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The dependence of the ratio between the B0
s and Bþ hadron production fractions, fs=fu, on the

transverse momentum (pT) and rapidity of the B mesons is studied using the decay channels B0
s → J=ψϕ

and Bþ → J=ψKþ. The analysis uses a data sample of proton-proton collisions at a center-of-mass energy
of 13 TeV, collected by the CMS experiment in 2018 and corresponding to an integrated luminosity of
61.6 fb−1. The fs=fu ratio is observed to depend on the B pT and to be consistent with becoming
asymptotically constant at large pT . No rapidity dependence is observed. The ratio of the B0 to Bþ meson
production fractions, fd=fu, is also measured, for the first time in proton-proton collisions, using the
B0 → J=ψK"0 decay channel. The result is found to be within 1 standard deviation of unity and
independent of pT and rapidity, as expected from isospin invariance.
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When a b quark is produced with sufficient momentum,
it undergoes a process, referred to as fragmentation or
hadronization, that results in the creation of a b hadron. The
relative rates of the various flavors of b hadrons are referred
to as hadron production fractions or fragmentation func-
tions. The fractions of Bþ, B0, and B0

s mesons are denoted
by fu, fd, and fs, respectively. Experiments at the B
factories use the characteristics of B meson production at
the ϒð4SÞ to set the scale of the measured Bþ and B0

branching fractions, allowing precision measurements at
both B factories and hadron colliders. For the B0

s , however,
the limited event samples at theϒð10860Þ and uncertainties
in the fraction of B0

s mesons produced do not allow the
same approach. As a result, precision B0

s branching fraction
measurements at hadron colliders rely on ratios to Bþ or B0

decay modes, which require knowledge of fs=fu or fs=fd,
respectively. In fact, measurements of the rare decay
B0
s → μþμ−, which is used to search for physics beyond

the standard model, are currently limited by the uncertainty
in fs=fu [1–5]. Besides providing information about the
nature of the strong interaction, precise fs=fu values are
also needed to measure the B0

s → μþμ− and other B0
s

branching fractions.
A variety of measurements obtained from Z boson

decays by the LEP experiments have been combined by

the Heavy Flavor Averaging Group to obtain values for the
hadron production fractions and the ratio fs=fd [6].
Subsequent central-rapidity measurements by CDF (for
pseudorapidity jηj < 1) in proton-antiproton collisions atffiffiffi
s

p
¼ 1.96 TeV [7] and by ATLAS (for jηj < 2.5) in

proton-proton (pp) collisions at
ffiffiffi
s

p
¼ 7 TeV [8] were

compatible with the LEP result, with no evidence of a
dependence on transverse momentum (pT). Instead, mea-
surements of fs=fd in the forward-rapidity region
(2 < η < 6.4) by LHCb in pp collisions at

ffiffiffi
s

p
¼ 7, 8,

and 13 TeV [9] (combining results from Refs. [10–13]) give
strong evidence for a pT dependence of these quantities,
the values decreasing as the pT of the B meson increases.
This Letter presents an analysis aimed at establishing if

and how the relative B0
s and Bþ production rates change

with pT in a kinematic region relevant for the ATLAS and
CMS experiments at the CERN LHC, pT > 12 GeV and
jyj < 2.4, approximately complementary to that of the
LHCb detector. Additionally, we perform the first test of
the isospin invariance in B meson production in pp
collisions, by measuring the fd=fu ratio. These measure-
ments use a sample of pp collisions collected by the
CMS experiment in 2018 at a center-of-mass energy of
13 TeV and corresponding to an integrated luminosity of
61.6 fb−1 [14,15].
Throughout this Letter, charge-conjugate states are implic-

itly included, and K"0 and ϕ represent the K"0ð892Þ0 and
ϕð1020Þ, respectively. The Bþ and B0

s mesons are recon-
structed using the Bþ → J=ψKþ and B0

s → J=ψϕ decay
channels, with the J=ψ and ϕ mesons decaying as J=ψ →
μþμ− and ϕ → KþK−. The respective event yields,NBþ and
NB0

s
, are measured with corresponding detection efficiencies

ϵBþ and ϵB0
s
. The ratio of the efficiency-corrected meson
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yields,Rs ¼ ðNB0
s
=ϵB0

s
Þ=ðNBþ=ϵBþÞ, is directly proportional

to the fs=fu ratio,

Rs ¼ fs=fu
BðB0

s → J=ψϕÞBðϕ → KþK−Þ
BðBþ → J=ψKþÞ

; ð1Þ

whereBðB0
s→J=ψϕÞ,Bðϕ→KþK−Þ, andBðBþ→J=ψKþÞ

are the branching fractions of the indicated decay channels;
the BðJ=ψ → μþμ−Þ factor cancels in the ratio. Given that
the available measurements of the B0

s → J=ψϕ branching
fraction and of fs are correlated, we report measurements of
Rs rather than of fs=fu.
The analysis also includes a measurement of the ratio

between the B0 and Bþ hadron fractions, fd=fu, using the
B0 yield determined with B0 → J=ψK"0 events, where the
K"0 mesons are reconstructed in the K"0 → π−Kþ decay
channel. Using notations analogous to those used above,

Rd ¼
NB0

ϵB0

.NBþ

ϵBþ

¼ fd=fu
BðB0 → J=ψK"0ÞBðK"0 → π−KþÞ

BðBþ → J=ψKþÞ
: ð2Þ

Under the assumption of strong isospin symmetry, the
fd=fu ratio is expected to be independent of kinematic
variables and identical to unity. Given that the branching
fractions used to calculate fd=fu from Rd are (independ-
ently) obtained from high-precision B factory measure-
ments, we report the more relevant quantity fd=fu.
The CMS apparatus is a multipurpose detector [16]

designed to trigger on and identify electrons, muons,
photons, and (charged and neutral) hadrons [17–19]. A
superconducting solenoid of 6 m internal diameter provides
a magnetic field of 3.8 T. Within the solenoid volume are
the silicon pixel and strip tracker, a crystal electromagnetic
calorimeter, and a brass and scintillator hadron calorimeter.
Muons are measured in gas-ionization detectors embedded
in the steel flux-return yoke outside the solenoid. Events of
interest are selected using a two-tiered trigger system. The
first level, composed of custom hardware processors, uses
information from the calorimeters and muon detectors to
select events at a rate of 100 kHz within a fixed latency of
about 4 μs [20]. The second level, consisting of a farm of
processors running a faster version of the full event
reconstruction software, reduces the rate to around 1 kHz,
before data storage [21].
The events used in the analysis were selected by a trigger

requiring two oppositely charged muons with jηj < 2.5 and
pT > 4 GeV, a distance of closest approach between the
two muons smaller than 0.5 cm, a dimuon vertex fit χ2

probability larger than 10%, a dimuon invariant mass in the
range 2.9–3.3 GeV, and a transverse distance between the
dimuon vertex and the beam axis, Lxy, larger than three
times its uncertainty. In addition, the dimuon p⃗T and

transverse displacement vector, L⃗xy, must be aligned with
each other: cos θ≡ L⃗xy · p⃗T=ðLxypTÞ > 0.9. The trigger
also requires a third track in the event, compatible with
being produced at the dimuon vertex, having pT >
1.2 GeV and a transverse impact parameter significance
larger than 2. Finally, the dimuon-plus-track vertex fit χ2

probability must be larger than 10%.
The charged tracks used to reconstruct the B mesons

must pass high-purity criteria [19], have five or more hits in
the silicon tracker, at least one of them in the pixel layers,
and have jηj < 2.4. They must also match the tracks that
triggered the data readout. The muons used to reconstruct
the J=ψ candidates must fulfill soft-muon identification
requirements [18], which include the (loose) matching
between the track reconstructed in the silicon tracker
and the one reconstructed in the muon detectors. They
must also have pT > 4 GeV and an impact parameter
smaller than 0.3 cm in the transverse plane and smaller
than 20 cm along the beam axis.
The J=ψ candidate is combined with one track to

reconstruct Bþ → J=ψKþ decays or with a pair of oppo-
sitely charged tracks to reconstruct the B0

s → J=ψϕ and
B0 → J=ψK"0 decays. All three tracks must have
pT > 1.2 GeV. They are fitted together with the dimuon,
imposing a common (secondary) vertex (SV, the B meson
decay point), constraining the dimuon invariant mass to the
J=ψ world-average mass, mPDG

J=ψ [22], and assigning to each
of the other tracks the π& or K& masses, as suitable.
Furthermore, the invariant mass of the pair of tracks must
satisfy jMðKþK−Þ −mPDG

ϕ j < 10 MeV for B0
s decays and

jMðπKÞ −mPDG
K"0 j < 50 MeV for B0 decays, where mPDG

ϕ

and mPDG
K"0 are, respectively, the ϕ and K"0 world-average

masses [22]. In the latter case, lack of particle identification
implies that both combinations are possible (πþK− and
Kþπ−); if both match the mass window requirement, only
the one with mass closer to mPDG

K"0 is kept.
The primary vertex (PV) is selected among the several

reconstructed pp collisions as the one that minimizes the
pointing angle of the B meson, defined as the angle
between the B momentum and the vector joining the
primary and secondary vertices. The PV is refitted without
the tracks of the B candidate before computing the B decay
length as the distance between the PVand the SV. We select
B meson candidates with 12 < pT < 70 GeV, jyj < 2.4, a
decay length larger than 5 times its uncertainty, and a
dimuon-plus-track(s) vertex χ2 probability larger than 10%.
For each decay channel, if more than one B meson
candidate is reconstructed in an event (occurring in less
than 1% of the events), only the one with the highest fit χ2

probability is kept.
The event selection criteria described above were opti-

mized through the study of Monte Carlo (MC) event
samples, which were also used to evaluate the detection
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efficiencies and the shapes of the invariant mass distribu-
tions of some background contributions. They were gen-
erated with PYTHIA8.230 [23] for the production and
hadronization steps, with EVTGEN1.6.0 [24] for the decay
of the b hadrons, and with PHOTOS3.61 [25] for the
final-state radiation modeling. The response of the CMS
detector to the generated events, including the trigger and
reconstruction steps, was simulated with GEANT4 [26],
using algorithms identical to those used on the data. The
simulated events include multiple pp interactions in the
same or nearby beam crossings, with a distribution match-
ing the one observed in the collected data.
The B0

s , Bþ, and B0 meson yields are measured by
fitting, with unbinned maximum likelihood techniques, the
J=ψϕ, J=ψKþ, and J=ψK"0 invariant mass distributions,
respectively. These distributions are fitted for 12 pT bins
(integrated over y) or 7 jyj bins (integrated over pT), with
ranges defined so as to keep a similar number of events in
each bin. Figure 1 shows the three invariant mass distri-
butions for the 20–23 GeV pT bin.
The signal peak is fitted by the sum of two Gaussian

functions with a common mean and independent widths,
reflecting the shapes observed in the simulated event
samples; the mean and widths are left free in the fit.
The underlying combinatorial background is fitted by an
exponential function. The J=ψKþ sample includes a back-
ground term due to events where B mesons decay through
J=ψKþX channels and the X particle is not reconstructed.
This contribution is described by an error function, with
two free shape parameters. Some of the J=ψK"0 candidates
have swapped pion-kaon mass assignments. They are
included in the fit model by adding a component with
shape and normalization (12% relative to the unswapped
yield) fixed from simulation. The J=ψK"0 sample also
includes (Cabibbo-suppressed) B0

s → J=ψK"0 decays,
with normalization as a free parameter and described

by a shape identical to that of the B0 signal peak, except
for the shifted mass and for a small width broadening to
account for the change of mass resolution, as determined
from simulation.
All the other background contributions have shapes

determined from the simulated event samples. The Bþ →
J=ψπþ curve in the Bþ panel represents (Cabibbo-
suppressed) decays where the pion track is misinterpreted
as a kaon; its normalization is fixed to that of the Bþ signal
yield, scaled by the ratio of the two branching fractions
[22]. The misidentification of a pion as a kaon is also the
reason why sometimes a B0 → J=ψKπ decay is incorrectly
assigned to the B0

s sample. This small contribution is
described by a Johnson function [27], with a normalization
constrained, in each pT or jyj bin, to that of the B0

s signal
yield, the scaling factor being the relative yield found in a
fit to the integrated event sample. The background to the B0

s
sample from Λ0

b → J=ψK−p decays where the proton is
misidentified as a kaon has been found to be negligible. A
background from B0 → J=ψKπ decays also contributes
to the B0 → J=ψK"0 distributions. This peaking back-
ground is modeled with a double-sided Crystal Ball [28]
function plus a Gaussian function. Its normalization is
constrained, in each pT or jyj bin, to that of the B0 signal
yield, scaled by the yield ratio obtained in the fit of the
integrated event sample.
As seen in Eqs. (1) and (2), only the ratios of detection

efficiencies, ϵB0
s
=ϵBþ and ϵB0=ϵBþ , are needed to convert the

ratios of signal event yields, obtained from the fits
illustrated in Fig. 1, into the Rs and Rd observables.
These efficiency ratios are evaluated using the simulated
event samples, reflecting the trigger and reconstruction
steps, as well as the detector acceptance. Both ratios
increase by around a factor of 3.5 between the lowest
and highest pT bins, while the variation with jyj is only at
the 10% level.

FIG. 1. The J=ψϕ, J=ψKþ, and J=ψK"0 invariant mass distributions for Bmeson candidates with 20 < pT < 23 GeV, and associated
fits as described in the text.
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TheRs andRd measurements are affected by systematic
uncertainties in the determination of the fitted signal yields
and in the evaluation of the efficiency ratios.
The systematic uncertainties affecting the signal yields

are evaluated by repeating the fits of the mass distributions
in alternative conditions and computing the difference
between the obtained results and those of the baseline
fit. Two main variations of the fit model are independently
considered: first, the modeling of the signal peaks is
changed from the default double Gaussian to a student’s
t distribution [29]; second, the combinatorial background is
fitted by a first-order Chebyshev polynomial instead of the
baseline exponential function. An additional systematic
uncertainty in the B0 meson yield, of less than 1%, is
evaluated by fitting the J=ψK"0 mass distribution changing
the normalization of the “π-K swap” term, relative to that of
the B0 signal term, by the uncertainty in the default value,
which exclusively reflects the sizes of the MC event
samples; other systematic effects were found to be negli-
gible. The fit procedure itself is seen to provide unbiased
results, for each of the bins, both for the central values and
the uncertainties, through a study involving fits of 1000
event samples randomly generated using the nominal
functions with the best fit parameters and with sizes
corresponding to the number of measured events. The
result is that the uncertainties in the fitted B0

s , Bþ, and B0

signal yields contribute systematic uncertainties to the
Rs and Rd measurements that are, respectively, in the
1.6%–2.6% and 2.0%–5.0% ranges.
For the efficiency ratios, ϵB0

s
=ϵBþ and ϵB0=ϵBþ , a sys-

tematic uncertainty, ≈1% for all pT and jyj bins, reflects the
size of the simulated event samples. As the B0

s and B0

decays lead to one more track than the Bþ decays, a single-
track reconstruction efficiency uncertainty is assigned to
both efficiency ratios. This 2.3% uncertainty is not found to
depend on pT or jyj [30]. Several other potential sources of
uncertainty were considered and found to have negligible
effects on the efficiency ratios. The muon identification and
reconstruction efficiencies, in particular, cancel out. The
efficiencies were also recomputed with varied B0

s pT
distributions and with the decay angular distributions
reweighed to match the data; both variations have negli-
gible effects. Finally, the simulated events were reweighed
(with weights dependent on the y and pT of the Bmeson, as
well as on the pT of the kaons) so that the B0

s , Bþ, and B0

MC distributions match the measured ones. This procedure
leads to systematic uncertainties in the 1%–2% and 2%–5%
ranges for the Rs and Rd measurements, respectively.
Apart from the uncertainty in the track reconstruction

efficiency, assumed to be independent of pT and jyj, the
bin-to-bin systematic uncertainties are added in quadrature.
For the Rs measurement, they are in the 2.3%–3.2% and
1.8%–4.4% ranges for the pT and jyj results, respectively,
while forRd the corresponding ranges are 2.4%–7.8% and
2.3%–4.9%. The larger Rd uncertainties arise from the

more complex background composition of the B0 decay.
Both measurements have ≈1% statistical uncertainties in
each bin.
The measured Rs values, presented in Fig. 2, do not

show any signs of a rapidity dependence. In contrast, they
show a clear pT dependence at low pT, followed by a flat
high-pT trend. Averaging the pT > 18 GeV measurements
gives Rs ¼ 0.1102& 0.0027, where the uncertainty
includes all contributions, added in quadrature. The low-
pT dependence is compatible with the LHCbmeasurements
(for 2 < y < 4.5) [12], also shown in Fig. 2.
The measured Rd ratio can be used to probe isospin

invariance in B meson production, converting it into the
fd=fu observable with Eq. (2), as long as the needed ratio
of B meson branching fractions, BðBþ → J=ψKþÞ=
BðB0 → J=ψK"0Þ, is evaluated without the isospin invari-
ance assumption. For BðB0 → J=ψK"0Þ, we take the world-
average value [22], which is dominated by measurements
at the ϒð4SÞ that assume isospin invariance: R&;0 ¼
B½ϒð4SÞ → BþB−(=B½ϒð4SÞ → B0B̄0( ¼ 1. For BðBþ →
J=ψKþÞ, we use its most precise measurement [31], after
correcting for their assumption, R&;0 ¼ 1.058& 0.024 [6],
to make it compatible with the branching fractions that use
R&;0 ¼ 1. The ratio of branching fractions in Eq. (2) is then
divided [32] by the most recentR&;0 value (1.059& 0.027)
[33] to remove the isospin conservation assumption. The
obtained fd=fu ratios are plotted versus pT and jyj in
Fig. 3, with no dependence on either variable observed. The
average value of 0.998& 0.063, with the uncertainty
including all contributions, is compatible with unity within
the 6%precision of themeasurement, consistent with isospin
invariance in B meson production at hadron colliders.
The numerical results corresponding to Figs. 2 and 3 are

tabulated in [34] and in the HEPData record for this
analysis [35].

FIG. 2. Efficiency-corrected yield ratio Rs, as a function of pT
(left) and jyj (right). The vertical bars (boxes) represent the
statistical (bin-to-bin systematic) uncertainties, while the hori-
zontal bars give the bin widths. The global uncertainty (of 2.3%)
is not graphically represented. The blue line represents the
average for pT > 18 GeV. For comparison, the LHCb measure-
ment [12] is also shown.
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In summary, the ratio of the B0
s and Bþ hadron

production fractions, fs=fu, directly proportional to the
ratio of the efficiency-corrected meson yields, Rs, is
studied as a function of the B meson transverse momentum
pT and rapidity, using the B0

s → J=ψϕ and Bþ → J=ψKþ

decay channels. The analysis uses an event sample of pp
collisions at a center-of-mass energy of 13 TeV, collected
by CMS in 2018 and corresponding to an integrated
luminosity of 61.6 fb−1. While no Rs dependence on
the B meson rapidity is seen, a strong variation is observed
in the 12 < pT < 18 GeV range, followed by a flat trend
for higher pT values. The fd=fu ratio, measured for the first
time in proton-proton collisions using the B0 → J=ψK"0

decay channel, is found to be compatible with unity and
independent of rapidity and pT . This is the first direct
measurement of isospin invariance in B meson production
at hadron colliders. The b hadron production fractions
presented in this Letter also provide a crucial input to
measurements by ATLAS and CMS of the B0

s → μþμ−

branching fraction.
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77bUniversità di Padova, Padova, Italy
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dddAlso at Università di Napoli ’Federico II’, Napoli, Italy.
eeeAlso at Consiglio Nazionale delle Ricerche—Istituto Officina dei Materiali, Perugia, Italy.
fffAlso at Department of Applied Physics, Faculty of Science and Technology, Universiti Kebangsaan Malaysia, Bangi, Malaysia.

gggAlso at Consejo Nacional de Ciencia y Tecnología, Mexico City, Mexico.
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