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A measurement of the ratio of branching fractions RðJ=ψÞ ¼ BðBþ
c → J=ψτþντÞ=BðBþ

c → J=ψμþνμÞ in
the J=ψ → μþμ−, τþ → μþνμν̄τ decay channel is presented. This measurement uses a sample of
proton-proton collision data collected at a center-of-mass energy of 13 TeV by the CMS experiment
in 2018, corresponding to an integrated luminosity of 59.7 fb−1. The measured ratio, RðJ=ψÞ ¼
0.17þ0.18

−0.17 ðstatÞþ0.21
−0.22 ðsystÞþ0.19

−0.18 ðtheoÞ ¼ 0.17� 0.33, agrees with the value of 0.2582� 0.0038 predicted
by the standard model, which assumes lepton flavor universality. By testing lepton flavor universality, this
measurement is a probe of new physics using Bþ

c mesons, which are currently only produced at the LHC.

DOI: 10.1103/PhysRevD.111.L051102

In the standard model (SM), the three lepton families
have the same couplings for electroweak interactions, an
accidental symmetry known as lepton flavor universality
(LFU). Differences in decay rates between processes that
differ solely by lepton flavor thus originate only from the
different lepton masses.
Several beyond the SM (BSM) models that contain

additional particles and nontrivial flavor interactions, such
as an extended Higgs sector [1,2], leptoquarks [3], or an
extended gauge sector [4], predict LFU violation. To date,
no direct evidence for the existence of BSM particles has
been found, and constraints are set on these models, e.g., in
Refs. [5–7]. However, even if they are too heavy to be
produced at existing colliders, BSM particles could still
contribute via virtual interactions and alter the decay rates
predicted by the SM.
Lepton flavor universality has been confirmed in leptonic

Z and W boson decays down to the per-mille level [8–12]
and, in recent years, has been extensively tested in semi-
leptonic b hadron (Hb) decays through the measurement of
ratios of branching fractions. In particular, the BABAR [13],
Belle [14,15], and LHCb [16–18] collaborations investi-
gated the RðD�Þ ¼ BðB0 → D�−τþντÞ=BðB0 → D�−μþνμÞ
ratio, observing a combined value of RðD�Þ ¼ 0.295�
0.014, 3.2 standard deviations above the SM expected value
of 0.254� 0.005 [19]. In this Letter, charge conjugate states
are implied.

The same, possibly nonuniversal, lepton couplings in
b → clνl transitions can also be experimentally tested in
semitauonic decays from Hb hadrons other than B0. In this
Letter, we present the measurement of the ratio

RðJ=ψÞ ¼ BðBþ
c → J=ψτþντÞ

BðBþ
c → J=ψμþνμÞ

:

A recent calculation predicts a value of RðJ=ψÞ ¼ 0.2582�
0.0038 [20], which is consistent with earlier estimates
[21–24]. Since Bþ

c mesons cannot be produced at the
existing B factories, this ratio has not been extensively
explored. The only measurement to date, by the LHCb
Collaboration [25], reports a two standard deviation
excess over the SM prediction. The present measurement,
which is also provided in a HEPData record [26], uses
a sample of proton-proton collision data collected at
a center-of-mass energy of 13 TeV by the CMS experi-
ment in 2018, corresponding to an integrated luminosity of
59.7 fb−1 [27].
The CMS apparatus [28] is a multipurpose, nearly

hermetic detector, designed to trigger on [29,30] and
identify electrons, muons, photons, and (charged and
neutral) hadrons [31–33]. A global “particle-flow” algo-
rithm [34] aims to reconstruct all individual particles in
an event, combining information provided by the all-
silicon inner tracker and by the crystal electromagnetic
and brass-scintillator hadron calorimeters, operating inside
a 3.8 T superconducting solenoid, with data from the gas-
ionization muon detectors embedded in the flux-return
yoke outside the solenoid. The reconstructed particles are
used to build τ leptons, jets, and missing transverse
momentum, defined as the negative vector sum of the
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transverse momenta of all the reconstructed candidates in
an event [35–38].
The analysis reconstructs both the Bþ

c → J=ψτþντ and
Bþ
c → J=ψμþνμ signals in the J=ψ → μþμ− and τþ →

μþνμν̄τ decay chains, thus resulting in the identical visible
products ðμþμ−Þμþ for both processes, where the muon not
originating from the J=ψ meson decay is referred to as the
“third”muon. The signal final states differ in the number of
neutrinos and the muon topology, owing to the tau lepton
lifetime. Several background contributions are considered:
processes where the J=ψ meson and the third muon come
from either the same or different b hadrons (including a Bþ

c
meson, excluding the signal modes), events where a hadron
is misidentified as the third muon, and three-muon events
with two unrelated opposite-charge muons with invariant
mass mμμ close to that of the J=ψ meson. Backgrounds are
estimated from data control regions (CRs) or, when not
possible, from simulations complemented with inputs from
data. The expected signal and background contributions are
fitted to data to extract RðJ=ψÞ through a maximum
likelihood binned fit.
Events are retained if they satisfy triggers requiring three

muons with pT > 5, 3.5 and 2 GeV, all within pseudor-
apidity jηj < 2.5, the invariant mass of at least one
opposite-charge muon pair to lie between 2.95 and
3.25 GeV, consistent with the world-average J=ψ meson
mass mJ=ψ ¼ 3.097 GeV [39], and the corresponding p
value of the dimuon vertex fit greater than 0.5%.
In the offline data analysis, further requirements are

applied to events satisfying the trigger selection. The J=ψ
candidates are required to have a vertex fit p value above
1% and a reconstructed mass within 50 MeVof mJ=ψ if all
muons have jηj < 1, 100 MeV if they have jηj > 1, or
70 MeV otherwise. In each event, the three muon candi-
dates must have pT > 4 GeV and jηj < 2.4, and at least one
must have pT > 6 GeV. The two muons forming the J=ψ
candidate must satisfy the “medium” working point of the
standard CMS muon identification algorithm [32].
For each 3μ candidate, its corresponding primary vertex

(PV) is defined as the one with the shortest longitudinal
distance with respect to the J=ψ meson momentum direc-
tion backpropagated onto the beam line. The transverse
impact parameter (defined as the distance of closest
approach of the particle’s trajectory to the beam line) of
each muon track is required to be smaller than 0.5 mm to
ensure its compatibility with coming from a decay of a Bþ

c
meson. For any pair of muons, the absolute difference
between their longitudinal impact parameters must be
smaller than 2 mm to further reduce accidental combina-
tions of muons coming from different PVs. Finally, the
three muons are required to have a vertex fit p value above
0.01%, with the two muons forming the J=ψ candidate
constrained to the J=ψ mass.
Kinematical variables sensitive to the large mass differ-

ence between tau leptons and muons and to the presence

of two additional neutrinos in the τþ → μþνμν̄τ decay
allow disentangling the two signals and help to identify
and reduce backgrounds. The determination of such
variables benefits from the knowledge of the original
Bþ
c candidate 4-momentum in the laboratory frame (pBþ

c
),

which can only be inferred indirectly, due to undetected
neutrinos. The Bþ

c 4-momentum is estimated from the
3μ candidate 4-momentum pvis

3μ and mass mvis
3μ as pBþ

c
¼

ðmBþ
c
=mvis

3μ Þpvis
3μ , where mBþ

c
is the Bþ

c meson mass [39].
The direction of pBþ

c
is therefore assumed to be aligned

with that of pvis
3μ . A variable that efficiently discriminates

between the final states of the two signal decays is the
squared 4-momentum transfer to the lepton system
q2 ¼ ðpBþ

c
− pJ=ψ Þ2, where pJ=ψ is the 4-momentum of

the J=ψ candidate. In addition, two topological observables
are also used: IP3D=σIP3D, where the three-dimensional
impact parameter (IP3D) is the shortest distance from the
third muon track to the J=ψ vertex with a sign depending on
whether the trajectory of the third muon reaches the
minimum distance before or after the J=ψ vertex along
the J=ψ candidate momentum direction and σIP3D is its
uncertainty, andLxy=σLxy

, whereLxy is the distance between
the J=ψ meson decay vertex and beam line in the transverse
plane and σLxy

is its uncertainty.
Simulated samples are used to model all contributions

yielding a J=ψ meson in association with a genuine μþ from
either the same or different decay chains, as opposed to a
misidentified muon (misID), defined as a muon from Kþ or
πþ decays, photon conversions, or misreconstructed
hadrons. Processes with misID or where the J=ψ candidate
arises from accidental muon pairs are estimated from data,
as discussed later. Two separate Monte Carlo (MC) samples
describe decays initiated by a Bþ

c meson or another Hb.
In the first sample, Bþ

c mesons are generated with
the dedicated BCVEGPY 2.2b [40] software. Decays of
interest are forced using EVTGEN 1.6.0 [41], and the event
hadronization is handled by Pythia 8.240 [42]. The set of
forced decays includes the signal channels, Bþ

c → J=ψμþνμ
and Bþ

c → J=ψτþντ [all τþ decays are allowed and
Bðτþ → μþνμντÞ ¼ 17.41%], cc̄ states that decay into

the J=ψ meson, and other Bþ
c → J=ψDð�Þ

ðsÞX decays, where
X indicates up to two extra hadrons. The only feed-
down processes with sizable contributions after the final
selection are Bþ

c → ψð2SÞμþνμ, Bþ
c → χc1ð1PÞμþνμ, and

Bþ
c → χc2ð1PÞμþνμ. While Bþ

c → ψð2SÞτþντ is also con-
sidered in the analysis, its final yield is negligible. The
branching fractions of the various forced decays are
expressed relative to BðBþ

c → J=ψμþνμÞ and fixed to
their measured values [39,43–46] or, lacking thereof, to
theoretical predictions or upper limits. The properties of
the interaction between the Bþ

c meson constituent quarks
are described by form factors, which govern the decay
kinematics and therefore impact the q2 observable. In
this sample, for the Bþ

c → J=ψτþντ and Bþ
c → J=ψμþνμ
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processes, the form factors predicted in Ref. [47] are
used. A generator-level reweighting procedure based on
the Hammer package [48] is employed to update the
form factors to more recent predictions based on the lattice
quantum chromodynamics for semileptonic b → clν
transitions [49].
In the second sample, Hb → J=ψð→ μþμ−Þ þ μþ proc-

esses are simulated. The third muon can come from either
the same Hb as the J=ψ meson or an unrelated source. The
Pythia generator is used to produce and hadronize b quark
pairs into Hb; then, EVTGEN is used to enforce decays of
interest. To improve the generation efficiency, Hb are
forced to decay in modes that contain a J=ψ meson
(including feed-downs). The list of Hb that are subject to
forced decays includes Bþ, B0, B0

s , Λ0
b, Ξ−

b , Ξ0
b, Σ−

b , and Ω−
b

and corresponds to all Hb that can give rise to a J=ψ meson
in at least one decay mode, based on Ref. [39], except for
Bþ
c decays, as discussed earlier. Five excited cc̄ resonances,

ψð2SÞ, ψð3770Þ, χc0ð1PÞ, χc1ð1PÞ, and χc2ð1PÞ are forced
to decay in modes with a J=ψ meson, if they come from an
Hb. The relative proportions between different decays are
preserved. The majority (98%) of Hb → J=ψð→ μþμ−Þ þ
μþ backgrounds arise from the accidental pairing of a J=ψ
and a μþ candidate from different decay chains, which can
therefore populate the mð3μÞ > mBþ

c
CR, otherwise kine-

matically forbidden for both Bþ
c → J=ψτþντ and Bþ

c →
J=ψμþνμ decays. This signal-depleted, background-
enriched region is used in the fit to determine the yield
of the Hb background, without relying on the precise
knowledge of the bb̄ cross section.
For both MC samples, additional proton-proton colli-

sions within the same or adjacent bunch crossings (pileup),
drawn from a large minimum bias sample produced with
Pythia, are superimposed on the simulated bb̄ event. Final-
state photon radiation is generated using the PHOTOS 3.61

toolkit [50]. The Geant4 package [51] is used to model the
interaction of the generated particles with the CMS
detector, and the samples are processed through the
standard CMS reconstruction software.
Despite the excellent muon identification performance of

CMS, the largest background source corresponds to events
where the third muon comes from charged pion or kaon
decays. This background component, referred to as “misID
background,” is estimated in situ from CRs in data. This
background is reduced primarily through the optimization
of the identification and isolation requirements imposed on
the third muon. Since both signals have low multiplicity,
the third muon is expected to be more isolated from
additional nearby particles in signal events than in Hb
decays with several hadrons in the final state. The standard
CMS relative muon isolation (Irel) [32], defined as the sum
of the transverse momenta of all the hadrons coming from
the PV in a cone of ΔR ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δη2 þ Δϕ2

p
¼ 0.3, and a

multivariate muon identification algorithm [52] (ID)
are used.

The shape and yield of the misID background contri-
bution in the signal region (SR), where the third muon
satisfies both the isolation (Irel < 0.2) and identification
(ID ¼ 1) criteria, are predicted through a data-driven
method based on three background-enriched CRs: Irel <
0.2 and ID ≠ 1, Irel > 0.2 and ID ¼ 1, and Irel > 0.2 and
ID ≠ 1. First, the probability for a misID hadron to
satisfy Irel < 0.2 is measured using events with ID ≠ 1.
This multiple-dimension distribution is fit with a neural
network (NN) binary classifier to accurately model the
dependence on several kinematical and topological observ-
ables and ensure its applicability to a different phase space.
The NN uses ten inputs, comprising the muon pT and jηj,
secondary vertex displacement, and the kinematical observ-
ables of the three-muon candidate, and the two classes are
defined by Irel < 0.2 or > 0.2. The NN output is then
interpreted as a probability and used as a per-event weight
to be applied to events with ID ¼ 1 and Irel > 0.2. In this
region, both data and simulated samples with a genuine
third muon are weighted, and the histogram of the latter is
subtracted from the former to obtain the misID-background
prediction in the SR. The subtraction is implemented in the
fit model for each bin in the histograms, such that variations
in the MC distributions are propagated to the misID
background. The method is validated in a background-
dominated CR (Irel > 1.5) by comparing the predicted and
actual misID-background distributions for several kin-
ematical observables.
An additional combinatorial background originates from

three-muon events where two unrelated, opposite-charge
muons with mμμ close to mJ=ψ are selected. The distribu-
tions for this background are modeled from a low mμμ data
CR, away from the J=ψ peak. As q2 is kinematically
constrained bymμμ, combinatorial dimuon events in the CR
present a q2 distribution different to that of those in the SR.
Therefore, to predict the q2 shape of this background in the
SR, the 4-momenta of dimuon events in the CR are scaled
by the ratio of the knownmJ=ψ to the averagemμμ in the CR.
The corresponding yield is derived from integrating the
background function, obtained from a fit to the mμμ

distribution, in a narrow range around mJ=ψ . This method
is validated in data by comparing the observed q2 distri-
bution of the dimuon combinatorial background in the
upper sideband to the prediction obtained from events in
the lower sideband.
Before performing the final fit to data, events are

classified in seven pairs of nonoverlapping categories. In
each pair, categories differ only by the third muon passing
or failing the isolation requirement. This split is instru-
mental to the misID background in situ evaluation: the fail-
isolation category corresponds to the CR where misID
probability weights are applied to predict the misID back-
ground in the pass-isolation SR. The Lxy=σLxy

or the q2

observable is used in the final fit for categories designed to
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constrain the misID and Hb backgrounds or isolate the
signals, respectively, as each provides the optimal separa-
tion between the relevant processes. The four categories
enriched in Bþ

c → J=ψτþντ events leverage the IP3D=σIP3D
variable to enhance the τ lepton signal sensitivity, as the
muon from the τ lepton decay is displaced with respect to
the Bþ

c vertex, because of the measurable τ lepton lifetime,
as shown in Fig. 1. Further details are summarized in
Table I.
A binned maximum-likelihood fit is performed simulta-

neously to all categories, using the CMS statistical analysis
tool Combine [53], to extract RðJ=ψÞ directly. Since the Bþ

c
meson production cross section cancels in the RðJ=ψÞ ratio,

a single scale parameter, which is left floating in the fit, is
assigned to all Bþ

c -initiated processes. Because of the large
Bþ
c → J=ψμþνμ yield, this parameter is strongly con-

strained in the fit, and its impact is negligible. The Hb
background normalization is free to vary independently
from that of the Bþ

c signal and is constrained in the
mð3μÞ > mBþ

c
category. The combinatorial background

normalization can be varied in the fit within the uncertainty
obtained from the dimuon fit described earlier.
Several systematic uncertainties, which can affect both

yields and shapes of the different components, are incor-
porated into the fit as nuisance parameters and simulta-
neously fitted through the likelihood profiling method [54].
The most relevant uncertainties pertain to the Bþ

c form
factors, the misID background estimate, the finite size of
the MC samples, and the mismodeling of IP3D=σIP3D and
Lxy=σLxy

in simulated events.
Theoretical uncertainties in the form factors are the

single dominant source of uncertainty in RðJ=ψÞ because
of their effect on the q2 observable. They consist of ten
independent shape variations simultaneously affecting
the Bþ

c → J=ψτþντ and Bþ
c → J=ψμþνμ processes, corre-

sponding to the principal components of the correlation
matrix of the form factor coefficients presented in Ref. [49].
Uncertainties in the dominant misID background sig-

nificantly affect the measurement accuracy. The misID
background estimate is subject to the limited number of
events in the isolation-failing CRs, the statistical uncer-
tainty of the NN training dataset and its contamination from
processes with genuine muons, and the finite number of
events in the validation region. Furthermore, the choice of
the nominal method over possible alternatives is considered
as a source of uncertainty. These uncertainty sources are
accounted for as follows. An overall 13% normalization
uncertainty, derived from residual nonclosure in the vali-
dation test in the Irel > 1.5 control region, is applied to all
categories. The difference between the nominal and an
alternative estimate (based on the probability for a misID
muon to satisfy the identification requirement instead of
isolation) and the effect of varying the MC normalization in
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FIG. 1. Normalized distributions of the IP3D=σIP3D observable
for the Bþ

c → J=ψμþνμ and Bþ
c → J=ψτþντ signal channels and

the misID background. Events are selected in the region
mð3μÞ < mBþ

c
. The first and last bins contain underflow and

overflow events, respectively.

TABLE II. Leading systematic uncertainties for the measure-
ment of RðJ=ψÞ. The second column reports the uncertainty type:
shape (S) or normalization (N). The last column shows the
resulting uncertainty in the RðJ=ψÞ measurement.

Contribution Type Uncertainty ð10−2Þ
Form factor (theory) S 19
misID statistical S (bin by bin) 13
misID systematic N, S 8, 0.7
Finite MC size S (bin by bin) 9
Topological S 9
Efficiencies N 6

Total systematic uncertainty 28

TABLE I. Summary of the category pair definitions and
respective observables used in the fit. Each pair is also divided
by passing or failing the isolation criterion. The first four category
pairs are enriched in Bþ

c → J=ψτþντ, the following two enriched
in Bþ

c → J=ψμþνμ, and the last one enriched in misID and Hb

background events.

Category pair definitions

mð3μÞ q2 IP3D=σIP3D Fit observable

<mBþ
c

>5.5 GeV2 < − 2 q2

−2–0
0–2
>2

<mBþ
c

<4.5 GeV2 < 0 Lxy=σLxy

>0
>mBþ

c
� � � � � � Lxy=σLxy

A. HAYRAPETYAN et al. PHYS. REV. D 111, L051102 (2025)

L051102-4



the region where the misID probability is measured are
included as two additional shape uncertainties. Lastly,
misID statistical shape uncertainties, which can vary for
each bin independently, are added to account for the impact
of the limited-size sample used for the misID background
estimate validation.

Uncertainties due to the limited number of events in the
simulated samples are implemented as bin-by-bin shape
variations. An uncertainty of 5% in each of the topological
quantities IP3D=σIP3D and Lxy=σLxy

, estimated from dis-
crepancies between data and MC in CRs, is also imple-
mented as a shape uncertainty and applied to all MC-based
distributions. The former results in an event migration
between the four categories with higher signal sensitivity,
thus explaining its sizable impact.
Uncertainties in trigger, muon ID, and isolation efficien-

cies (6.6%) are also considered in the fit. Other considered
systematic uncertainties are found to be negligible.
From the maximum likelihood fit to the data, we measure

RðJ=ψÞ ¼ 0.17þ0.18
−0.17ðstatÞþ0.21

−0.22ðsystÞþ0.19
−0.18ðtheoÞ;

where the statistical, experimental systematic, and form
factor uncertainties are reported separately. A further
breakdown of the systematic uncertainties is given in
Table II.
The observed yields of the Bþ

c → J=ψτþντ and Bþ
c →

J=ψμþνμ processes are 430� 570 and 43100� 4900

events, respectively. The distributions where the nuisance
parameters, RðJ=ψÞ, and their uncertainties are fixed at their
best-fit value (postfit) are presented in Fig. 2, for the most
signal-sensitive category (upper) and for one background-
enriched auxiliary category (lower).
In summary, using data collected by the CMS experi-

ment in 2018 at a center-of-mass energy of 13 TeV,
corresponding to 59.7 fb−1 of integrated luminosity, we
measured the ratio of two branching fractions:

RðJ=ψÞ ¼ BðBþ
c → J=ψτþντÞ

BðBþ
c → J=ψμþνμÞ

¼ 0.17� 0.33:

The result agrees with the standard model value 0.2582�
0.0038 [20] and with the LHCb measurement 0.71�
0.17ðstatÞ � 0.18ðsystÞ [25]. This measurement is the first
contribution from a general-purpose experiment to the
lepton flavor universality tests in Bþ

c meson decays,
presently only accessible at hadron colliders.
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7Université Catholique de Louvain, Louvain-la-Neuve, Belgium
8Centro Brasileiro de Pesquisas Fisicas, Rio de Janeiro, Brazil

9Universidade do Estado do Rio de Janeiro, Rio de Janeiro, Brazil
10Universidade Estadual Paulista, Universidade Federal do ABC, São Paulo, Brazil

11Institute for Nuclear Research and Nuclear Energy, Bulgarian Academy of Sciences, Sofia, Bulgaria
12University of Sofia, Sofia, Bulgaria

13Instituto De Alta Investigación, Universidad de Tarapacá, Casilla 7 D, Arica, Chile
14Beihang University, Beijing, China

15Department of Physics, Tsinghua University, Beijing, China
16Institute of High Energy Physics, Beijing, China

17State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing, China
18Sun Yat-Sen University, Guangzhou, China

19University of Science and Technology of China, Hefei, China
20Nanjing Normal University, Nanjing, China

21Institute of Modern Physics and Key Laboratory of Nuclear Physics and Ion-beam Application (MOE)—
Fudan University, Shanghai, China

22Zhejiang University, Hangzhou, Zhejiang, China
23Universidad de Los Andes, Bogota, Colombia
24Universidad de Antioquia, Medellin, Colombia

25University of Split, Faculty of Electrical Engineering, Mechanical Engineering and Naval Architecture,
Split, Croatia

26University of Split, Faculty of Science, Split, Croatia
27Institute Rudjer Boskovic, Zagreb, Croatia

28University of Cyprus, Nicosia, Cyprus
29Charles University, Prague, Czech Republic

30Escuela Politecnica Nacional, Quito, Ecuador
31Universidad San Francisco de Quito, Quito, Ecuador

32Academy of Scientific Research and Technology of the Arab Republic of Egypt,
Egyptian Network of High Energy Physics, Cairo, Egypt

33Center for High Energy Physics (CHEP-FU), Fayoum University, El-Fayoum, Egypt
34National Institute of Chemical Physics and Biophysics, Tallinn, Estonia

35Department of Physics, University of Helsinki, Helsinki, Finland
36Helsinki Institute of Physics, Helsinki, Finland

37Lappeenranta-Lahti University of Technology, Lappeenranta, Finland
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