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Production fraction ratios of B, B°, and B? mesons are measured in proton-proton collisions at /s =
13 TeV using a special dataset recorded in 2018 with high-rate triggers designed to collect an unbiased
sample of 10'° b hadrons with the CMS experiment at the LHC. These data allow the study of the open-
charm decays of B mesons (B(,) — nDy)) where the D meson decays into fully hadronic final states. By
utilizing known branching fractions and precise theoretical calculations, production fraction ratios as
functions of B meson transverse momentum (py) and rapidity (y) are measured using open-charm decays
in the kinematic range of 8 < pr < 60 GeV and |y| < 2.25. In addition, the same dataset is used to
measure the relative production fraction ratios with the charmonium decay channels [B(;) — XJ/y with X
indicating a K+, K*(892)°, or ¢»(1020) meson] where the J/yw meson decays into a pair of muons. The
open-charm results are used to normalize the relative production fraction ratios obtained from the
charmonium samples. Measurements of the ratios of branching fractions of B meson decays to charmonium
and open-charm final states are also reported, which will improve the world-average values of these ratios.
Finally, we test isospin invariance in B meson production in proton-proton collisions and observe that it

holds within the experimental precision.
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I. INTRODUCTION

Studies of production fractions of various species of b
hadrons have been a topic of intense experimental and
theoretical interest since the CERN Large Electron-
Positron (LEP) collider era. These fractions, defined as
the ratios of the number of produced b hadron species to the
total number of produced b hadrons, are closely related to
the b quark fragmentation fractions. Specifically, the
fractions f,, f4, and f, are the production fractions for
BT, B°, and B? mesons, respectively. Here and in what
follows, charge-conjugate final states are implicitly
included unless otherwise indicated, and K** and ¢
represent the K*(892)° and ¢(1020) mesons, respectively.
Production fraction ratios (PFRs), namely f,/f., fs/fa
and f,;/f,, are also of interest. Measurements of the
production fractions and PFRs have been performed in
electron-positron (e*e™), proton-antiproton (pp), and
proton-proton (pp) collisions at various energies. Of
particular interest are measurements of the last decade

“Full author list given at the end of the article.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010/2026,/114(1)/012005(34)

012005-1

conducted at the CERN LHC by the LHCb [1-5], ATLAS
[6], and CMS [7] experiments, as the results are used in a
variety of ways. The b hadron production fraction mea-
surements directly enter the precision measurements of
branching fractions of BY meson decays, as the yields of B+
or B meson decays are used to normalize the BY mea-
surements. The only measurements of branching fractions
of B decays that are not directly dependent on the b hadron
production ratios have been performed by Belle on the
Y(5S) peak and are presently limited to about 20%
precision [8]. Furthermore, the dominant systematic uncer-
tainty in the most precise single measurement of the rare
BY — ptu~ decay, performed by the CMS Collaboration
[9], is from the uncertainty in f,/f,.

The LHCb Collaboration has studied f/f, and f,/f, as
functions of the absolute rapidity (|y|) and transverse
momentum (pp) of the B mesons as well as the pp
collision energy. While no evidence has been found for
adependence on |y|, there is a clear dependence on both the
B pr and the pp collision energy [1-5]. The latest LHCb
result [5] finds that f/f, decreases linearly versus B pr in
the pt < 40 GeV range accessible by this measurement for
pp collisions at /s = 13 TeV. A recent CMS measure-
ment [7] using data collected at /s = 13 TeV finds a
similar dependence for f/f, for pr < 18 GeV. By extend-
ing the measurement up to pr < 70 GeV, it is found that
fs/fu reaches an asymptotic value around 18 GeV,
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remaining constant above this value. This measurement
was performed using the charmonium decay channels
[BY — J/y(up )K", B — J/w(u"u )K*(K*a"),
and B — J/yw(u"pu~)p(KTK™)]. The present world-aver-
age value of B(B? — J/y¢) is dominated by the LHCb
measurement [5], which uses the PFR measured by LHCb
as an input. As a result, while the f/f, dependence on B
pr can be determined, the normalization is unknown, and
therefore the CMS result is expressed in terms of the
relative PFR, R, defined as the ratio of efficiency-
corrected yields of BY to B* mesons, which is proportional
© f5/fu-

Another area of interest is testing the limits of isospin
symmetry, which postulates the same production rate for
B* and BY, i.e., f;/f, = 1. In most applications of PFRs,
e.g., when measuring various branching fractions, the
isospin symmetry in production is assumed. While the
isospin symmetry may be a good assumption in the case of
isospin-singlet e e~ collisions at the Z or Y (4S), it is less
obvious for hadronic collisions, where the production
process is much more complicated. Even in eTe™ colli-
sions, the f, = f, assumption may not hold at the T'(45)
resonance, where the majority of data are taken by B
factories, due to the Coulomb interaction in the BTB~
system near the production threshold, which is absent for
the BB system. In fact, there are hints at about 2 standard
deviations that f, # f, for the Y(4S) production of B
mesons [10,11]. The CMS Collaboration provided the first
test of isospin invariance in pp collisions by measuring the
fa/ [ ratio and demonstrating that it is flat in the entire
12 < pr <70 GeV range of the measurement and con-
sistent with unity (f,/f, = 0.998 4+ 0.063) within the 6%
precision of the measurement [7].

In this paper, we extend the earlier CMS analysis [7],
which used 2018 data collected in pp collisions at /s =
13 TeV with dimuon triggers, by measuring f/f 4, fs/fus
and f,;/f, in a dedicated dataset from the same year and
collision energy, obtained with high-rate single-muon
triggers designed to collect an unbiased sample of 10'°
b hadrons [12]. This dataset, corresponding to an integrated
luminosity of 41.6 4 1.0 fb=' [13], allows for a direct
measurement of PFRs using the open-charm B meson
decays BT —» 2t D°(K*n™), B - ztD~(K*z~z~), and
BY - 2tD;(n~¢p(K*K™)) for the first time in CMS.
Additionally, the relative PFR variables, R, and R, are
measured simultaneously with charmonium decays
[BY — J/y(utpu )K*,  BY — J/y(utu ) KK a),
and BY — J/w(utu)p(K*K~)], where R, and R¢ are
defined as the ratio of efficiency-corrected yields of BY to
B* and B° mesons, respectively. We also derive the
absolute normalization for R, and R¢ by combining the
results from the open-charm and charmonium decays,
which can be used for extraction of the PFRs using
charmonium decays. Another product of this analysis is
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FIG. 1. Representative Feynman diagrams for the open-charm

(upper) and charmonium (lower) decays of the B, B°, and B?
mesons.

the measurement of three B branching fraction ratios.
Representative Feynman diagrams for the open-charm
and charmonium decays are shown in Fig. 1. Tabulated
data for this analysis can be found in the HEPData
database [14].

The paper is organized as follows. After a brief descrip-
tion of the CMS detector in Sec. II, we discuss the data and
simulated event samples in Sec. III and outline the analysis
strategy in Sec. IV. The event reconstruction and B meson
candidate selection are described in Sec. V, followed by the
signal extraction in Sec. VI and the efficiency determi-
nation in Sec. VII. Systematic uncertainties are discussed in
Sec. VIII, followed by the presentation of the results in
Sec. IX. The paper is summarized in Sec. X.

II. THE CMS DETECTOR

The central feature of the CMS apparatus is a super-
conducting solenoid of 6 m internal diameter, providing a
magnetic field of 3.8 T. Within the solenoid volume are a
silicon pixel and strip tracker, a lead tungstate crystal
electromagnetic calorimeter, and a brass and scintillator
hadron calorimeter, each composed of a barrel and two end
cap sections. Forward calorimeters extend the pseudora-
pidity () coverage provided by the barrel and end cap
detectors. Muons are measured in gas-ionization detectors
embedded in the steel flux-return yoke outside the solenoid.

During the 2018 LHC running period when the data used
in this paper were recorded, the silicon tracker consisted of
1856 silicon pixels and 15148 silicon strip detector
modules. Details on the pixel detector can be found in
Ref. [15]. The silicon tracker measures charged particles
within the pseudorapidity range |57| < 3. For nonisolated
particles of 1 < pr < 10 GeV, the track resolutions are
typically 1.5% in pr and 20-75 pm in the transverse
impact parameter [16].

Muons are measured in the pseudorapidity range
|n| < 2.4, with detection planes made using three
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technologies: drift tubes, cathode strip chambers, and
resistive-plate chambers. The single-muon trigger effi-
ciency exceeds 90% over the full pseudorapidity range,
and the efficiency to reconstruct and identify muons is
greater than 96%. Matching muons to tracks measured in
the silicon tracker results in a relative transverse momen-
tum resolution, for muons with p up to 100 GeV, of 1% in
the barrel and 3% in the end caps [17].

Events of interest are selected using a two-tiered trigger
system. The first level (L.1), composed of custom hardware
processors, uses information from the calorimeters and
muon detectors to select events at a rate of around 100 kHz
within a fixed latency of about 4 ps [18]. The second level,
known as the high-level trigger (HLT), consists of a farm of
processors running a version of the full event reconstruction
software optimized for fast processing and reduces the
event rate to a few kilohertz before data storage [19].

A more detailed description of the CMS detector, together
with a definition of the coordinate system used and the
relevant kinematic variables, can be found in Refs. [20,21].

III. DATA AND SIMULATED SAMPLES

A. The CMS B parking campaign

During the 2018 data taking period, CMS deployed a
novel trigger and data processing strategy, referred to as “B
parking,” which enabled the collection and reconstruction
of order 10'° unbiased b hadron decays [12]. The trigger
strategy used to collect these data exploited the fact that b
hadrons are predominantly produced in pairs at the LHC,
and therefore one could use a semileptonic decay of one
(“tag-side”) b hadron to trigger on the event, while the other
(“probe-side”) b hadron can decay arbitrarily, i.e., its decay
is unbiased by the trigger.

The B parking trigger requires a muon with a relatively
high pr and a significant displacement from the pp
collision point. This triggering strategy is made possible
by a relatively low rate of L1 single-muon triggers,
combined with a gradual decrease of the L.1 bandwidth
and online computing resource usage as the instantaneous
luminosity £ decreases over the LHC fill. Specifically, as £
decreases, the L1 and HLT trigger rates of the nominal
CMS physics program also decrease. Therefore, the B
parking trigger thresholds were tuned to use most of the
available bandwidth and resources by switching on triggers
with looser requirements as £ goes down.

Table I summarizes the muon trigger requirements
imposed at the L1 and HLT. The L1 trigger logic requires
the presence of a muon within || < 1.5 and imposes a
variable minimum pr requirement. Additionally, for the
full pseudorapidity range of || < 2.4, a single-muon L1
trigger with a fixed pr threshold of 22 GeV is used. Since
the muon displacement information is not available at L1,
only pr and |n| thresholds are used to control the rate. At
the HLT, the py threshold is refined, based on more precise

TABLEI. Summary of the single-muon B parking triggers used
in this analysis.

Peak £ L1 pf HLT pf HLT u Peak HLT rate
(10%* em™2s7!)  (GeV) (GeV) IP’S’fgam (kHz)

1.7 >12 >12 >6 1.5

1.5 >10 >9 >6 2.8

1.3 >9 >9 >5 3.0

0.9 >7 >7 >4 54

momentum reconstruction compared to that at LI1.
Additionally, a requirement is imposed on the minimum
two-dimensional muon track impact parameter significance
IPEfgam, defined as the distance of closest approach of the
track to the beamline in the plane transverse to the beams,
divided by its uncertainty. Overall, this strategy leads to an
L1 rate of up to about 30 kHz and an HLT output rate of up
to 5.4 kHz.

The B parking dataset corresponds to an integrated lumi-
nosity of 41.6 & 1.0 fb~! [13], about 20% less than the
integrated luminosity of 59.8 fb~! collected with the main
physics triggers operating during the entire 2018 data taking.

B. Event simulation

Monte Carlo (MC) simulated samples are used to
evaluate signal efficiencies, optimize the analysis, and
model various background sources. Signal and background
processes are generated using the PYTHIA 8.230 [22]
package, including parton showering, fragmentation, and
hadronization. The underlying event is also modeled with
PYTHIA using the CP5 [23] tune. The parton distribution
functions are taken from the NNPDF3.1 set [24]. To
account for the effects of additional interactions in the
same or adjacent bunch crossings (pileup), simulated
minimum bias events are added to the hard scattering,
with the pileup vertex multiplicity matching that observed
in the data. Samples are interfaced with EVTGEN 1.3.0 [25],
which is used to simulate the decays of heavy hadrons.
Final-state photon radiation is modeled with PHOTOS
3.61 [26].

The following signal samples were generated with and
without emulation of trigger conditions:

(i) Bt - ztD°(K*rn7),

(i) B - 2D~ (K*tnn™),

(iii) BY —» 2t D5 (= p(KTK™)),

(iv) BY = J/y(u"u )K",

V) B® = J/y(u' ™ )KO(K*x™), and

(vi) B = J/w(u " )p(KTK).

In addition, we simulated several background processes. In
the open-charm channels, they are the Cabibbo-suppressed
decays

(i) BY - KTD°(K*z™),

(i) B - K*D~(K*z"7~), and

(iii) B - K*D;(n~¢p(K*tK™)).
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In the charmonium channels, they are

(i) Bt = J/w(utu )n" and

(i) A) = J/w(u u")pK-.

The CMS detector response is simulated using the
GEANT4 package [27]. Simulated samples are reconstructed
with the same software packages as used for collision data.

IV. ANALYSIS STRATEGY

Measurements of the PFRs of B mesons are performed in
the open-charm and charmonium decay modes. As inde-
pendent branching fraction measurements of BY meson
decay modes with a precision better than about 20% are
not available, the only way to extract the PFR for the BY
meson is by using theoretical predictions. Precise theoretical
calculations are currently available for the open-charm
decays using the quantum chromodynamics factorization
approach [28-30]. Since no reliable calculations exist for the
charmonium modes, independent absolute measurements of
fs/fqand f/f, are impossible in this channel. Therefore,
we utilize the measured PFRs in the open-charm channels
and normalize the relative measurement of PFRs in the
charmonium channels to those in order to extract the PFRs in
the charmonium channels. Measurements of f,;/f, can be
directly performed in both channels as they do not involve
B decays. To ensure that our measurement of f;/f,, is a test
of isospin invariance, it is important to avoid assuming
isospin invariance. The values of most B’ and B* branching
fractions are dominated by results from the B factories and
often assume equal production of B¥B~ and B°B° pairs at
the Y'(4S) from isospin invariance. There are indications that
this assumption is not valid, and a recent evaluation has
found 0= B(Y(4S) - BTB~)/B(Y(4S) - B°B°) =
1.057 £0.023 [11].

A. Open-charm measurement

The most recent and precise theoretical calculations
of the branching fractions of the B° — K*D~ and
|

B(B® - ntD") B(D~ - Ktn~n~)

fs/fd:

BY — 77D7 decays [31] reveal a puzzling substantial
discrepancy between the theory predictions and the exper-
imental measurements in the individual decay channels.
Nevertheless, the prediction for the ratio of these decays
appears to be in good agreement with the experimental
measurements [31], so we will rely on this theoretical
framework to extract the f,/f, ratio.

At the same time, the prediction for the branching
fraction of the Cabibbo-favored B — 7D~ decay is prone
to a sizable additional uncertainty, as there is a non-
factorizable exchange diagram that contributes to this
decay channel, which is absent in the case of the
Cabibbo-suppressed B — K+ D~ decay. The current theo-
retical estimate of the impact of this diagram on the
corresponding branching fraction is 0.966 + 0.056 [29],
which contributes an additional ~6% theoretical uncer-
tainty. This presents an experimental challenge, given the
lack of particle identification in CMS, as far as pion/kaon
separation is concerned. Because of that, there is no
difference in the experimental topology for the Cabibbo-
suppressed and Cabibbo-favored decays, so the latter
becomes a major background to the former, making it
impractical to extract the B — K*D~ signal in bins of py
or rapidity of the B’ meson. We overcome this difficulty by
measuring the B — 7+ D~ signal and then relating it to the
theoretically clean B — K* D~ signal by using the world
average of the ratio of these two branching fractions:
B(B® - K*D7)/B(B° - z*D~) =0.0819 £ 0.0020 [32],
which is known to a 2.4% precision and is independent
of the f/f, value. That allows for the extraction of the
fs/fa value in a theoretically clean fashion by using the
much more copious Cabibbo-favored decay channel with-
out introducing a large theoretical uncertainty due to the
nonfactorizable exchange diagram contribution.

The formula used for the f,/f, measurement is as
follows (using notations of Ref. [5]):

Neon(BY = 7" D5 (n (KT K7)))

_ B(B - K'D")B(B* > a'D")

B(BY —» n*D;) B(D; — n~$)B(¢p = K*K™) Neow(B® » 2D~ (K*n~n7))
B(D~ - Ktn n7)

Neo(BY = 7" D5 (7~ p(K*K7)))

" B(BY - 7tD;) B(B" - K*D™)B(D; —» 5 ¢)B(¢p - K*K~) Neow(B = 72D~ (KT 77))

@ |Vm.|2f%<rBo 1 B(B0—>7[+D_)
= ¥ps

B(D~ - Ktnx7)

Neon(BY > 7t D5 (n~p(K*K™)))

where ®pg = 0.97074 4 0.00010 is the ratio of the phase
space factors for the two decays [given by inverting the
expression on the last line of Eq. (7) in Ref. [31] ]; V,,; and
Vs are the corresponding CKM matrix elements; 750 and

‘Vudlzﬁr_B?NaNF B<BO - K+D—) B<Ds_ - 75—¢)B(¢ - K+K_) Ncorr(BO - ﬂ+D_(K+ﬂ_7T_)) ’

(1)

Tp are lifetimes of the B® and B? mesons, respectively; f,
and f are decay constants for the 7 and K mesons; N, and
Nr are, respectively, the ratio of Wilson coefficients
squared of the DTK~ and Dz~ decays and the ratio of

012005-4



MEASUREMENT OF B MESON PRODUCTION FRACTION ...

PHYS. REV. D 114, 012005 (2026)

TABLE II. Inputs for the open-charm PFR measurements.
Input variable Value Ref.
Dpg 0.97074 £+ 0.00010 PDG [32]; Ref. [31], Eq. (7)

‘Vus|fK/(‘vud|fn)

0.27683 £ 0.00035

Ref. [33], Eq. (107)

T /T 1.0021 £ 0.0034 HFLAV [10,34]
1/Nq 1.0048003% Ref. [31], Eq. (20)
1/Ng 1.002 £ 0.042 Ref. [31], Eq. (16)
B(B® - K*D~)/B(B® - n"D") 0.0819 =+ 0.0020 PDG [32]
B(D™ - K~ n") 0.0938 £ 0.0016 PDG [32]
B(D;y —» n=¢)B(¢p - KTK~) 0.0225 =+ 0.0005 PDG [32]
B(B* — ztD°) 0.00461 + 0.00010 PDG [32]
B(D° — K~ z™") 0.03945 £ 0.00030 PDG [32]

form factors squared for the B° — K*D~ and BY — n* D
decays; and N, (X) is the efficiency- and acceptance-
corrected event yield for process X. The last equality in
Eq. (1) uses a theoretical calculation for the ratio of
branching fractions of the B - K™D~ to BY - 7" D
decays from Ref. [31].

For the f,;/f, extraction, no theoretical calculations are
needed and the following formula is used:

fa BB —>a'D’ B(D"— K x")
fu B(B' > z"D)B(D~ - Ktz )
Neow(B® = 2D~ (K2~ 7n7))
Neow(BY = 2tDY(K*77)) ~

(2)

Finally, f,/f, can be obtained from the product of
Egs. (1) and (2) as

|VLtS|2.f_%(E 1 B(B+ - 7T+D0)
o |Vud|2 f% TRo NaNF B(BO - K+D_)
B(D’ - K*zn™)
X
B, — 7 h)B§ — K'K)
 Neon(BY » 2" Dy (m (KK 7))
]\,corr(B+ - 7[+DO(K+77_))

fs/fu:q)

(3)

Utilizing the same measurements as in the average values
of B(B* — z* D) and B(B° — z*D~) in Ref. [32], but
updating the charm branching fractions and converting to
=0 = 1.057 +£0.023, we obtain a value of l’j’(B+ -
7D /B(B® —» 2t D~) = 1.763 £ 0.066 (not including
the r*° uncertainty). The other values used in Eqs. (1)-(3)
are collected in Table II.

B. Charmonium measurement
In the charmonium channel, we use
B* — J/y(u uw )K*, B® = J/w(u*u")K(K*z"), and
BY — J/y(utu")¢p(K*K~) decays to measure the R, and
RY parameters, which are determined as follows:

Neow(BY = J/w(u* ™ )p(KTK™))

R, =
’ Neow(B™ = J/w (' p=)K™)
LBE - IypBe - KK
S B(B" - J/yK")
and
Rd — Ncon(Bg - J/l//(ﬂ+ﬂ_)¢(K+K_))

Neow(B® = Ty (ut ™)K (K 7))
_fy BBY—>J/y$)B(¢p > KTK")

= fiB( = Ik BRI~ K'a) )

The ratio f,/f, can be determined directly as

fa _ Neow(B® = J/w(p'u™)KO(K" 7))
fu Neow(B* = J/y(u*p™)K*)
B(B* — J/wK™)

“BB = J/yK)B(K — K’ ©

As for the open-charm states, the branching fractions used to
obtain R, and R are from Ref. [32]. For the determination
of f;/f.,» we use the same measurements as in the average
values of B(B* — J/yK*) and B(B° —» J/wK*?) from
Ref. [32], but scaling the results to =0 = 1.057 & 0.023
[11] to obtain B(BT — J/wK")/B(B° - J/wK*®) =
0.769 + 0.033 (not including the r*° uncertainty). The
existing measurements of B(B° — J/wK*?) include one
angular analysis, which results in a pure branching fraction
measurement [35], and the remainder, which select events in
a mass region around the K** mass. Using the model from
Ref. [35] to estimate the S-wave contribution in the other
measurements and scaling all of the measured branching
fractions to correspond to the mass region used in our
analysis results in a negligible change.
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V. EVENT RECONSTRUCTION AND B
CANDIDATE SELECTION

Since the events used in this analysis are collected with
the B parking triggers, we require that the muon which
triggered the event readout (u;,) is reconstructed offline.
The z position of the point of closest approach of the
triggering muon to the beamline is used to select the
primary vertex (PV) of the hard interaction. Tracks are
required to pass the “high-purity” quality criteria [36,37].

A. Open-charm analysis

The B candidate selection relies on the probe side
of the event. We require the tracks used to build the B
candidate to be separated from the triggering muon by
AR(track, pyig) > 0.4, where AR = /(An)? + (A¢)?, and
¢ is the azimuthal angle in radians. To reduce pileup, the
tracks are also required to originate from the vicinity of the
PV, with Agz(track,PV) < 0.5 cm. Tracks are further
selected to have || < 2.4 and pp > 1 GeV. Since the B
mesons result in displaced secondary vertices (SVs) due to
their sizable decay distance, we only consider tracks with
IPg, > 1, where IPg;, is defined as the transverse distance
of closest approach of a track to the PV divided by its
uncertainty.

Depending on the final state, B candidates have either
three (B™) or four (B® and B?) tracks originating from the
final-state particles. We create B candidates out of all
combinations of pion and kaon mass assignments to these
tracks. Since the D meson from the B candidate decay will
be displaced from the B meson decay SV, we start the B
candidate reconstruction by finding a tertiary vertex (TV)
of a decay of the corresponding D meson. The
D° - K*n~, D™ —» K*n 7, and Dy — n~KTK~ candi-
dates are reconstructed by selecting the correct number of
tracks with the correct charge and an invariant mass within
20, 20, and 15 MeV of the world-average D meson masses
m(D®), m(D™), and m(D5) [32], respectively. In all three
decay channels, the highest pt (leading) track of the pair or
triplet is required to have pp > 1.5 GeV. The tracks of the
D candidate are then fitted to a TV, and the D candidate is
accepted if the fit probability exceeds 0.01 and the
significance of the displacement of the TV from the PV
in the plane transverse to the beams S, rv, defined as the
distance between the two vertices in the x-y plane divided
by its uncertainty, exceeds 5. The SV position is then
obtained by fitting the remaining track with pr > 1.5 GeV
and correct charge, and the D candidate momentum vector
to a common vertex. The B candidate is then accepted if the
significance of the transverse displacement of the SV from
the PV, S, sy, defined in a similar way as S, rv, exceeds 7,
and the cosine of the angle between the line connecting the
PV and SV and the B candidate momentum vector, cos ag,
exceeds 0.999.

In the B? channel, an additional requirement on the
invariant mass of the K™K~ pair to be within 10 MeV of
the world-average ¢ mass [32] is applied. This is crucial
to remove the copious background from B° —
D™ (Ktzn~n~) decays with one of the pions being
misassigned a kaon mass, which results in the shift of
the four-track invariant mass peak into the BY region. The
narrowness of the ¢ resonance ensures that this background
is negligible (rejection power of over 200) after this extra
selection, while retaining about 85% of the signal. The
contribution from the K™K~ continuum in the Dy decay
mode within the ¢ meson mass window can be estimated
from a Dalitz plot analysis of this decay mode by BABAR
[38]. The parametrization of the invariant mass distribution
for the ¢ and nonresonant components, as described in
Ref. [38], is applied to fit the K™K~ invariant mass
distribution in data. Based on the fit results, the nonreso-
nant contribution in the BY channel, which amounts to
about 5%, is subsequently subtracted using the  Plot
technique [39].

The summary of the preselection requirements to iden-
tify B candidates is given in Table III. While multiple B
candidates per event are allowed, ~98% of events have only
a single candidate per event.

To further improve signal purity, we perform a multi-
variate analysis (MVA) based on boosted decision trees
(BDTs). One BDT is trained for each of the three channels.
The preselection described above improves the BDT
performance, as it reduces the bulk of backgrounds with
easily distinguishable topology, thus allowing for the BDT
to optimize the rejection against the remaining back-
grounds, which are topologically much closer to the signal.

The BDTs are trained on simulated signal events with the
B candidate mass in a signal region (SR), centered on the
corresponding B meson mass, against the background,
which is taken from the upper sideband (SB) of the data.
This SB is dominated by the combinatorial background,
mainly composed of combinations of a D meson and a
random track, similar to the background in the SR. In
contrast, the lower sideband is dominated by partially
reconstructed B decays, which do not populate the SR
and are therefore not used for the BDT training. Signal
samples are weighted so that their normalization corre-
sponds to the signal yield in data after the preselection. The
SR is defined using the invariant mass of the B candidate as
5.20-5.35 GeV (5.30-5.45 GeV), while the SB is defined
as 5.40-5.55 GeV (5.50-5.65 GeV) in the B — 7D and
BY - 7D~ (BY = " D7) channels. The following vari-
ables are used as inputs to the BDTs: IP;, of all three or
four tracks of the B candidate; invariant mass of the D
candidate (and of the ¢ candidate in the BY — z* Dy
channel) before the TV fit; fit probabilities for the SV
and TV; cos ap; and displacement significances in the x-y
plane of the SV with respect to the PV and of the TV with
respect to the SV. The BDTs are trained using the XGBOOST
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TABLE III. Summary of the preselection requirements for B candidates in the open-charm analysis. The - - -
entries indicate that the selection does not apply to this channel.
Selection
Variable Bt B° BY
General track selection
Track pr >1 GeV
Track |n| >2.4
Az(track, piyig) <0.5 cm
Track IPg, >1
D candidate selection
D candidate leading track pr >1.5 GeV
TV fit probability >0.01
SXy,TV >5
D candidate mass window +20 MeV +20 MeV +15 MeV
IM(KTK™) — m(¢)| <10 MeV
B candidate selection
pr of the remaining B candidate track >1.5 GeV
SXy,SV >7
cos ag >0.999
[40] 0.72  package, with gradient boosting. in the transition region. The variable muon pt threshold

Hyperparameters are optimized via a Bayesian optimiza-
tion procedure using the SCIKIT-OPTIMIZE [41] 0.9.0 pack-
age. The cutoffs on the BDT discriminants were optimized
using the §/+/S + B figure of merit (FOM), where S and B
denote signal and background yields, respectively. The
FOM after the BDT selection is increased by about a factor
of 2 with respect to the preselection. For an optimized
cutoff-based analysis using the same input variables and
FOM as the BDT, the FOM is about 20% lower than for the
BDT selection. Consequently, the BDT analysis is chosen
as the default approach for the signal extraction and the
PFR measurement. It was checked that the output BDT
variables in data obtained from background-subtracted B
candidates after the BDT selection are well described by the
signal simulation. The BDT was also checked for a
potential mass bias (“sculpting”), and none was found.

B. Charmonium analysis

In the charmonium channel, given the higher purity of
the signal, no significant improvement is expected from an
MVA, so a cutoff-based analysis is used instead. The
selection of the B candidates starts with a requirement
of an opposite-sign (OS) muon pair with each muon
passing the soft identification requirements [17] and having
a distance of closest approach to the PV in the z direction of
Az < 1 cm. Each muon is required to have pr > 3.5 GeV
in the barrel (|| < 1.1), pr > 1.5 GeV in the end cap

(15 < |y <2.4), and pr > 3.5+ {353 (0] = 1.1) GeV

reflects the muon detector acceptance in the barrel and end
cap, which reduces the sensitivity to potential mismodeling
at the edges of the detector acceptance. The muon pair is
then fit to a common vertex, with its invariant mass required
to be within =150 MeV of the nominal J/y meson mass
[32]. For the B® = J/wK*® (BY = J/w¢) channel, we
require two OS tracks with leading track pr > 0.85 GeV,
subleading track pr > 0.6 GeV, || < 2.4,and Az < 1 cm
fitted to a common vertex, with the invariant mass con-
sistent with the world-average K** (¢) mass [32] under the
assignment of one kaon and one pion (two kaon) masses to
the two tracks: 0.842-0.942 GeV (1.01-1.03 GeV). In the
K*0 case, both possible mass assignment permutations are
tried, and in case both pass the invariant mass requirement,
only the combination with the mass closest to the nominal
K*0 mass [32] is retained. For the B — J/ywK™ channel, a
single track with pr > 0.85 GeV, || <24, and Az <
1 cm is required. The pair of muons and a track
(Bt - J/wK* channel) or a pair of tracks
(B - J/wK*® and B? — J/w¢ channels) are fit to a
common SV, with the J/y meson mass constraint on the
pair of muons, and the SV y? fit probability is required to
exceed 0.07. We further require cosag > 0.997,
Syy.sv > 4, and the B candidate mass within 4.5-6.0 GeV.

The summary of the selection requirements is presented in
Table I'V. These optimized selections are applied for all three
charmonium channels, with the exception of the mass win-
dows for the ¢ selection and the K* veto: they are inverted
for the B® — J/wK*® channel and are not used in the
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TABLE IV. Summary of the selection requirements for B candidates in the charmonium analysis. The - - - entries indicate that the

selection does not apply to this channel.

Selection

Variable Bt

B° BY

5

General track selection

Leading (subleading) track pr >0.85 GeV
Track |7

Az(track, PV)

>0.85 (0.6) GeV
>2.4
<1l cm

>0.85 (0.6) GeV

Muon candidate selection

Muon pr

Muon identification
M (up) = m(J /)|

1.5-1.1
1.5 GeV:[y| >1.5

Soft ID [17]
<150 MeV

3.5 GeV:p| <1.1
pr >4 35+ (g - 1.1) GeV:1.1 <] <1.5

B candidate selection

SV fit probability
Sxy.SV
cos ag

>0.07
>4
>0.997

Intermediate resonance masses

IM(KK™) —m(¢)|
IM(K*7™) = m(K*0)]

>10 MeV
<50 MeV,
Closest permutation

<10 MeV
>50 MeV,
Both permutations

B — J/wK* channel. The ¢ (K*°) veto ensures that there is
no overlap between the B® — J/wK*® (BY — J/w¢) candi-
dates and the B — J/w¢ (B® — J/yK*°) candidates.

In the charmonium channel, we further split the
analysis into the “tag-side” and “probe-side” categories.
The tag-side category requires one of the muons from a
J/w meson decay to trigger the event, while for the
probe-side category, an additional muon that does not
belong to the J/w candidate is required to trigger the
event. If one event falls into both the tag-side and
probe-side categories, it is classified as a probe side;
thus, the two categories are mutually exclusive. Given
that a charmonium analysis based on a significantly
larger dataset obtained with dimuon triggers has already
been published by CMS [7] to test the kinematic
dependence of PFRs, the goal of the present charmo-
nium analysis is to examine the dependence of PFRs
with minimal trigger bias, which is achievable by using
the probe side. The translation factors between the R
(R%) and f,/f, (fs/fq) variables are also measured on
the probe side, as in the open-charm analysis, to
minimize systematic uncertainties. The tag-side category
is primarily used to verify the consistency of the present
analysis with previous measurements.

VI. SIGNAL EXTRACTION

Since the main goal of the analysis is to measure f,/f,
as a function of pr and |y| of the B candidates, we extract
the signal by performing a binned maximum likelihood fit
to the B candidate mass spectrum for each p or |y| bin with
a sum of several functions describing signal and back-
ground components.

A. Open-charm analysis

For the open-charm analysis, there are seven p(B) bins
with the lower boundaries of 8, 10, 13, 18, 23, 28, and
33 GeV, with the last bin extending up to 60 GeV, and six
bins in |y(B)| with the first five covering 0-1.25 in 0.25-
wide bins and the last bin covering 1.25-2.25.

To improve the B candidate mass resolution, we use the
D meson mass correction defined as follows for the
Bt > a"D°(K*z"), B > 2D (K'n"zn~), and B —
a" Dy (n~¢(K+tK™)) channels, respectively:

M(B*) = M(K*n~nt) — M(K*n~) + m(D°),
M(B®) =M(K* 'z n ") —M(K n~n~) + m(D™),
M(BY) = M(K*K 7 ") — M(K*K~n~) + m(D5).
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We use a sum of two Gaussian functions with a common
mean (double-Gaussian function) to describe the signal
template, with the mean, two widths, and the relative
normalization parameter constrained via a Gaussian prob-
ability density function to the values and the uncertainties
obtained from a fit to simulated distributions.

The Cabibbo-suppressed background where the pion is
replaced with a kaon is described with the Johnson function
[42], given by

S 1
N 2rx 1+(%>2

e 3(r+dsinh™! (7))

where y and 4 are the mean and the width parameters, while
y and 6 are the parameters describing the tails. All of these
parameters are also Gaussian constrained to the values
obtained from a fit to simulation. The normalization of this
background is fixed relative to the Cabibbo-favored signal
normalization. Specifically, we calculate the ratio of the
signal efficiencies for the Cabibbo-suppressed and
Cabibbo-favored channels in each bin and multiply them
by the ratio of the corresponding branching fractions. The
ratio of the efficiencies is found to be flat in both py
and |y|, so we use a single number per channel:
e(K/x) = 1.040200,1, 09947005, and 1.007- 507 for
the BY = 27D’ B® = 7z*D~, and B? — 727 D; channels,
respectively. While these ratios are all consistent with unity,
we nevertheless propagate them into the ratio of the
corresponding branching fractions [32], which yields the
following normalization ratios between the expected
yields in the Cabibbo-suppressed and Cabibbo-favored
channels:  Rg,, = 0.0806 + 0.0023, 0.0817 + 0.0056,
and 0.0760 4 0.0064, respectively. In the fits, both the
relative normalization of the Cabibbo-suppressed back-
ground and the parameters of the Johnson function are
constrained within their Gaussian uncertainties using the
above R/, numbers and the shape parameters (i, 4, v, 6)
determined from the fits to simulated samples.

All the open-charm channels have contributions from
partially reconstructed backgrounds stemming from proc-
esses similar to the signal one, but with an additional pion
that is not reconstructed, such as B(S) - ”D*s and
B(s) = pDy). This background is small and also shifted
to lower masses, and it is described via an error function
with the shape parameters and normalization being free
parameters of the fit.

The combinatorial background is present in all channels
and is modeled using an exponential function with both the
normalization and slope as free parameters of the fit. Typical
fits in the open-charm channels are presented in Fig. 2.

B. Charmonium analysis

For the charmonium analysis, the binning and the |y|
range are different for the tag- and probe-side categories.
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FIG. 2. Examples of fits to the B candidate mass distribution
(corrected by the D meson mass) used to extract the signal in the
open-charm channels. The upper, middle, and lower plots
correspond to the BT, B, and BY decays, respectively. The y?
per degree of freedom (y?/ndof) of the fit is shown in each plot.
The lower panels illustrate the pull, defined as the deviation of
data from the fit function, normalized by the statistical uncer-
tainty in each bin.

For the tag-side analysis, there are 13 py(B) bins: five
1-GeV-wide bins spanning the 11-16 GeV range, two 2-Ge'V-
wide bins spanning the 16-20 GeV range, three 3-GeV-wide
bins spanning the 20-29 GeV range, and three high-pr bins:
29-34, 3445, and 45-60 GeV. For the probe-side analysis,
we have fewer bins as there are fewer probe-side events.
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FIG. 3. Examples of fits to the B candidate mass distribution

used to extract the signal in the charmonium channels of the tag-
side analysis. The upper, middle, and lower plots correspond to
the B*, B, and BY decays, respectively. The y*/ndof of the fit is
shown in each plot. The lower panels illustrate the pull, defined as
the deviation of data from the fit function, normalized by the
statistical uncertainty in each bin.

There are 6 py(B) bins: five bins with a width of 5 GeV
each, covering the 8-33 GeV range, and a sixth bin
covering the 33-50 GeV range. The tag-side analysis has
six |y| bins of 0.25 width each, spanning the 0-1.5 range,
while the probe-side analysis has nine bins of the same
width, spanning the 0-2.25 range. The reason the tag-side
analysis is more restricted in |y| is the requirement of Hirig
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FIG. 4. Examples of fits to the B candidate mass distribution
used to extract the signal in the charmonium channels of the
probe-side analysis. The upper, middle, and lower plots corre-
spond to the BT, BY, and BY decays, respectively. The y*/ndof of
the fit is shown in each plot. The lower panels illustrate the pull,
defined as the deviation of data from the fit function, normalized
by the statistical uncertainty in each bin.

to have |57| < 1.5 for the low-threshold B parking triggers.
Finer binning in |y| for the tag side is not considered, as
the absence of |y| dependence of PFRs has been well
verified in previous studies by both LHCb [5] and
CMS [7].

Since the kinematic fit already constrains the p™u~ pair
mass to the J/w meson mass, the invariant mass of the B
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TABLE V. Fit functions used in the open-charm and charmonium analyses. The - - - entries indicate that the background does not apply

to this channel.

Open-charm analysis

Charmonium analysis

Source Function Constraint Function Constraint

Signal Double Gaussian Gaussian Johnson u, A: free; &, y: Gaussian
Cabibbo-supp. bkg. Johnson Gaussian Crystal Ball + Gaussian Fixed

Partially rec. bkg. Error function Free Error function Free
Combinatorial Exponential Free Exponential Free

/K swap signal Johnson Fixed

candidate is directly used for signal extraction instead of
correcting it with the J/y meson mass.

In the charmonium channel, signal shapes are modeled
with Johnson functions, with the means and widths as
free parameters of the fit, while the y and ¢ tail
parameters are constrained by a fit to simulated signal
events.

The Cabibbo-suppressed background from Bt —
J/w(utu )z decays only enters in the BT — J/wK™
channel. It is described by a sum of Crystal Ball (CB) [43]
and Gaussian functions with a common mean. Given that
the contribution from this background is small, we fix its
relative normalization to R/, = 0.0385 [32], and the tail
parameters for the CB function, as well as the common
mean, and the widths of both the CB and Gaussian
functions, to the values obtained from a fit to a sample
of simulated events.

The BT — J/wK™ channel of the charmonium analysis
has contributions from partially reconstructed backgrounds
from the B — J/wK* process with one of the two tracks
from the K** — K*z~ decay, or a neutral meson in the
K+ — K*7° or K** — K%z* decay lost. As in the open-
charm channels, this background is small and shifted to
lower masses, so it is similarly described by an error
function with the shape parameters and normalization as
free parameters of the fit.

The combinatorial background is modeled across all
channels using an exponential function with both the
normalization and slope as free parameters in the fit.

Finally, for the B® — J/wK** channel, the z/K-swap
component [i.e., the contribution to the signal shape when
the swapped (incorrect) mass assignments of the 7 and K
tracks are used] is considered a signal component and
described via a Johnson function with the shape parameters
and the relative normalization to the signal (i.e., the
nonswapped case) yield fixed from a fit to a sample of
simulated signal events.

Figures 3 and 4 show typical fits in the charmonium
channels for the tag- and probe-side analyses, respec-
tively. Table V summarizes the functions used to
describe the signal and background components in each
channel.

VII. EFFICIENCY DETERMINATION

As shown in Egs. (1)-(6), the ratios of efficiency-
corrected yields (N,,) are used to obtain R,, R?, and
the PFRs. Therefore, only the corresponding efficiency
ratios, eg+/€po, €po/€po, and ep/ep+, are required to
correct the signal event yields in this analysis. These
efficiency ratios are determined from samples of simulated
events and reflect the trigger, reconstruction, and selection
processes, as well as the detector acceptance.

While the efficiency ratios of the open-charm analysis
and the probe-side charmonium analysis are minimally
affected by the triggers, the tag-side charmonium analysis
relies on a trigger muon. The difference in the trigger
response between simulation and data on the tag side is
corrected via muon trigger scale factors (SFs). The SFs for
the B parking triggers used in this analysis are measured
using the “tag-and-probe” method [44] based on the
J/w — utu~ decays across different muon pr and IP,
ranges.

The remaining difference between simulation and data
on the tag side of the charmonium analysis is mitigated by
using higher-order corrections at the generator level. The
leading-order PYTHIA simulation is reweighted so that the B
meson’s pr and |y| spectra match fixed-order plus next-to-
leading logarithmic (FONLL) accuracy calculations, which
are known to reproduce these spectra in data with high
accuracy [45].

For the probe side, both in the open-charm and charmo-
nium analyses, since the FONLL calculations cannot
properly capture potential correlations between the probe
side and the trigger muon, simulated distributions of pr
and |y| are reweighted to match the measured ones at the
reconstructed level. The weights are extracted for
each B* - 2 D°(K*z™), B°—z*D~, and B -
atD5 (m~¢p(KTK™)) decay by comparing simulation and
background-subtracted data distributions, obtained using
the (Plot technique [39], and are parametrized via a
second-order polynomial, as functions of pr and |y|.
Table VI summarizes the corrections applied to the simu-
lated samples for the open-charm and charmonium
channels.

ig
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TABLE VI. Summary of MC corrections for the open-charm
and charmonium channels.

Channel MC correction

Open-charm
Charmonium (probe)
Charmonium (tag)

Reweight to data
Reweight to data
Muon trigger SF
Reweighting to FONLL

VIII. SYSTEMATIC UNCERTAINTIES

In this analysis, systematic uncertainties are split into
two categories. The first category is a bin-to-bin uncorre-
lated systematic uncertainty, which depends on the B
meson’s py and |y|, and affects the shape of the measured
PFR or R values. The second type is bin-to-bin correlated
uncertainty, or global uncertainty, which does not affect the
shape but impacts the central values of the measured PFRs.
In the charmonium analysis, the uncertainties that affect
only the global scale of the PFRs are not included in the
measurement of R, and RY, since this analysis only
measures the shape versus pr and |y|. Both types of
uncertainties are included in the open-charm analysis
and in the translation of the shape-only measurement of
the PFRs in the charmonium analysis to an absolute
normalization.

A. Open-charm analysis

The primary sources of systematic uncertainties and their
effects on the PFR measurement in the open-charm analysis
are summarized in Table VII. Sources of systematic
uncertainties correlated bin-to-bin and global uncertainties
affecting only the central values of PFR are listed below. In
this analysis, the systematic uncertainty related to the

TABLE VII.

triggers is negligible, as their impact is found to cancel
out in the PFRs for the probe-side analysis.

The following global uncertainties are considered:

(1) Uncertainties in the external inputs to the PFR
equations presented in Table II.
The uncertainty associated with the track
reconstruction efficiency. Because B? and B® meson
decays have one more track than the B* decay, an
uncertainty from a single-track reconstruction effi-
ciency is assigned to the efficiency ratios, e+ /ep
and ego/ep+. This uncertainty of 2.1% [46] is treated
as independent of pr and |y| in this analysis and
therefore is considered a global uncertainty.
The uncertainty associated with the BDT selection
procedure. Differences in the BDT efficiencies
between simulation and data in each open-charm
decay channel range from 1.2% to 2.2%. Since this
uncertainty is small compared to the statistical and
other systematic uncertainties, we assign the differ-
ence as the corresponding uncertainty but do not
apply a correction. This uncertainty is found to be
independent of py and |y|.
The uncertainty in the BY background subtraction to
account for nonresonant KK~ contribution to the
D7 decay. The expected amount of the nonresonant
contribution within the +10 MeV mass window
around the nominal ¢ meson mass is found to be
5.6 £0.9% [38], independent of pr and |y|.
The measurement of f,;/f, includes a 2.2% un-
certainty from the evaluation of 0 = B(Y(4S) —
BTB™)/B(Y(4S) - B°B®) = 1.057 £ 0.023 [11].
The overall bin-to-bin correlated systematic uncertainty,
calculated as the sum in quadrature of the individual
components, ranges from 5.6% to 7.4%, depending on
the PFR.

(i)

(iii)

@iv)

)

Sources and values of the systematic uncertainties affecting the measured PFRs in the open-charm

analysis. The bin-to-bin uncorrelated uncertainties are presented as ranges, which indicate the range of uncertainties
across different pr and |y| bins. The - - - entries indicate that the uncertainty does not apply. The reported values are

the relative systematic uncertainties in percent.

Source Islfu (%) fs/fa (%) fal fu (%)
q)PS7|Vu.c|fK/(|Vud‘fﬂ)’TBO/TB?*Na’NF 4.2 42
Branching fractions 54 4.0 4.2
Tracking efficiency 2.1 e 2.1
BDT performance 1.2 2.2 2.2
BY nonresonant subtraction 0.9 0.9
70 e e 2.2
Total global systematic uncertainty 7.4 6.3 5.6
Statistical uncertainty in simulation 2.2-3.7 2.2-3.7 2.1-3.6
Signal and background shapes 0.8-2.4 0.8-2.8 0.7-2.8
Reweighting in pr and |y| 0.0-14 0.0-1.6 0.1-1.1
Total systematic uncertainty <79 <7.7 <7.2

012005-12



MEASUREMENT OF B MESON PRODUCTION FRACTION ...

PHYS. REV. D 114, 012005 (2026)

TABLE VIIIL

Sources of bin-to-bin uncorrelated systematic uncertainty affecting the measured R, R¢, and

fa/f. values for the tag- and probe-side categories in the charmonium analysis. The uncertainties are presented as
ranges, which indicate the range of the uncertainties across different p and |y| bins. The - - - entries indicate that the
uncertainty does not apply. The reported values are the relative systematic uncertainty in percent.

Tag Probe
Source Rs (%) R(j (%) fd/fu (%) Rs (%) Rt‘i (%) fd/fu (%)
Stat. uncert. in simulation 1.1-5.1 1.3-7.1 1.1-5.6 2.7-5.7 2.6-5.5 2.3-4.9
Signal and bkg. shapes 0.8-4.4 0.6-4.7 0.5-4.2 1.3-10.1 0.9-94 0.9-6.6
Trigger SF 1.9-2.6 1.9-2.7 1.9-2.7
Reweighting in pr and |y| 0.2-1.6 0.1-1.2 0.2-1.9 0.1-1.8 0.3-2.2 0.2-1.7
Total syst. uncertainty <75 <78 <77 <11.7 <11.1 <83

For bin-to-bin uncorrelated systematic uncertainties, the

following sources are considered:

(1) The uncertainty in the signal efficiency arising from
the limited number of simulated events is 1.7%-—
3.7% depending on the bin and the channel.

(i) The uncertainty in the signal yields due to the
parametrization of signal and background shapes
is estimated by varying the functional forms pre-
sented in Table V to their alternative shapes and
independently comparing the results obtained with
the nominal function to those from the alternatives.
A Johnson function is considered as an alternative
shape for the signal, a Student-# distribution [47] for
the Cabibbo-suppressed background, a hyperbolic
tangent function for the partially reconstructed back-
ground, and a first-order Chebyshev polynomial for
the combinatorial backgrounds. The corresponding
uncertainties vary between 0.7% and 2.8%, depend-
ing on the channel and the bin.

(iii) The uncertainty in the signal efficiency associated
with the correction factors applied to simulated
events. For the probe-side analysis, the pr and |y|
distributions from simulation are reweighted to
match the measured distributions. The uncertainty
is estimated by comparing the efficiency ratios
€p-/€p, €po/ego, and epo/epr before and after
applying the weights in p1 and |y| bins and is less
than 1.6% for all processes and bins.

The overall bin-to-bin uncorrelated systematic uncertainties
range from 2.0%-4.7%, depending on the channel and
the bin.

B. Charmonium analysis

For the charmonium analysis, the dominant bin-to-bin
uncorrelated systematic uncertainties in the tag- and probe-
side categories are listed in Table VIII. Several potential
sources of systematic uncertainty, including those related to
the muon reconstruction and selection efficiencies, are
neglected in this analysis because they are found to cancel
out in the efficiency ratios. For the probe-side category, as
in the open-charm analysis, systematic uncertainty related

to the triggers is not included, as its impact on the ratios is
negligible.

The following sources of systematic uncertainty in the

R, RY, and f,/f, values are considered:
(1) The uncertainty in the signal efficiency from the
limited number of simulated events.

(i) The uncertainty in the signal yields due to the
parametrization of signal and background shapes.
As in the open-charm analysis, the uncertainty is
estimated by varying the functional forms presented
in Table V to alternative shapes. For the charmonium
analysis, a triple-Gaussian function with a common
mean is considered as an alternative shape for the
signal and a first-order Chebyshev polynomial for
the combinatorial backgrounds. Uncertainties asso-
ciated with the Cabibbo-suppressed and partially
reconstructed backgrounds are found to be negli-
gible and therefore not included.

(iii) The uncertainty in the signal efficiency associated
with the trigger SF for the tag-side category. The
uncertainty is computed by varying the SF up and
down by its uncertainty and determining the impact
on the signal yields.

(iv) The uncertainty in the signal efficiency associated
with the correction factors applied to the simulated
events. For the tag-side events, simulated pt and |y|
distributions are reweighted based on the FONLL
calculations, while for the probe side they are
reweighted to match the measured distributions. In
both cases, the uncertainty is computed by compar-
ing the efficiency ratios e+ /e and epo/ep before
and after applying the weights.

The overall uncertainties vary from about 2% to 10%,
depending on the channel and whether the events are from
the tag side or probe side. Significant uncertainties on the
tag side are mainly associated with the low-pr bins, where
a fine binning of 1 GeV is used. On the probe side, large
uncertainties are primarily associated with the high-rapidity
region. The charmonium analysis employs a finer binning
in |y|, splitting into nine bins, compared to the six bins in
the open-charm analysis.
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For the measurement of f,/f,, the following global

uncertainties are considered:

(i) An uncertainty of 2.1% associated with the track
reconstruction efficiency [46]. Because B decays
have one more track than the B process, the 2.1%
uncertainty is assigned to the efficiency ratio,
€go/€p+. This uncertainty is treated as a global
uncertainty.

(i1) An uncertainty of 4.3% associated with the branch-
ing fraction ratio between the Bt — J/wK™* and
B® — J/wK*® channels.

(iii) An uncertainty of 22% from r™0=1.057+
0.023 [11].

IX. RESULTS

In this section, we describe the following main mea-
surements performed in this analysis:

(i) Measurement of the B meson PFRs (f,/f, and

fs/fa), using the open-charm decays B — 7+t D,
B’ - ztD~, and BY - 7t D;.

(i) Measurement of the relative PFR (R, and RY)
using the charmonium decays B* — J/wKT,
B° - J/wK*°, and B® — J/ywK*.

(iii) Measurement of f,/f, in both open-charm and
charmonium channels without the assumption of
isospin invariance.

(iv) Measurement of the normalization factors needed
for translation of the R? and R, values to the
corresponding PFRs.

In the open-charm decay channels, the PFRs f,/f, and
fs/faq are directly measured using the theoretical calcu-
lations of the ratio of the open-charm branching fractions
for the B® and B? mesons, as discussed in Sec. IV. For the
charmonium decay channels, the relative production frac-
tion ratios R¢ and R, are measured to determine the trend
of the PFRs in py or |y| with an improved statistical
precision compared to previous analyses. The value of
fa/fu is also directly determined both in the open-charm
and charmonium channels to probe isospin invariance in B
meson production.

Finally, the results obtained from the probe-side category
in the charmonium channels are combined with those
derived from the open-charm channels. This combination
allows for the estimation of the absolute normalization of
the R? and R, values relative to f,/f, and f,/f,. The
normalization is derived using precise measurements of the
ratios of branching fractions from charmonium to open-
charm decays, which improve upon several world-average
values [32]. With this absolute normalization established on
the probe side, the PFRs are extracted from the charmo-
nium decays on the tag side. The details of which channels
are used for each measurement are summarized in Table IX.

In addition to measuring the PFRs versus pr and |y|, we
also determine average values, which come from averaging

TABLE IX. Summary of the channels employed in each
measurement of f,/f ., fs/fa» Rs» RY, fa/f. and in determining

the absolute normalizations for R, and R¢. The --- entries
indicate the channel is not included.
Charmonium

Measurements Open charm Probe Tag
fs/ftufs/fd Included
R,. R? e Included Included
falfu Included Included Included
R, R¢ norm. Included Included

the values in bins of p, using the inverse of the squared
uncertainties as weights. The statistical uncertainties for
each average are obtained by calculating the weighted
average using the statistical uncertainties only. The central
values of the averages come from the weighted average in
which the weights come from summing the statistical and
uncorrelated bin-by-bin systematic uncertainties in quad-
rature. The global uncertainty is added, in quadrature, to the
uncertainty of this result to obtain the total uncertainty. The
systematic uncertainty is obtained by subtracting, in quad-
rature, the statistical uncertainty from the total uncertainty.
Angle brackets are used to indicate an average in a p range
where a pt dependence is expected.

A. Measurement of B meson PFRs using open-charm
decays

The measured PFRs, f,/f, and f,/f, are shown as
functions of pr and |y| in Fig. 5. For each measured PFR,
hypotheses regarding both a linear dependence and no
dependence on the B meson kinematics are tested. The
results indicate that there is no evidence of a linear
dependence of the PFRs on either pr or |y| within the
range of this measurement.

The averages over the full reconstructed kinematic range
of 8 < ppr <60 GeV and |y| <2.25 from the PFR pr
values are

(fs/fa) = 0.219 £ 0.008(stat) + 0.014(syst),
(fs/fu) =0.218 £ 0.008(stat) £ 0.015(syst).

Due to the previously observed low-pr trend in the PFRs
[5,7], any values of f,/f; or f,/f, obtained from
integrating over the full pr range are considered to be
effective values. However, the trend of the PFRs in the |y
distribution remains unaffected, as the |y| distributions are
not correlated with the pp distributions within the kin-
ematic range of this study.

The recent CMS study of B meson PFRs in charmonium
decays [7] showed that there exists a pt dependence of
fs/fu and f,/f, at low p;, followed by a plateau for
pt 2 18 GeV. The present measurement does not have
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FIG. 5. The production fraction ratios f/f, (upper row) and f,/f, (lower row) as functions of pr (left column) and |y| (right

column), measured using open-charm decays. The vertical error bars show the combined statistical and bin-to-bin uncorrelated
systematic uncertainty. The global uncertainties are not included. The red line is the average over the full reconstructed kinematic range,
and the blue dashed line is the linear fit result. The y2/ndof values for the constant fit and linear fit are given. Parameters inside angle
brackets are averages over pp where the absolute normalization may be affected by the pr dependence.

sufficient precision to probe the low-pt dependence
because of the lower event count in the relevant pr bins
compared to the charmonium decay mode of the previous
CMS study, which is based on a larger dataset collected
with regular triggers. However, in the high-pr region,
where the PFRs are observed to be independent of B
meson kinematics, they can be measured with high
precision. The average over the pt > 18 GeV region
yields

fs/fa=10.215+0.010(stat
fs/fu =0.218 £ 0.009(stat

) £+ 0.014(syst),
) £+ 0.016(syst).

The measured high-pr value of f,/f,; is within one
standard deviation of the corresponding LEP measure-
ment of f,/f;=0249+£0.023 [48] at high pt
(around 40 GeV).

B. Measurement of R, and R¢ using
charmonium decays

The results of the measurements of R, and R¢ are
presented in bins of py and |y| in Fig. 6 for both tag- and
probe-side categories. While the measured R, and R?
values do not exhibit any statistically significant depend-
ence on either pr or |y|, they are consistent within the
uncertainties with the p; dependence at low py, followed
by a flat high-py trend in both R, and R¢ observed in
earlier analyses [4,7].

C. Measurement of f;/f, using both the open-charm
and charmonium decays

The measured values of f,;/f, obtained from Eq. (2) for
the open-charm analysis and Eq. (6) for the charmonium
analysis are presented as functions of p and |y| in Fig. 7.
The results from each of the three analyses are consistent
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FIG. 6. The relative production fraction ratios R (upper row) and R¢ (lower row) as functions of pr (left column) and |y| (right
column), measured using charmonium decays. For comparison, the recent CMS [7] and LHCb [4] measurements are also presented. The
error bars include both statistical and bin-to-bin uncorrelated systematic uncertainties. Values enclosed in angle brackets represent
averages over pr, where the absolute normalization may be affected by the pr dependence.

with each other and show no dependence on pr or |y|. The
results are also consistent with a previous CMS analysis
[7], which covered the range of 12 < pt < 70 GeV and
ly| < 2.4. The average values are calculated to be

fa/fu(open charm) = 0.946 + 0.016 + 0.055,
fa/ fu(charmonium, tag) = 0.965 + 0.002 + 0.047,
fa/ fu(charmonium, probe) = 0.949 + 0.019 + 0.047,

where the first and second uncertainties are statistical and
systematic, respectively.

We calculate a weighted average of the open-charm and
charmonium f,/f, values, accounting for correlations
within each analysis, including systematic uncertainties
from external inputs and the BDT, as well as correlations
between the two analyses, such as the uncertainties from
the tracking efficiency and r*°. The combined f,/f,
value is

fa/fu=0.956 £0.043.

The f,/f, value is compatible with unity within a 5%
precision, consistent with isospin invariance in B meson
production at hadron colliders. Figure 8 summarizes the
CMS f,/f,. measurements across decay channels, with the
uncertainties including significant contributions from
common systematic uncertainties.

We also measure f,/f, for particles and antiparticles
separately. Combining the results from the open charm and
both charmonium analyses, we obtain

fa+/fg = 0.947 £0.044,
fa-/fp = 0.957 £0.044.

Taking the ratio of the two ratios returns 0.989 + 0.015,
where the uncertainty does not include any global system-
atic uncertainties as they cancel out in this double ratio.

D. Measurement of B branching fractions

The ratio of the efficiency-corrected yields between the
charmonium and open-charm decays corresponds to the
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FIG.7. The production fraction ratios f,/ f, as functions of pr

(left) and |y| (right) measured using both the open-charm and
charmonium decays, without an assumption of isospin invari-
ance. The error bars include both statistical and bin-to-bin
uncorrelated systematic uncertainties. The global uncertainties
of 5.7% for the open-charm analysis and 4.8% for both
charmonium analyses are not shown.

ratio of the branching fractions of the charmonium to open-
charm decays. We use the probe-side charmonium sample
to minimize bias from the triggers and match the prg
binning of the open-charm sample to that of the probe-
side charmonium sample to remove the effect of any pr
dependence. The weighted averages of the ratios of the
corrected yields in the pr bins are used to extract the ratios
of the branching fractions:

B(B* = J/wK") Neow(B™ = J/w(u*p )K")

B(Bt = ztD%)  New(BT =z DY(K*z7))
B(D° - K*r™)
o =2 —0.213+0.007,
B(J/w = p'u”)
(7)

CMS ‘
Open charm _._ 0.946 + 0.057
Charmonium (tag) _._ 0.965 + 0.047
Charmonium (probe) _._ 0.949 + 0.051
Combined _._ 0.956 + 0.043
PRL131(2023)121901 ___ 0.998 + 0.063
. i .

08 09 1 11 12 13
£/,

FIG. 8. Comparison of the f,/f, measurements across differ-
ent channels. The “combined” value, shown above the black
dashed line, is obtained from a combined )(2 fit of the measure-
ments from two statistically independent channels: the open
charm and tag-side charmonium. Additionally, the plot presents
the previous CMS result [7] for comparison. The blue dashed line
at unity corresponds to f; = f,.

B(BY = J/w$)  Neow(BY = J/w(uu”)p(KTK™))

B(BY - n7D7)  Neou(B? = " D5 (x~ (KT K7)))
B(D; — n~¢)
——————=10.354 £ 0.019,
. B(J/w = pru)
(8)

B(B® = J/yK*°)

~ Neow(B® = J/w(u' 'y )K*(K27))
B(B" - ztD™)

Neow(B® = 27D~ (K2~ 7n7))
" B(D~ - Ktnz7)
B(K* — K*a")B(J /y — p*p”)
— 0.468 + 0.021, (9)

where the results in Egs. (8) and (9) have been corrected to
remove the S-wave contributions in the mass ranges used to
select the ¢ and K** decays, respectively. The S-wave
contributions are estimated as (1.0 &+ 0.2)% for Eq. (8) [5]
and (2.2 £ 0.2)% for Eq. (9), with the latter obtained from
considering the K*(892)? and K;(700) contributions in the
model of Ref. [35], including the uncertainty from varying
these two fit fractions. The uncertainties in Eqgs. (7)-(9)
include both statistical and systematic components. The
global uncertainties included are those from the branching
fractions appearing in Egs. (7)—(9), the BDT performance
and B nonresonant component subtraction (Table VII),
and a 2.1% tracking efficiency uncertainty. While each
branching fraction ratio measurement consists of the same
number of charged particles in the numerator and the
denominator, two of the charged particles are muons for the
charmonium channels while all of the charged particles are
hadrons for the open-charm channels. This leads to only a
partial cancellation of the tracking efficiency uncertainty
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and the value of 2.1% is selected as the midpoint between
full cancellation and no cancellation.

Our measured branching fraction ratios are consistent
with the world-average values of B(Bt — J/wK"')/
B(BT — ztD%) = 0.221 + 0.006, B(BY — J/wep)/
B(BY - 2t D;) = 0.346 + 0.021, and B(B® - J/yK*?)/
B(B® - ztD7) = 0.496 £ 0.025 [32], with similar
precision.

E. Measurement of the normalization for the
efficiency-corrected yield ratios R

The branching fractions measured in Egs. (7)—(9) can be
used to extract the factors necessary to translate R, and R¢

to the absolute PFRs, f,/f, and f,/f;. These
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FIG. 9. The R¢ and R, values measured in the charmonium
analysis, converted to f,/f, (upper)and f,/f, (lower) using the
normalization factors ¢y, and cy,, respectively. The error bars
include both statistical and bin-to-bin uncorrelated systematic
uncertainties. For comparison, PFR measurements from the open-
charm analysis, LEP [48], and CMS [7] (converted to f,/f,
using c,,,) are overlaid, along with the py trend of f/f, observed
by LHCb [5] with its uncertainties displayed as the gray band.
The f,/fs (fs/f.) global uncertainties are 6.3% (7.4%) for the
open-charm channel and 8.4% (8.9%) for both the charmonium
channel and the previous CMS result.

normalization factors, c¢,; and c,,, are calculated as

¢sa = (fs/f4)(open-charm)/R¢(charmonium)
Vsl frzpe 1
PVl £ v NN
" B(BY - ztD") B(D~ - Ktn n7)
B(B® - K*D™)B(Dy - n=¢)B(¢p - KTK")
 Ne(BY = 2 D2 (- g(K*K)))
Neoe (B = J [y (™ )p(KTK™))
N
X

corn(B” = J/y (" pw )K*(K*z))
Neow(B® = 27D~ (K2~ 7n7))
|Vus|2 f%{ p |1

PV al? 2 T NoNp
y B(B® - z"D7) B(K** - K*z™)
B(B" - K*D~) B(¢ » KTK")

(10)

¢su = (fs/f.)(open-charm) /R (charmonium)
|Vus|2f%( Tpo 1
s |Vud|2f_72raNaNF
B(B* — ntD°) B(D® - K*n™)
B(B" - K'D")B(D; — n¢)B(p — KTK~)
 Newn(BY = D7 (- g(KK)))
Neon(BY = J/w(u™u™)p(K*K™))
Neow(B* = J/y (' )K™)
Neow(BT = 2 DY(K*77))
|Vus|2f%(730 1
P Vil f% 750 NN
B(B* — ™ D°) 1
B(B" - K*D™)B(¢p - KTK")
B(BY - ztD;) B(B* = J/wK™")
B(BY —» J/w¢) B(B* - atD°) "’

X

X
X

(11)

where the branching fractions from the last line of each
equation are obtained from Eqgs. (7)-(9), while the branch-
ing fractions in the next-to-last line of each equation are
from Ref. [32] and reproduced in Table II. The results are

¢y = 1.64£0.14,
o = 2.02£0.18.

The uncertainties include both statistical and systematic
components. The global uncertainties included in the
calculation of Egs. (7)—(9) are included except for those
from B(J/w — utu~), B(¢p » KTK™), and the tracking
efficiency, as these all cancel out. Additional global
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FIG. 10. Comparison of the f,/f, measurements at high pr
(pr > 18 GeV) across different channels. The blue dashed line
and shaded band represent the LEP measurement and its
uncertainty [48], respectively, included for comparison. The
R values obtained in the charmonium analysis in the tag-side
category and the previous CMS measurement [7] are converted to
fs/f. using the normalization factor cy,.

uncertainties associated with all of the values on the two
next-to-last lines of each equation are also included.

The R values obtained in the tag-side charmonium
analysis, as well as in an earlier CMS charmonium analysis
[7], are converted to f,/f, and f,/f, using these nor-
malization factors and are compared in Fig. 9 with the
open-charm results, the LHCb [5] linear fit function, and
the LEP high-pt value [48]. The measured PFR values
fs/fq and f,/f, are consistent with previous measure-
ments from LHCb, CMS, and LEP, including the observed
pr dependence at low py. The converted PFR measure-
ments from the charmonium analysis for the tag-side
category over the full reconstructed kinematic range yield
(fs/fa) =0216+0.018 and (f,/f,) = 0.223 + 0.020.
Restricting to the region of pr > 18 GeV, where the
PFRs are observed to be independent of B meson
kinematics, gives fs/fa=0.217£0.019 and
fs/fu =0.226 £ 0.020. Figure 10 provides a summary
of CMS f,/f, measurements in the high-pr region, with
the uncertainties dominated by systematic effects that are
common to all measurements.

X. SUMMARY

In summary, the relative production fractions of B+, BY,
and B? mesons have been measured in proton-proton
collisions at /s = 13 TeV using a special dataset recorded
in 2018 with the CMS experiment at the LHC, correspond-
ing to an integrated luminosity of 41.6 fb~!. This dataset,
collected with high-rate triggers, provided an unprec-
edented unbiased sample of 10'° 5 hadrons.

The production fraction ratios f,/f 4 fs/fu> and fq/f.
were measured as functions of B meson transverse momen-
tum and absolute rapidity in the range of 8§ < pr < 60 GeV
and |y| < 2.25 using the corrected yield of open-charm
decays combined with known branching fractions and

precise theoretical calculations. These ratios were also
measured in the charmonium decay channels, with the
normalization of f,/f; and f,/f, in these channels
obtained from the open-charm results. These normalization
factors were extracted as a double ratio of the decay modes,
thereby canceling any potential pt dependence of the
production fraction ratios. This makes these quantities
universal constants that can be applied to any charmonium
analysis.

In addition to measuring the production fraction ratios as
a function of the B meson kinematics, we also reported
average values of these quantities, with the f,/f, result
being a test of isospin invariance of B meson production.
The measurements were also used to extract B, BY, and B°
branching fraction ratios of open-charm decays to charmo-
nium decays, with precision similar to the current world-
average values.
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