
samples (D*t — D7t with D° — K7 decays for hadrons, and the J/) — utpu~ decay
for muons) [40]. The total efficiencies are listed in table 3.

5 Systematic uncertainties

The measurement is affected by the systematic uncertainty in the determination of signal
yields and efficiencies, as summarised in table 4.

The systematic uncertainty due to the signal lineshape modelling is studied using
pseudoexperiments. The signal candidates in the fully simulated samples are mixed with
background events that are randomly generated with the exponential shape and fraction
determined from the fits to the data. The same fit model used for the data fit is ap-
plied to these samples. The difference between the fitted value of the signal yield ratio
N B —BOnt /N Bl bt and the generated ratio in simulated samples is taken as the sys-
tematic uncertainty, 3.0% for R s, and 4.4% for R Dot The systematic uncertainty of
the background lineshape is estimated by using a first-order polynomial function as an
alternative shape, and the difference with the default result is taken as the systematic
uncertainty, which is 5.5% for Ry and 4.5% for Rp— ..



Rype (%) Rp-p+ [%]

Signal model 3.0 4.4
Background model 5.5 4.5
BY — B component 3.2 3.1
Data-simulation agreement 2.3 4.8
Tracking efficiency 3.2 6.0
Simulation sample size 0.3 1.1
Trigger 1.0 1.0
Total 8.1 10.5

Table 4. Relative systematic uncertainties in the ratio of the branching fractions where the symbol
R e indicates the ratio of branching fractions measured with the B} — BY(— J/ip¢)nt decay
channel and R,- . that using the B — BY(— D a")x" decay.

The B} mesons can also decay to a B:%7t state, followed by the B — B%y decay.
This final state, with an unobserved photon, mimics the signal but with the reconstructed
m(BY7T) shifted to lower values by the mass difference between B:Y and BY mesons to a
good approximation. In this case, the Bl mass resolution is almost unaffected [1, 41]. To
estimate the impact of this potential partially reconstructed decay, an alternative fit to the
m(BY7) mass distribution is performed including an additional B:%7+ component. The
fit model for B — BT is a DSCB function with the same tail parameters as in the
default fit. The mass resolution is assumed to be the same as the signal and the mass shift
is fixed to the known mass difference between BY and B:* mesons, 48.571-8 MeV/c? [15].
The difference in the signal yield ratio is taken as the relevant systematic uncertainty, which
is 3.2% for R ¢ and 3.1% for Rp— ..

As some efficiencies are determined from simulated samples, any discrepancy between
data and simulated events can introduce a bias. Distributions of kinematic variables in
simulation and in background-subtracted data using the sPlot technique [42] are compared.
The differences of the efficiencies between the unchanged simulation and after the alignment
between data and simulation are 2.3% for R j, and 4.8% for R D=+ Tespectively, which
are taken as systematic uncertainties.

The tracking efliciency, which is determined on data calibration samples, has a system-
atic uncertainty of 1% per track. Due to the hadronic interactions and the uncertainty of
the LHCb material-budget in simulation, there is 1.1% additional uncertainty for kaons and
1.4% additional uncertainty for pions. The uncertainties for the same particles in numerator
and denominator largely cancel in the ratio. Therefore, the systematic uncertainty is found
to be 3.2% for the Ry, measurement and 6.0% for Rp,— .

The efficiencies determined from simulated events have uncertainties due to the lim-
ited size of the samples. The relative uncertainty in the total efficiency ratio e(B —
Jipnt) Je(BF — BY7T) is considered as the systematic uncertainty, the value is 0.3% for
R jppe and 1.1% for R Dot The imperfect simulation of the trigger system can also cause
a bias in the trigger selection efficiency. An uncertainty of 1.0% is assigned to the trigger



selection following ref. [43]. Other potential sources of systematic uncertainty, such as
those associated with the PID calibration, are found to be negligible. A summary of the
systematic uncertainties is given in table 4.

6 Results

The ratio of the total branching fractions, including the branching fractions of the interme-
diate states, is determined as

i _ NBFoBU oIt CBEJprt
Riwe = —"xn ' : (6.1)
B s Jpprt €BY B (= Jppd)nt
fot Npt BO(D; nt )t _ €BE > Jppmt (6.2)
- 4+ = ) *
Dy NBZLHJ/@MFF €Bf 4 BY(—»D5 nt)rt

and are measured to be

R = 0.0453 + 0.0061 (stat) + 0.0037 (syst),
RSL . = 0.267 £ 0.050 (stat) & 0.028 (syst),

in each decay mode. Accounting for the branching fractions of the intermediate state decays,
as shown in table 1, the ratio between the branching fractions of the B} — B%7* and
B} — Jhbrt decays is

R e = 89 £ 12 (stat) £ 7 (syst) = 4 (B),
Rp-p+ =99+ 19 (stat) + 10 (syst) £ 5 (B),

for the two decay modes considered. The third uncertainty is due to the knowledge of the
branching fractions of intermediate state decays (denoted B hereafter).

The ratio of the branching fractions measured using the two decay modes can then be
combined using the BLUE method [44]. The systematic uncertainties due to the signal
lineshape, background lineshape, Bf — Bz " component, data-simulation agreement,
tracking efficiency and trigger decision are considered to be 100% correlated between the two
decay modes, while the uncertainty due to limited simulation sample size is uncorrelated.
Uncertainties in this ratio arise from knowledge of the branching fractions of intermediate
state decays, which is the uncertainty of Rin;. The uncertainties from RV and RE: ™

int int
are considered uncorrelated. The combined result is

B(B} — Bnt)
B(Bc+ — Jpmt)

R = =91 + 10 (stat) + 8 (syst) £ 3 (B).

This is the first direct measurement of the ratio of branching fractions B(Bf — BYrT)/
B(Bf — Jhymt).



7 Discussion of B(B}f — B%n™t)

The branching fraction of the B} — B7™ decay can be extracted from this result with
the knowledge of B(B} — J/iym™). The branching fraction of the B} — Jjibnt decay is
predicted to be (0.29173033)% [45] with a B lifetime of 0.453 ps. Using this input and
the B lifetime of 0.510 ps taken from ref. [15], the branching fraction of the Bf — Bz
decay is found to be

B(B} — Bir™) = (30.0 +3.3 (stat) & 2.6 (syst) = 1.0 (B)* 48 (B — Jjyrt)) %, (7.1)

where the fourth uncertainty is the uncertainty from the prediction of B(Bf — Jipm™).

The branching fraction of the B} — J/ipm™ decay can also be determined from the theo-
retical prediction of B(BS — J/yp*v,) and the measurement of B(Bf — J/nt)/B(BF —
Jfpptyy,) = 0.0469 £ 0.0028 + 0.0046 [46]. The average of several theoretical predictions
for B(B} — Jipptv,), as considered in ref. [47], is B(B} — Jipptv,) = (1.95 £ 0.46)%.
Using these inputs, the value of B(BS — J/in™) is found to be (0.091 & 0.024)%. The
branching fraction of the Bf — B decay is determined to be

B(BS — B%") = (8.3 4 0.9 (stat) £ 0.7 (syst) + 0.3(B) £ 2.2(B — Jrnt)N%. (7.2)

The fourth uncertainty in eq. (7.2) is due to the uncertainty on the value of B(B} — J/pr™).

Equations (7.1) and (7.2) show a discrepancy in B(BJ — BY7T) which is larger than
the quoted uncertainties, due to different predictions for the value of B(Bf — J/yr™).
Until this discrepancy is resolved, caution is advised when converting the measured ratio
into a measurement of B(B} — BYnt). However, irrespective of this discrepancy, either
value of the branching fraction B(BS — J/inT) considered here results in the Bf — Bin+
decay having the largest branching fraction of all B} decays measured to date.
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