PHYSICAL REVIEW LETTERS 120, 121801 (2018)

Measurement of the Ratio of Branching Fractions B(B — J/yt*v,)/B(B; — Jlyp*v,)

R. Aaij et al.”
(LHCb Collaboration)

® (Received 16 November 2017; revised manuscript received 19 January 2018; published 23 March 2018; corrected 4 April 2018)

A measurement is reported of the ratio of branching fractions R(J/y) = B(Bf — Jiyttu,)/
B(BY — Jlyutv,), where the 7 lepton is identified in the decay mode z* — u*v,D,. This analysis
uses a sample of proton-proton collision data corresponding to 3.0 fb~! of integrated luminosity recorded
with the LHCb experiment at center-of-mass energies of 7 and 8 TeV. A signal is found for the decay
B — JlytTu, at a significance of 3 standard deviations corrected for systematic uncertainty, and the ratio
of the branching fractions is measured to be R(J/yw) = 0.71 & 0.17(stat) £ 0.18(syst). This result lies
within 2 standard deviations above the range of central values currently predicted by the standard model.
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Semileptonic b-hadron decays provide powerful probes
for testing the standard model (SM) and for searching for
the effects of physics beyond the SM. Because of their
relatively simple theoretical description via tree-level proc-
esses in the SM, these decay modes serve as an ideal setting
for examining the universality of the couplings of the three
charged leptons in electroweak interactions. Recent mea-
surements of the parameters R (D) and R(D*) correspond-
ing to the ratios of branching fractions B(B — D"t 1,)/
B(B - DYyu~1,) by the BABAR [1.2], Belle [3-6], and
LHCb [7-9] Collaborations indicate larger values than the
SM predictions [10]. Proposed explanations for these
discrepancies include extensions of the SM that involve
enhanced weak couplings to third-generation leptons and
quarks, such as interactions involving a charged Higgs
boson [11,12], leptoquarks [13], or new vector bosons [14].
Furthermore, other hints of the failure of lepton flavor
universality have been seen in electroweak loop-induced B
-meson decays [15,16].

Measurements of semitauonic decays of other species of
b hadrons can provide additional handles for investigating
the sources of theoretical and experimental uncertainties
and potentially the origin of lepton nonuniversal couplings.
This Letter presents the first study of the semitauonic decay
B} — Jlyttv, and a measurement of the ratio of branch-
ing fractions

B(Bf = Jlyt'y,)

R(Jhy) = B(Bf = Jlyuty,)

(1)
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for which the central values of the current SM predictions
are in the range of 0.25-0.28, where the spread arises from
the choice of modeling approach for form factors [17-20].
Here and throughout the Letter, charge-conjugate processes
are implied.

The measurement is performed using data recorded with
the LHCb detector at the Large Hadron Collider in 2011
and 2012, corresponding to integrated luminosities of 1 and
2 fb~! collected at proton-proton (pp) center-of-mass
energies of 7 and 8 TeV, respectively. The analysis
procedure is designed to identify both the signal decay
chain B — J/wrtv, and the normalization mode B} —
Jyutv,, with Jhy — ptpy~ and v — ptv,p,, through
their identical visible final states (u"p~)u*. The muon
candidate not originating from the J/y is referred to as the
unpaired muon. The two modes are distinguished using
differences in their kinematic properties. The selected
sample contains contributions from the signal and the
normalization modes, as well as several background
processes. The contributions of the various components
are determined from a multidimensional fit to the data,
where each component is represented by a template
distribution derived from control data samples or from
simulation validated against control regions in data. The
selection and fit procedures are developed without knowl-
edge of the signal yield (blinded).

The LHCb detector is a single-arm forward spectrometer
covering the pseudorapidity range 2 < n < 5 described in
detail in Refs. [21,22]. Notably for this analysis, muons are
identified by a system composed of alternating layers of
iron and multiwire proportional chambers [23]. The on-line
event selection is performed by a trigger [24], which in this
case 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 data samples, which are used for producing fit
templates and evaluating the signal-to-normalization
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efficiency ratio, are produced using the software described
in Refs. [25-28].

Events containing a J/wu™ candidate are required to
have been selected by the LHCb hardware dimuon trigger.
In the software trigger, the events are required to meet
criteria designed to select J/w — u~u* candidates con-
structed from oppositely charged tracks whose particle
identification information is consistent with a muon. The
Jy candidate must have (p7) > 2 GeV/c, where py is the
component of the momentum transverse to the beam, and
have a reconstructed mass consistent with the known J/y
mass [29]. In addition, the momenta of the J/y decay
products must each exceed 5 GeV/c, and at least one muon
candidate must have pr > 1.5 GeV/c. In the off-line
reconstruction, the decay products of the J/y candidate
must match the muon candidates responsible for the
trigger.

Further requirements are imposed in the off-line selec-
tion, including ones imposed to ensure good-quality tracks.
The J/y candidate is required to have well-identified muon
decay products, a decay vertex significantly separated
from any primary vertex (PV) in the event, and an invariant
mass within 55 MeV/c? of the known J/y mass. A veto is
applied to exclude candidates in which the invariant
mass of the opposite-sign muon pair formed by swapping
the unpaired muon with a muon from the J/y candidate
is consistent with the J/y mass. The unpaired muon
candidate must have p; > 750 MeV/c and be significantly
separated from any PV. It is required to satisfy muon
identification criteria, have a momentum in the range
3 < p <100 GeV/c, and be in the pseudorapidity range
2-5. The J/w candidate and unpaired muon are required to
form a vertex with the J/y candidate using loose criteria to
reduce any inefficiency due to the J/w—u™ separation
induced by the z* flight in the signal decay. To suppress
combinatorial background constructed from the decay
products of the other » hadrons in the event, the J/y
and the unpaired p candidates must not have momenta
pointing in nearly opposite directions in the plane trans-
verse to the beam axis. In the rare (< 2%) events where
more than one candidate is selected, a single candidate is
retained randomly but reproducibly.

The J/iwu" candidates from partially reconstructed b-
hadron decays, including B} decays to a J/wH . pair, where
H, stands for a charmed hadron, and semileptonic B} —
Jly (nz)p*v, decays with n > 2 are typically accompanied
by additional nearby charged particles. In order to suppress
these background contributions, candidates are required to
be isolated from additional tracks in the event based on a
boosted decision tree (BDT) described in Ref. [7]. The
algorithm assigns a score based on whether a given track is
likely to have originated from the signal B} candidate or
from the rest of the event. The signal sample is constructed
by requiring that no tracks in the event are consistent with
originating from the B} candidate based on their BDT

response value and is, thus, enriched in B} — J/wt" v, and
Bf — Jhyptv, decays.

The selection efficiencies for the signal and normaliza-
tion modes are determined from simulation. To account for
the effect of differing detector occupancy and resolution
between simulation and data, the joint distributions of the
track multiplicity and the significances of the separation of
the J/y and of the unpaired muon from the associated PV
(defined to be the PV with respect to which the particle
under consideration has the smallest impact parameter y2,
which is the difference in y? of the PV fit with and without
the particle in question) in the simulated samples are
weighted to match the observed distribution in a subset
of the data sample enriched in the normalization mode,
without biasing the distribution of the simulated decay time
(i.e., the proper time elapsed between the production and
decay of the Bl meson) [30]. This subset is created by
excluding events with positive missing mass or long decay
times and increasing the rejection of partially reconstructed
events using the isolation BDT. The ratio of the signal
efficiency to that of the normalization mode in the nominal
selection is found to be (52.4 + 0.4)%, where the uncer-
tainty reflects the limited size of the simulation samples.

The differences in the kinematic distributions of the
various processes are exploited to disentangle their respec-
tive contributions to the selected J/wu™t sample. The large
u—7 mass difference and the presence of extra neutrinos
from the decay 7" — u"v,7, result in distinct distributions
for the signal relative to the normalization mode. Three
kinematic quantities are used: the unpaired-muon energy in
the B rest frame Ej;, the missing mass squared defined as
mi. = (pg+ — Pyuy — P,)*, and the squared four-momen-
tum transfer to the lepton system ¢* = (pg: — pyy,)*
where pg+, py,, and p, are the four-momenta of the
BY meson, the J/w meson, and the unpaired muon,
respectively. These quantities are approximated using a
technique developed in Ref. [7] that estimates the B}
momentum despite the presence of one or more missing
neutrinos, using the flight direction of the candidate
determined from the vector joining the associated PV
and the decay vertex, and the momenta of its decay
products. The lifetime of the B meson, which is nearly
3 times shorter than that of other b hadrons, provides an
additional handle for discriminating against the large
background that originates from lighter » hadrons. The
decay time for each J/ywu candidate is approximated using
the decay distance of the candidate determined from the
approximated B]” momentum vector and the displacement
of its reconstructed vertex relative to its associated PV.

The contributions of various components to the sample
of J/wu™ candidates are represented by three-dimensional
histogram templates binned in mrzmss, the decay time of the
B! candidate, and a categorical quantity Z representing
eight bins in (E};, ¢*). The values 0-3 of Z correspond to
bins where ¢ < 7.15 GeV?/¢* and Ej, is divided with
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thresholds at [0.68, 1.15,1.64] GeV. The values 4-7 cor-
respond to bins with the same Ej ranges but where
g*> >7.15 GeV?/c*. These multidimensional histograms
reflect nontrivial correlations among the three quantities.
The sources of the components represented in the fit and the
procedures used to obtain their corresponding templates
from simulation and data are outlined below.

The templates are derived from simulation for the signal
and the normalization modes, which requires knowledge of
the B} — J/iw¢tv, form factors. These have not yet been
precisely determined, and the theoretical predictions, e.g.,
those from Refs. [18,31], are yet to be tested against
experiment. Thus, for this measurement, the shared form
factors for the signal and normalization modes are deter-
mined directly from the data by employing a z-expansion
parametrization inspired by Ref. [32] to fit a subsample of
the data excluding events with missing mass greater than
1 GeV?/c*. In this expansion, the form factors V(g?),
Ao(q?), Ai(g%), and A,(¢?) (following the convention of
Ref. [31]) are fit by functions of the form

1 K
2\ — a 2 k’ 2
f(q ) 1 _qlegOIGkZO kZ(CI ) ( )
where z(g?) is defined in Ref. [32]. The pole mass M, is
the mass of the excited B} state with quantum numbers
corresponding to the form factor: the J¥ = 1~ state for the
form factor V(g?) taken to be 6.33 GeV/c?, the 0~ state for
Ay(g?), which is the B} mass itself, and finally, the 17 state
for A;(g*) and A, (¢?) taken to be 6.73 GeV/c [18,31]. The
form factor A, (g?) is fit to K = 0 order, while the others are
fit to the linear K = 1 order. The parameters a; obtained
from this procedure contain the effects of the reconstruction
resolution of the kinematic parameters and cannot be
directly compared with existing theoretical predictions.

Simulation is used to determine the templates for the
feed-down processes BY — w(2S)u*v,, Bf = w(2S)t v,
Bf = yap'ty,, and Bf — y.ou*v,, and backgrounds from
BY — JlwH_X. The last is represented by a cocktail of
decays that result from b — ccs transitions. The branching
fractions for the decays Jiy — utu~, yw(2S) - JlyX,
Xe(12) = Jyy, and 4 — ptvy, D, are fixed to the known
values [29]. A possible feed-down contribution from
B! — X(3872)u"v,, where the X(3872) state decay pro-
duces a J/y, is considered in the determination of the
systematic uncertainties. The semimuonic B} decays to the
¥o1 and y.,, modes are constrained to have the same
branching fractions relative to the normalization mode,
differing only due to the respective branching fractions of
Xe(12) to Jlyy, consistent with theoretical expectations
[33]. The form factors for these decays are taken from
Ref. [33]. The rare decay B — y.ou" v, (suppressed by the
low y.) — J/wX branching fraction) and semitauonic
decays involving y, states are neglected and are accounted
for in the systematic uncertainties.

The background processes B} — J/wH X are modeled
using a cocktail of two-body decays and quasi-two-body
decays that proceed through excited Dy resonances.
Several decay modes in the cocktail have recently been
measured at LHCb [34], and for others the branching
fractions are fixed by analogy to the well-measured
B — D*H_X decays [29]. The cocktail consists of the
two-body and quasi-two-body decays in equal proportion.

The decay-time distributions derived from simulated B
decays are corrected for acceptance differences between the
data and simulation. This is achieved by applying weights
to the simulated distribution from a study of a control
sample of J/wK* combinations from the decay B° —
JhwK*(892)° with K*(892)° — Kz~ in the data and
simulation; the weights are calculated in bins of the decay
time and of the relative momentum carried by the z~
omitted from the combination [analogous to that of the
unobserved neutrino(s) in the simulation samples]. The B}
lifetime is allowed to vary in the fit, constrained by its
measured value and precision.

The combinatorial background in the selected J/yu™
sample is predominantly due to J/y mesons from B, ;; —
JlyX decays paired with muon candidates from the rest of
the event. This background source is modeled using a set of
three template histograms taken from simulation for the
three B-meson species, with their relative fractions con-
strained in accordance with the production cross sections
and their respective branching fractions. A fit is performed
to the J/wu* mass distribution above 6.4 GeV/c?, higher
than the B mass, to validate the modeling of this back-
ground and correct for possible sources of combinatorial
background in the data unaccounted for by the model,
including decays of b baryons and the effect of unknown
branching fractions. A linear correction to the J/yu™ mass
distribution in the simulation is determined by this fit
and applied to the combinatorial background templates,
and it is varied within bounds to determine a systematic
uncertainty.

A separate background comes from pairing unrelated
muons to form J/y candidates. The template for this
combinatorial J/y component is determined using events
where the J/y invariant mass lies above the nominal
selection threshold, with its normalization fixed using a
fit to the p*u~ invariant-mass distribution. Two models for
the shape of the combinatorial background in the J/y mass
distribution are considered. The nominal fit uses a mixture
of distributions with Gaussian cores and power law tails
[35] for the true J/w — ™y~ component and an exponen-
tial function for the combinatorial background. An alter-
native fit is performed to evaluate a corresponding
systematic uncertainty.

The largest background component is due to the inclu-
sive decays of light b hadrons to J/y mesons, in which an
accompanying pion or kaon (or, less frequently, proton or
electron) is misidentified as a muon, hereafter referred to as
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the mis-ID background. A data-driven approach is used to
construct templates for this background component. A
sample of J/wh™ candidates, where 4™ stands for a charged
hadron, is selected following similar criteria to those of the
signal sample but with the At failing the muon identi-
fication criteria. This control sample is enriched in various
hadron species (primarily, pions, kaons, and protons) and
electrons. Using several high-purity control samples of
identified hadrons, weights are computed that represent the
probability that a hadron with particular kinematic proper-
ties would pass the muon criteria. These weights are
applied to the J/wht sample to generate binned templates
representing these background components. The normali-
zation of each of these components is allowed to vary in the
fit to the data.

A binned maximum likelihood fit is performed using the
templates representing the various components. The num-
ber of candidates from each component, with the exception
of the combinatorial J/y background, are allowed to vary in
the fit, as are the shape parameters corresponding to the B
lifetime and the Ay(g?) form factor. The contributions
of the feed-down processes involving the decays of
higher-mass charmonium states B — y/(2S)u*v,, Bf =
Xe(0.1.2)(1P)pu* v, are allowed to vary in the fit, whereas the
ratio of the branching fractions R[w(2S)] = B[Bf —
w(28)t v IB[Bf — w(2S)uty,] is fixed to the predicted
SM value of 8.5% [18]. This is later varied for the
evaluation of a systematic uncertainty.

Extensive studies of the fit procedure are carried out to
identify potential sources of bias in the fit. Simulated signal
is added to the data histograms, and the resulting changes in
the value of R (J/y) from the fit are found to be consistent
with the injected signal increments. The procedure is also
applied to the mis-ID background, which shows no bias in
the fitted number of events as a function of injected events.
Another important consideration for this measurement is
the disparate properties of the various templates. Some
templates are populated in all kinematically allowed
bins, such as the mis-ID background that is derived from
large data samples. Others are sparsely populated and
contain empty bins, e.g., for modes with low efficiency
and yields that are obtained from simulated events.
Pseudoexperiments with template compositions similar
to those in this analysis reveal a possible bias of the fit
results. Hence, the binning scheme for this analysis is
chosen to minimize the number of empty bins in the
sparsely populated templates, while retaining the discrimi-
nating power of the distributions. Kernel density estimation
(KDE) [36] is used to derive continuous distributions
representative of the nominal fit templates. Simulated
pseudoexperiments using histogram templates sampled
from these continuous distributions are then used to
evaluate any remaining bias that results. Based on these
studies, a Bayesian procedure is implemented for cor-
recting the raw R(J/y) value after unblinding.

Candidates / ( 0.6 GeV?/c*)

5 o
m? . [GeV7/c]
16000 T T T T

Candidates

Candidates per bin

6 7.
2 E,)

—— Data
Mis-ID bkg.
[ J/p comb. bkg.
B — x (IP)"v,
B B — Ty,

- -,
B /iy +u comb. bkg.
W 3. — JyH!
W B — y2S)'y,

FIG. 1. Distributions of (top) m>., (middle) decay time, and

(bottom) Z of the signal data overlaid with projections of the fit
model with all normalization and shape parameters at their best-
fit values. Below each panel, differences between the data and fit
are shown, normalized by the Poisson uncertainty in the data; the
dashed lines are at the values £2.

The results of the fit are presented in Fig. 1 showing the
projections of the nominal fit result onto the quantities
mfmss, decay time, and Z. The fit yields 1400 £ 300 signal
and 19140 £ 340 normalization decays, where the errors
are statistical and correlated. Accounting for the = —
uFv,0, branching fraction and the ratio of efficiencies
[(52.4 +0.4)%] gives an uncorrected value of 0.79 for

R(JNy). Correcting for the mean expected bias at this
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value, we obtain R(J/y) = 0.71 & 0.17(stat). The signifi-
cance of the signal determined from a likelihood scan
procedure and corrected for the systematic uncertainty is
found to be 3 standard deviations.

Systematic uncertainties on R (J/y) are listed in Table I.
The effect of the limited size of the toy simulated data on
the template shapes is determined using the procedure of
Refs. [37,38]. In the nominal fit, the Bf — J/y form factor
parameters, except for the scalar form factor that primarily
affects the semitauonic mode, are fixed to the values
obtained from a fit to a subset of the data enriched in
the normalization mode. To assess the effect on R (J/y) due
to this procedure, an alternative fit is performed with the
form factor parameters allowed to vary, and the difference
in quadrature of the uncertainties is assigned as a systematic
uncertainty. The effect due to the B — w(2S5) form factors
is evaluated by comparing fits using two different theo-
retical models for this template [18,31].

The systematic uncertainty of the bias correction is
calculated from the difference in bias between fits to the
simulated data based on a set of realistic parametrized
distributions and corresponding fits based on KDE versions
of these distributions. The effect of the placement of the bin
thresholds in the quantity Z is determined by varying the
boundaries of the thresholds in £}, and ¢* and by reducing
the number of bins in the fit. The data-driven method
employed to determine the mis-ID background is repeated
with an alternative approach for modeling the effect of
misreconstructed tracks within the mis-ID control sample
(rejected from the nominal sample by muon PID require-
ments). The fit procedure is repeated with templates derived
from this alternative method, and an uncertainty is assigned
using half the difference between the resulting central value
of R(J/y) and the nominal value. The systematic uncer-
tainty due to the combinatorial background model is
determined by varying the linear correction made to its
Jhwu™ mass distribution described above, within its
bounds. The uncertainty due to the combinatorial back-
ground in the J/y peak region is determined by varying the
normalization of this component within the range deter-
mined from the alternative fit to the invariant-mass dis-
tribution of J/y candidates.

The systematic uncertainty due to the contribution of the
process B — J/wH X, which is poorly resolved by the fit,
is determined by fixing the yield relative to the normali-
zation to that expected from the estimated branching
fraction for these decays [29,34]. The effect of fixing the
contribution of the semitauonic decay Bf — w(2S)7"v, is
determined by varying R [y(2S)] by +50% of the predicted
value. The background from the feed-down decays B} —
X(3872)u" v, with the principal decay chains X(3872) —
Jhyrtz~ and X(3872) — J/yy is kinematically similar to
the background from B/ — w(2S)7"v,. An approximate
bound on the number of X(3872) candidates in the sample
is obtained from the invariant mass distribution of J/iywz "z~

TABLE 1.
R(Jhy).

Systematic uncertainties in the determination of

Source of uncertainty Size (x1072)

Finite simulation size 8.0
B — Jly form factors 12.1
B} — y(2S) form factors 3.2
Fit bias correction 54
Z binning strategy 5.6
Mis-ID background strategy 5.6
combinatorial background cocktail 4.5
combinatorial J/y background scaling 0.9
B} — JhwH_ X contribution 3.6
w(2S) and y. feed-down 0.9
Weighting of simulation samples 1.6
Efficiency ratio 0.6
B(tt = utv,,) 0.2
Systematic uncertainty 17.7
Statistical uncertainty 17.3

combinations in the sample. This bound is found to be less
than the uncertainty in the w(2S) yield, and, thus, no
additional uncertainty is assigned. In general, the effect of
charmonium states above the open-charm threshold, which
have large total width, are negligible as a result of their
small decay rate to final states containing J/w. The
uncertainty due to the small contribution of semitauonic
decays involving y,. states is assessed by assuming that the
entire yield for this mode is absorbed in the signal mode
and is summed in quadrature with that from the y(25) feed-
down mode.

The systematic uncertainty due to the weighting of the
simulation distributions of event parameters (the track
multiplicity and the separation significances of the J/y
and of the unpaired muon) is determined by varying the
criteria for the definition of the subset of the data sample
enriched in the normalization mode used in the weighting
procedure and employing alternative methods to account
for the misidentified muon candidates in the sample. The
uncertainty in the efficiency ratio measured in simulation is
propagated to R(J/y) and is dominated by the statistical
uncertainty of the simulation sample.

In summary, the decay B — J/wztv, is studied using
data corresponding to 3 fb~! recorded with the LHCb
detector during 2011 and 2012, leading to the first
measurement of the ratio of branching fractions

B(Bf - Jlyttv,)
B(Bf = Jlyu'tv,)

= 0.71 +0.17(stat) + 0.18(syst).  (3)

R(Jly) =

This result lies within 2 standard deviations of the range of
central values currently predicted by the standard model,
0.25-0.28.
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