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A measurement of the ratio of semileptonic branching fractions R(J/y), defined as R(J/w)=
B(Bf = J/wttv,)/B(Bf — J/wuty,), is reported using a sample of proton-proton collision data

corresponding to an integrated luminosity of 5.4 fb~' recorded by the LHCb experiment in 2016—
2018 at a center-of-mass energy of 13 TeV. The measured value is found to be R(J/y) =
0.51 £ 0.12(stat) £ 0.08(syst), which is within 1.8 standard deviations of the predictions from the

standard model assuming lepton flavor universality.

DOI: 10.1103/13fb-1gc2

Semileptonic decays of b hadrons allow for precise tests
of lepton flavor universality (LFU), a fundamental feature
of the standard model (SM) that entails equal couplings
for all charged leptons to the gauge bosons. Measurements
of the ratios R(D) and R(D*), where R(D™)=
B(B— D“t=0,)/B(B— D"yu~0,) show an excess of
semitauonic decays, representing a persistent tension with
the SM [1]. Here and throughout this Letter, charge-
conjugate processes are implied. The data recorded by
the LHC experiments have allowed the extension of these
studies to other b-hadron species, notably the B} meson.
Using proton-proton (pp) collision data acquired with the
LHCb detector during 2011-2012 (LHC Run 1), corre-
sponding to an integrated luminosity of 3 fb~! at center-of-
mass energies of 7 and 8 TeV, the LHCb Collaboration first
reported a measurement of the ratio of branching fractions

B(Bf - J/ytTv,)

RUM) = B(Bf — J/yu'y,)’

with a result of 0.71 4 0.17(stat) + 0.18(syst) [2]. This is
within two standard deviations of the SM predictions
available at the time, with central values ranging from
0.25 to 0.28 [3-6]. Two subsequent measurements of this
observable have also been reported by the CMS
Collaboration with a combined value of R(J/y) = 0.49 £+
0.26 [7,8], consistent with the SM prediction. Major
progress has also been achieved on the theoretical front,
with lattice QCD (LQCD) calculations of the Bl —
J/wt v, form factors. With these inputs, the value of
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R(J/y), assuming LFU, is predicted to be 0.2597 +
0.0027 [9]. The improved theoretical input on the form
factors, in particular, is critical to the reduction of the
corresponding systematic uncertainties in these types of
experimental measurements.

In this Letter, a measurement of R(J/y) is presented
using pp collision data acquired with the LHCb detector
during 2016-2018 (LHC Run 2) at a center-of-mass energy
of 13 TeV, and corresponding to an integrated luminosity
of 5.4 fb~!. Relative to the previous LHCb measurement,
the analyzed b-hadron sample size is larger by a factor
of 4 owing to a nearly twofold increase in the b-hadron
production cross section at the higher pp collision
energy [10].

The decays B} — J/wtTv, and Bf — J/wutv,,
referred to in this Letter as the signal and normalization
decay channels, respectively, are reconstructed using
J/y —p*p~ and the purely leptonic decay 7" — u*v,7,,
leading to a visible signature of (utu™)u™ for both
channels. The muon candidate not originating from the
J/y decay is hereafter referred to as the unpaired muon.
The signal and normalization channels are distinguished
from each other and from background processes by
exploiting differences in their kinematic distributions
(see Supplemental Material for distributions [11]). Their
relative yields are estimated using a multidimensional fit to
the data, with each component represented by a template
distribution derived either from simulation or control data
samples.

The LHCb detector is a single-arm forward spectrometer
covering the pseudorapidity range 2 < 5 < 5, described in
detail in Refs. [12,13]. Critically for this analysis, muons
are identified by a system composed of alternating layers of
iron and multiwire proportional chambers [14]. 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.
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Events containing J/ywu™ candidates are first selected by
the LHCb hardware dimuon trigger. The software trigger
then identifies J/y —u*u~ candidates using oppositely
charged good-quality tracks that pass muon identification
requirements. These muons must have p > 6 GeV/c and
pr > 200 MeV/c, with p being the momentum and pr its
component transverse to the beam line. The J /iy is required
to have pt > 2 GeV/c, and must be significantly detached
from the primary collision vertex (PV) to suppress back-
ground from prompt J/y mesons produced directly at the
collision point.

Further selections are applied offline in order to reduce
background contributions. The number of tracks in the
event is required to be fewer than 600.

The muons selected to form the J/y candidate must have
an impact parameter y? greater than 4. The J /y candidate is
required to have an invariant mass within 55 MeV/c? of
the known J/y mass [16] and form a good-quality vertex.
The unpaired muon candidate is required to have momen-
tum 3 < p < 100 GeV/c and py > 750 MeV/c and it is
required to be inconsistent with originating from a PV. To
remove candidates where multiple opposite-sign muon
pairs are consistent with originating from a J/y decay,
the combinations formed from the unpaired muon and the
opposite-sign muon from the J/y candidate are rejected if
their invariant mass is within 50 MeV/c? of the known
J/w mass. The angle between the J/y and unpaired muon
candidates in the plane transverse to the beam axis is
required to have a cosine greater than —0.8, as decay
products of a single b hadron with nonzero transverse
momentum are unlikely to be back to back in the transverse
plane. The invariant mass of the J/wut candidate is
required to be greater than 3.2 GeV/c?, the sum of the
J/w and u masses, but less than 6.4 GeV/c?, which is just
above the B} mass.

To reduce specific background processes, additional
selections are imposed. Stringent particle identification
selections are required to suppress candidates in which a
hadron is misidentified as the unpaired muon, representing
the leading background component in the data set. Standard
LHCb muon identification algorithms are applied [17],
together with the requirement that hits in the muon chamber
must not be shared with other tracks in the event.
Additionally, the boosted decision tree algorithm developed
in Ref. [18] is trained to provide an approximately uniform
identification efficiency for real muons as a function of p
and pr. The combined selection has an efficiency of about
50% for real unpaired muons.

Several backgrounds arise from partially reconstructed
decays B — J/wH.X and B} — J/y(nz)u*v,, where
H, refers to a charmed hadron, X refers to zero or more
light hadrons, and n > 2. These decays are typically
associated with extraneous charged particles nearby, thus
their contribution to the selected sample is reduced by
requiring that the J/wu™' candidate is isolated from other

tracks in the event. This is achieved through the use of the
BDT algorithm described in Ref. [19] that assigns a score
evaluating the likelihood of the track originating from the
B candidate rather than from the rest of the event.

The large u-7 mass difference and the additional neu-
trinos in the signal decay result in distinct kinematic
distributions relative to the normalization mode. The
kinematic quantities used to discern the composition of
the selected sample are the energy of the unpaired muon in
the B rest frame, E;; the squared missing mass,

mki = (Ppr — Pypy — Pu)?: the decay time of the B
candidate 7; and the squared four-momentum transfer to the
lepton system, ¢ = (ij - p,/y,)z. Here p,/, and p,- are
the measured four-momenta of the J/w meson and the
unpaired muon, respectively, while pg+ denotes the esti-
mated four-momentum of the B, meson using the approxi-
mation developed in Ref. [19], which uses the flight
direction of the B/ candidate and the invariant mass and
momenta of its visible decay products. The same approxi-
mation is used to determine the frame in which £}, and 7 are
computed.

The contribution of each process is estimated by fitting
to the data a sum of three-dimensional histogram templates
binned in m2,_, 7, and a categorical variable Z, which maps
intervals from the (E;, ¢*) plane to the integers 0 to 7. The
8 values are defined in 4 E, intervals with edges
[0,0.68,1.15, 1.64,3.18] GeV, with 0 to 3 satisfying ¢*> <
7.15 GeV?/c* and 4 to 7 satisfying ¢> > 7.15 GeV?/c*.
The decay time of the B! candidate is binned in five
intervals with edges [0.45,0.68, 1.06, 1.44,1.82,2.20] ps.
This binning scheme follows that used in the Run 1 result
[2], and accounts for correlations among the three variables.

The background processes mimicking the visible sig-
natures of the signal and normalization channels include the
feed down from the decays B} - w(2S)utv,,
B = w(2S)ttv, Bf = yap'tv,, Bf = youty,, as well
as backgrounds from By — J/wH _.X. These contributions
are modeled using simulation. The expected contributions
from B — y (127 v, are kinematically similar to B —
w(2S8)7" v, and are within the uncertainty of that yield, so
they are not explicitly included in the fit. Feed-down
background yields are constrained with respect to their
theoretical predictions [4,20,21] during the minimization of
the log likelihood, using a log-normal prior with a factor-
of-2 width on the corresponding yield. The ratio
R(w(2S)) = B(BS - y(28)ttv,)/B(BE - w(2S)u'y,)
is loosely constrained around the predicted SM value of
8.5% [4].

The contribution of the decays B} — J/wH X is mod-
eled using a cocktail of two-body, quasi-two-body with
higher Dy resonances, and three-body decays. The branch-
ing fractions of the cocktail subcomponents are fixed from
measurements when available [22,23], and otherwise by
analogy to B®* — D*H_X decays. The ratio of two-body
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to quasi-two-body to three-body decay branching fractions
is likelihood constrained, with central values and uncer-
tainties taken from summing the relative branching frac-

tions of various modes measured in Refs. [23,24]. The

semiexclusive channel B} — J/ l//DS;*)+, reconstructed in

the DY — K™K~z final state, is used as a control sample
to normalize the cocktail component. In this sample, the
yield of Bf — J/wD}/ is obtained from a fit to the mass
spectrum, while the B} — J/ywD}* contribution is inferred
from the relative Bl — J/wDi" to B} — J/wD{ rate
[16]. The corresponding yield for DY — utX is then
derived from the hadronic mode using the relevant branch-
ing fractions and reconstruction efficiencies, and included
in the nominal fit as a constrained parameter.

To validate this modeling strategy, an independent cross
check evaluates the total Bf — J/wH X background by
extrapolating from inclusive BF — J/wH_ X candidates
with hadronic D°, DT and D] decays. The total yields
obtained from this alternative approach are consistent with
those derived from the nominal fit, confirming the robust-
ness of the background estimation.

Three different sources of combinatorial background are
considered. The largest component consists of random
combinations of J/w candidates originating from
B™%/BY —J/wX decays with muon candidates from the
rest of the event. This background is modeled with template
histograms for the inclusive decays B?S) — J/wX, where

the unpaired muon originates from a different decay
in the event. The B’ channel simulation suffices to model
both the B%* decays. The relative contribution of the B?
to B? decays is determined from the production cross
sections [16].

A different combinatorial background results from the
pairing of uncorrelated muons to form a J/y candidate.
This background is modeled using J/w candidates, which
have an invariant mass above the J/y mass window. The
fitted yield of this background is likelihood constrained
around an estimate obtained by a fit to the y* = invariant
mass distribution using a double-sided crystal ball function
to model the true J/w candidates and an exponential
function to model the combinatorial background. The
width of the constraint is derived from the difference in
estimations when a double Gaussian function is used as the
signal model instead.

Finally, another source of combinatorial background is
from J/y candidates originating from a B;" decay that are
combined with a muon from the semileptonic decay of an
associated charm hadron produced in the fragmentation
process. This background, hereafter referred to as the
fragmentation background, is modeled using simulation.
A distinct feature of this background is the much shorter
decay-time distribution relative to the other components in
the fit, and it is reduced by restricting the fit to estimated
decay times exceeding 0.45 ps. To further reduce all

combinatorial backgrounds, the angle between the momen-
tum of the visible decay products and the flight direction of
the B candidate with respect to the PV is required to have
a cosine greater than 0.9998. Additionally, the J/y and
unpaired muon candidates must have a distance of closest
approach of less than 0.05 mm when the vertex of the J/y
candidate is ahead of that of the B/ candidate along the
beam line and less than 0.13 mm when behind.

The largest source of background, referred to as the
misidentification (misID) background, originates from the
combination of a J/y originating from the decay of light b
hadrons with a charged hadron species At = (7", K™, p)
misidentified as a muon. The candidates from data used to
construct this template pass the selection except for the
identification requirements on the unpaired track, which is
instead required to fail to leave enough hits in the muon
system, leaving the sample enriched in various hadron
species as well as electrons. To suppress the misID back-
ground, the component of the unpaired muon candidate
momentum perpendicular to the B]" candidate flight direc-
tion must be greater than 500 MeV/c.

Weights representing the probability that a hadron with
given kinematic properties is misidentified as a muon are
computed from purified hadron samples [25], while
weights for fake tracks arising from unrelated hits are
estimated using J/wh™ simulation. The weights are applied
to the J/wht sample in order to generate the binned
template representing the misID background component,
with the overall normalization allowed to vary freely in the
fit to the data. The procedure used to estimate the
composition of the J/wh™ sample is similar to that used
in Refs. [2,18]. An alternative weighting procedure is
developed based on methods used in Refs. [26,27]. To
mitigate model dependence, the R(J/y) value below is
taken from the average of the two fit results using the
default and alternative misID template. Half of the shift in
the value of R(J/y) between the shapes is assigned as the
systematic uncertainty due to misID composition estima-
tion. An additional “smearing” correction is applied, which
accounts for the change in the momentum of the final-state
muons relative to the original particles. The smearing
correction was first developed in Ref. [28] and uses
simulated pions and kaons, which are identified as muons
in order to derive the momentum correction. The fit is
allowed to interpolate between templates with and without
both the efficiency and smearing corrections.

The fit model constructed from the sum of the templates
representing the components described above is applied to
the data using a binned maximum-likelihood method. All
yields, except those described above, are allowed to vary in
the fit.

The templates for the signal and normalization modes are
derived from simulation, which uses the form factor model
of Ref. [20]. The simulation is weighted to match the form
factors derived from fitting to LQCD synthetic data [9,29].

141801-3



PHYSICAL REVIEW LETTERS 137, 141801 (2026)

The weights are allowed to vary in the fit within Gaussian
constraints determined from the form factor uncertainties.

Two BDT-based weighting procedures are applied to the
simulation. The first provides a global correction for
mismodeling of the underlying event and the resulting
detector occupancy, using the overall event multiplicity and
the number of tracks used in the PV reconstruction as
inputs [30]. The second corrects residual candidate-level
differences in kinematic and vertexing distributions, using
momentum and pseudorapidity variables, together with
vertex-fit 2, track DOCA with respect to the beam axis,
impact-parameter y?, and flight-distance y>. The weights
are derived in a normalization-enriched region (defined by

m2. <1GeV?/c* and 7 < 1.5 ps) and applied to the
entire fit region.

The ratio of the selection efficiencies between the signal
and the normalization channels is determined from simu-
lation to be (45.4 +0.6)%, where the uncertainty arises
from the finite sizes of the simulated samples.

By using pseudoexperiments, small biases of 0.16, or
less were observed for the fit configurations using either
misID template. These biases are corrected for in the final
result.

The distributions of m2,._, 7, and Z in data with results of
the fit to the sample after the final reweighting are shown in

Fig. 1. A total signal yield of 1.0 x 10 is found, and
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TABLE 1. Systematic uncertainties on the measured R(J/y)
value, compared with the statistical uncertainty.

Source of uncertainty on R(J /) Value (x1072)

Simulation statistical uncertainty 59
B} — y(285)¢"v modeling 2.6
MisID composition estimation 2.5
Simulation corrections 2.0
BY — J/w¢tv form factors 1.8
BY — y.u"v scaling 1.5
Efficiency ratio 1.3
Fragmentation background modeling 1.3
MisID decay-in-flight correction 1.1
(J/wut) combinatorial modeling 0.6
MisID decay-in-flight smearing 0.3
B} — w(28)¢ v scaling 0.3
B(tt = utv,n,) 0.2
Trimuon effect 0.1
Systematic uncertainty 7.9
Statistical uncertainty 11.9
Total uncertainty 14.3

R(J/w) is determined to be 0.52 with a statistical uncer-
tainty of +0.12. The total systematic uncertainty is deter-
mined to be 7.9 x 1072, with the contributions of various
effects listed in Table I and described below.

The effect of the finite simulation sample size on the
template shapes is determined using the Barlow-Beeston-
lite procedure [31,32]. The uncertainty from the B} —
w(2S) form factors is evaluated by replacing the nominal
templates based on Ref. [20] with those based on Ref. [4].
The uncertainty associated with the final kinematic weight-
ing is evaluated by retraining the BDT with the same inputs
but alternative training parameters, and assigning half the
difference in R(J/y) between the alternative and nomi-
nal fits.

In the baseline fit, LQCD results are used as Gaussian
priors for the form factors with constraints taken from
lattice uncertainties. To estimate the effect on R(J/y) due
to the form factor constraints, an alternative fit is performed
with the Gaussian constraints on the form factors removed,
and half the shift in R(J/y) is taken as the systematic
uncertainty.

The uncertainty due to the contribution of the feed-down
backgrounds B — w(25)¢* v, and B — y.12)¢ v, are
determined by half the shift in R(J/y) after fixing the yields
from theoretical predictions. A systematic uncertainty due to
the potential mismodeling of the fragmentation background
kinematic distribution is derived by performing the fit with
an alternative template derived from the kinematic region
containing the top 30% of candidates sorted by the fraction
of the charm hadron momentum to the B momentum, and
half the shift in R(J/y) relative to the baseline fit is taken as
a systematic uncertainty. The uncertainty associated with the

decay-in-flight efficiency correction is computed by using
the efficiencies directly from the control samples and taking
half the shift in R(J/y).

The modeling of the J/wu™ combinatorial background
gives an additional uncertainty. An exponential fit is
performed to the J/wu™ mass distribution in data above
the B! mass region and compared to the simulated
distribution in order to observe possible additional sources
of combinatorial background unaccounted for by the
considered B,, decays. These include potential decays
of b baryons or the effect of unknown branching fractions.
The J/wu™ mass distribution in simulation is weighted to
match the shape seen in data and half the resulting shift in
R(J /) from the fit relative to the nominal value, where no
correction is applied, is taken as a systematic uncertainty.

The systematic uncertainty of the misID decay-in-flight
smearing procedure is calculated by taking half the shift in
R(J/y) relative to an alternative fit where the pion and
kaon momenta smearings are required to have the same
ratio as observed in simulation rather than varying inde-
pendently in the fit. A systematic uncertainty arises due to
the presence of extra muons in the signal channel causing
increased misID rates relative to those seen in the
D**D%(—» K=z*)z* calibration samples used for comput-
ing muon fake rates, known as the “trimuon effect.” This is
evaluated by using an angular selection that requires the
muon tracks in the event to be sufficiently separated in the
nonbending plane to avoid overlapping hits, and then
taking half the shift in R(J/y). Finally, the uncertainty
in the efficiency ratio and the branching fraction of 7+ —
uFv,b, are propagated to R(J/y).

In conclusion, the ratio of branching fractions is mea-
sured to be

_ B(Bf = J/yrty,)
- B(B = J/yuty,)
= 0.51 £ 0.12(stat) £ 0.08(syst),

R(J/y)

which is consistent with the previous LHCb measurement
based on the Run 1 data. The measurement represents a
significant reduction of the systematic uncertainty as a
result of the new selection criteria that led to the suppres-
sion of background processes, as well as the improved form
factor information from LQCD. The result is within 1.8
standard deviations of the SM prediction from Ref. [9]. The
significance of the Bl — J /w7 v, signal is estimated to be
3.6 standard deviations accounting for relevant systematic
uncertainties. With the addition of this result, the world
average value of R(J/w) [33] is in excess of the SM
prediction by 2.4c.
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