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Nuclear medium effects on B* meson production are studied using the binary-collision scaled
cross section ratio between events of different charged-particle multiplicities from proton-lead collisions.
Data, collected by the CMS experiment in 2016 at a nucleon-nucleon center-of-mass energy of
/S = 8.16 TeV, corresponding to an integrated luminosity of 175 nb~!, were used. The scaling

factors in the ratio are determined using a novel approach based on the Z — y~u™ cross sections measured
in the same events. The scaled ratio for B* is consistent with unity for all event multiplicities, putting
stringent constraints on nuclear modification for heavy flavor.
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In the presence of extreme density and temperature,
quantum chromodynamics (QCD) predicts the transition of
nuclear matter into a new state, called quark-gluon plasma
(QGP) [1,2]. In this state, quarks and gluons, normally
confined within particles such as protons and neutrons, are
no longer bound and can move over distances exceeding
nucleonic scales.

Evidence for QGP formation came initially from heavy
ion collisions, showing particle correlations consistent with
the creation of an almost perfect fluid and differences in
particle yields compared to expectations based on scaling
proton-proton (p p) collision results by the number of binary
collisions in the larger system [3—5]. The conditions needed
for QGP formation were not expected to exist in collisions
of smaller systems. However, long-range correlations,
similar to those found in large system collisions, have
now also been observed for a number of smaller systems,
including proton-lead (pPb) [6—-19] and even pp collisions
[20-27]. These small system results have led to the
suggestion of the creation of quark-gluon droplets, although
alternative mechanisms have also been suggested [28-30].
Further studies are needed to establish the mechanism
responsible for the small system observations.

Heavy quarks, such as ¢ and b quarks, are invaluable
tools for studying QGP [31,32]. Produced early in the
collision, they experience the entire lifetime of the medium,
allowing them to probe the media properties throughout its
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evolution. Their large mass minimizes distortions arising
from final-state interactions with other particles.
Additionally, well-understood perturbative QCD enables
precise calculations of their initial production rates. By
studying how the medium affects heavy quarks, for exam-
ple, in terms of energy loss and fragmentation modification,
the properties of the medium can be determined. Evidence
for collective effects involving charm and beauty hadrons in
small systems has been observed [16,26,30,33]. However,
the rapidity dependence of collective effects for beauty
hadrons remains poorly constrained [34].

This Letter reports the measurement of the B™ meson
differential cross sections for different charged-particle
multiplicity (as defined later) classes of pPb collision data
at a nucleon-nucleon center-of-mass energy of /sy =
8.16 TeV, recorded by the CMS detector at the CERN LHC
in 2016. The event sample corresponds to an integrated
luminosity of 175 nb~!. A new observable, Ry, is intro-
duced. It is defined as the ratio of cross sections for events at
high multiplicity to those at low multiplicity, scaled by the
corresponding number of binary collisions in two multi-
plicity bins. This observable is used to characterize the
nuclear medium effects in the heavy flavor sector. The
original feature of this work is the experimental derivation of
the scaling factors appearing in the Ry value using the
measured Z boson production cross sections from the same
events. Conceptually, this new observable is similar to the
Rcp (“central-to-peripheral”) ratio previously reported in the
literature [35-37]. However, it presents the distinct advan-
tage to allow the characterization of nuclear medium effects
to rely entirely on data. Biases in production processes are
independent of multiplicity bins and cancel out in the double
ratio. This allows the double ratio to reveal any medium-
induced bias in B events. Throughout this Letter, charge-
conjugate modes are implied unless explicitly noted.
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The measurement is based on the exclusive decay channel
B* — J/wK™, where the J/w(1S) meson decays to a pair
of oppositely charged muons. The measured inclusive cross
section is compared to fixed-order next-to-leading logarith-
mic (FONLL) calculations [38-40]. Tabulated results are
provided in the HEPData record for this analysis [41].

The CMS apparatus [42] is a multipurpose, nearly
hermetic detector, designed to trigger on [43,44] and
identify electrons, muons, photons, and (charged and
neutral) hadrons [45-47]. A global “particle-flow” algo-
rithm [48] aims to reconstruct all individual particles in an
event, combining information provided by the all-silicon
inner tracker and by the crystal electromagnetic and brass-
scintillator hadron calorimeters, operating inside a 3.8 T
superconducting solenoid, with data from the gas-ionization
muon detectors embedded in the flux-return yoke outside
the solenoid. The reconstructed particles are used to build 7
leptons, jets, and missing transverse momentum [49-51].
The forward hadron (HF) calorimeter uses steel as absorber
and quartz fibers as the sensitive material. The two halves of
the HF are located 11.2 m from the interaction region, one
on each end, and together they provide coverage in the
pseudorapidity range 3.0 < || < 5.2. They also serve as
luminosity monitors. Events are filtered using a two-tiered
trigger system [44]. The first level (L1), composed of
custom hardware processors, uses information from the
calorimeters and muon detectors [43]. The second level,
known as the high-level trigger, 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 around 1 kHz before data storage [44].

The events are selected with an L1 trigger algorithm
requiring the presence of two muon candidates, with no
explicit momentum threshold. For the off-line analysis,
events must pass a set of selection criteria designed to
reject background events (from beam-gas collisions), as
described in Ref. [52]. Events are required to have at least
one reconstructed primary interaction vertex (PV), formed
by two or more tracks, with a distance from the center of
the nominal interaction region of less than 25 cm along the
beam direction and 0.2 cm in the plane transverse to the
beam direction. In order to select inelastic hadronic
collisions, the pPb events are also required to have at
least one tower in each of the HF detectors with energy
deposits of more than 3 GeV.

The muons used to reconstruct the J/y(1S) meson
candidates must satisfy the “soft-muon” identification
requirements [46] and the following kinematic constraints:
the transverse momentum py > 3.4 GeV for || < 0.3,
pr > 3.3 GeV for 0.3 < || < 1.1, pr > (5.5 = 2|5|) GeV
for 1.1 < |p| < 2.1, and pr > 1.3 GeV in the 2.1 < || <
2.4 region. The muon candidates are combined in opposite-
charge pairs to form the J/y candidates, which are retained
in the analysis if they have an invariant mass between 2.9
and 3.3 GeV and an absolute rapidity (|y|) less than 2.4.

The estimate of the p value of the fit (sometimes referred to
as y> probability) of both muons coming from the same
vertex must be greater than 1%.

BT mesons are reconstructed by combining a J/y
candidate (from two muons) with a single “high-purity”
track [47] with at least 11 hits (including both strip and
pixel hits), pr relative uncertainty less than 10%, || < 2.4,
and pr > 1 GeV. The two muons and the track are fit
together, assuming they originate from a common vertex
(BT meson decay point) and constraining the dimuon
invariant mass to the J/w meson world-average mass
[53]. The K™ mass [53] is assigned to the single track.
The PV is redefined excluding the tracks of the BT meson
candidates, then the BT meson decay length is computed as
the distance between the PV and the B™ decay vertex. The
analysis is restricted to B™ mesons in the phase space
window of 3 < pr < 50 GeV and |y| < 1.8, with a decay
length greater than 7 times its uncertainty, and a p value of
the vertex fit greater than 7%. If there is more than one B™
meson candidate in an event, the candidate with the highest
p value of the vertex fit is selected.

The selection criteria described above are optimized
using Monte Carlo simulated samples, which are also
used to evaluate the detection efficiency and the shapes of
the invariant mass distributions of background compo-
nents. The simulations include signal events of Bt —
J/wK* decays and background events from other b
hadron decay chains that involve J/y mesons in the final
state. Events are generated with PYTHIA 8.212 [54], which
handles the production and hadronization steps. The EvtGen

1.5 package [55] is used to simulate the decay of the b and ¢
hadrons, whereas PHOTOS 215.5 [56] is used for the final-
state radiation modeling. The impact of the CMS detector
on the generated events, including the trigger and
reconstruction steps, is simulated with the Geant4 package
[57], using algorithms identical to those used in the
processing of data. Each PYTHIA event is embedded into
a simulated pPb collision event generated with EPOS LHC
1.99 [58], which is tuned to reproduce global event
properties, such as the charged-hadron pt spectrum and
particle multiplicity [52].

The event-by-event charged-particle multiplicity is
defined using tracks originating from the PV, which must
be of high purity and satisfy the following criteria: the
impact parameter significance [d/c(d)] measured with
respect to the PV must be less than 3, both along
[d,/o(d,)], and transverse [dy/c(dr)] to the beam direc-
tion, and the relative py uncertainty o(pr)/pr must be less
than 10%. To ensure high tracking efficiency and to reduce
the rate of misreconstructed tracks, the requirements |57| <
2.4 and pt > 0.4 GeV must be satisfied. The quantity N,
is the corresponding multiplicity corrected for detector and
algorithm inefficiencies in the same kinematic region.
Events are divided into classes based on N,. The fraction
of the total sample found in each multiplicity interval and
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TABLE 1.  Fraction of the full event sample that contains a B*
meson candidate in each multiplicity class, and corrected multi-
plicity for charged particles with |y| < 2.4 and pr > 0.4 GeV.
Systematic uncertainties are given for the corrected multiplicities,
while statistical uncertainties are negligible.

Multiplicity class Fraction (%) (Nen)

2 <Ny <250 100.0 102 £2
2 <Ny < 60 19.5 4341
60 < Ny < 85 21.1 73+£2
85 <N, < 110 20.4 97 £2
110 < Ny, < 250 39.1 149 +4

the average number of tracks after accounting for the
corrections are listed in Table I. The uncertainty in the
average value is 2.4%, coming from tracking efficiency
uncertainties [59].

The differential cross section for the B* meson produc-
tion is defined as

do _1 1 N(pr) (1)
dpy 2Apy eBL

where N(pr) is the measured yield of the B meson in a
given pt bin, obtained from a maximum likelihood fit;
Apr is the corresponding bin width; and B is the product
of the world-average values for the B™ — J/wK" and
J/w(18) - ptu~ branching fractions (1.026 £0.031) x
107 and (5.961 +0.033) x 1072 [53], respectively. The
factor of 2 in the denominator reflects the choice used to
quote the cross section for a single charge (taken to be the
B™), whereas N(pr) includes both charge states. Also, € is
the total efficiency to reconstruct BT meson candidates,
calculated for each bin, and £ is the integrated luminosity.

The reconstructed Bt meson yields are obtained
by performing an unbinned maximum likelihood fit to
the J/yw(1S)K™" invariant mass distribution. Results are
obtained for six pt bins (see Table 1 in Supplemental
Material [60] for the binning definition) of four N,
classes, with ranges from 2-60 to 110-250, defined so
as to keep a similar total event fraction in each class as
shown in Table I. In total, 24 fits are performed. Figure 1
shows the J/w(1S)K™ invariant mass distributions in the
inclusive pt range 3-50 GeV for two N, classes.

On the basis of studies with simulated samples, the signal
peak (red curve) is modeled with the sum of two Gaussian
probability density functions with a common mean and
independent widths. The common mean is a free parameter
in the fit, while the widths and their relative fraction are
estimated from simulation and fixed in the fit. The under-
lying combinatorial background is fit with an exponential
distribution (green dashed curve). The J/y(1S)K* sample
includes a background contribution from events where the
BT meson decays to J /w KX, where X is not reconstructed
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FIG. 1. Reconstructed J/w(1S)K™" invariant mass distributions
for Bt meson candidates with 3 < pr < 50 GeV, in events with
2 < Ny, < 60 (upper) or 110 < N, < 250 (lower). The result of
the fit described in the text is also shown.

and represents a 7° or charged light hadrons. This con-

tribution is described by an error function (cyan area), where
the two shape parameters are fixed from simulation.
Detection efficiencies ¢ are needed to convert the signal
event yields, obtained from the fits illustrated in Fig. 1, to
cross sections. They are evaluated using the simulated event
samples, reflecting the detector acceptance, as well as the
trigger and reconstruction steps. In each multiplicity and py
bin, the efficiency is calculated as the ratio of events that
fire the trigger, are successfully reconstructed by the
detector simulation, and satisfy our selection criteria, to
the total number of generated Bt mesons within the
specified phase space region 3 < pr(B") < 50 GeV and
ly(B*)| < 1.8. It ranges from 0.1% for pp(B+) =5 GeV
to 45% for 30 < pp(B*) <50 GeV. In addition to effi-
ciencies derived from simulation, corrections for discrep-
ancies between data and simulated events are applied.
These corrections were derived from J/y meson events in
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pPb collisions, using a tag-and-probe technique as
described in Ref. [61].

Systematic uncertainties affect the determination of the
signal yields and the evaluation of the efficiency [see
Eq. (1)]. The uncertainties affecting the signal yields are
evaluated by repeating the fits of the mass distributions with
alternative models and computing the difference with
respect to the nominal results. Three main variations of
the fit model are independently considered. First, the signal
model uncertainty is assessed by leaving free the mean
and widths of the double-Gaussian function in the fit.
Additionally, alternative models, like Johnson Sy distribu-
tion [62] and Student’s ¢ distribution [63], are considered.
The maximum deviation in measured yields from their
nominal value is regarded as a systematic uncertainty.
Second, the combinatorial background is represented by
a Chebyshev polynomial instead of an exponential function.
Finally, the uncertainty arising from the description of the
partially reconstructed background is quantified by allowing
the error function parameters to vary freely in the fit. The fit
procedure is verified to provide unbiased results for both the
central values and the uncertainties, through a study of 1000
event samples, randomly generated using the nominal
likelihood probability distribution functions and fit param-
eters. The systematic uncertainties in the signal yields,
amounting to up to 4% in one of the pr bins, are dominated
by the signal modeling. The systematic uncertainty in the
efficiency ranges from 0.6% to 1.6% depending on pr,
reflecting the statistical precision in the simulated event
samples. The uncertainty in the efficiency of the muon
trigger, reconstruction, and identification is evaluated using
a tag-and-probe technique. The data-to-simulation scale
factors are employed to determine the nominal efficiency,
while their associated uncertainties are propagated to the
systematic uncertainty by varying coherently the scale
factors. The difference in track reconstruction efficiency
between data and simulation, estimated by the method in
Ref. [59], results in a 2.4% uncertainty common to all pr
and N, classes. Residual differences between N, and the
generator-level charged-particle multiplicity distributions
are observed in the simulation, resulting in a systematic
uncertainty in the range 1.3%-19.2%, depending on the
multiplicity class. In addition, a global systematic uncer-
tainty is assigned to account for the uncertainties in the
integrated luminosity value (3.5% [64]) and in the B™
meson branching fraction (3.1% [53]).

The total systematic uncertainties are computed as the
sum in quadrature of the individual contributions. They
range between 2.8% and 14.5% for the differential cross
section measurements, while statistical uncertainties are in
the range 3.6%—-11.0%. All systematic uncertainties are
assumed to be uncorrelated between multiplicity classes.

The differential cross section measurements and its
statistical and systematic uncertainties for the phase space
region 3 < pr(BT) <50 GeV and |y(B")| < 1.8 are
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FIG. 2. Upper: B" differential cross section in pr bins. Vertical
bars (boxes) represent the statistical (systematic) uncertainties.
The global systematic uncertainty, not included in the data points,
comprises the uncertainties in the integrated luminosity meas-
urement and the BT meson branching fraction. Results are
compared to FONLL calculations, scaled by A(= 208), the mass
number of Pb, to account for the number of binary nucleon-
nucleon collisions [65]. The yellow boxes represent the theo-
retical uncertainties from FONLL calculations [38—40]. Lower:
BT differential cross section shown in pr bins divided into
classes of N,. For better visibility, data points are scaled by a
factor of 2 (blue), 4 (magenta), or 8 (red). Vertical bars represent
total uncertainties.

displayed in Fig. 2 (upper). The scaled pp FONLL
predictions [38—40] are also shown. The theoretical cross
sections are obtained by scaling the FONLL total b quark
production by the world-average B* production fraction of
40.2% [53]. The predictions are scaled by the mass number
of the Pb nucleus (A = 208) to consider the number of
binary nucleon-nucleon collisions. The uncertainties in the
FONLL calculations include the effects from the renorm-
alization and factorization scales, the mass of the b quark,
and the uncertainties in the proton parton distribution
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functions (providing the largest contribution) [38—40]. The
theoretical predictions are in agreement with the inclusive
measurement. Figure 2 (lower) shows the differential cross
section in pr bins divided into classes of charged-particle
multiplicity.

The effect of the nuclear medium on B* meson pro-
duction is examined through the Ry variable conceptually
defined as

(Neot)liow (d0/dPT) high
(Neo) lhigh (d6/dp1)liow

(2)

Ry =

where (N;) is the average number of incoherent nucleon-
nucleon collisions in the events of a certain multiplicity
class, and do/dpy is the differential cross section as a
function of the pt at high (numerator) or low (denominator)
multiplicity. The production of Z bosons is expected to
scale with the number of binary collisions and be void of
any final-state medium effects; thus, the ratio of Z boson
cross section in the same high- and low-multiplicity event
classes provides experimental means to determine the
scaling factor of Eq. (2). The experimental equivalent of
Eq. (2) can be expressed as

Ry = (d53+/dp"[‘)|high/ (dGZ/dPT)‘high (3)

(dUB+/de)|low (do-z/deHlow ’

with do/dpr for the Z bosons measured from the same pPb
dataset. The Z boson reconstruction, selection requirements,
and signal extraction are detailed in Ref. [66], while cross
sections results are shown in the Supplemental Material
[60]. The measurement of B nuclear modification Ry is
shown in the upper panel of Fig. 3 as a function of pt, while
the lower panel presents it as a function of the multiplicity
density for the full range of the BT meson transverse
momentum. The sources of systematic uncertainties for Ry,
are the same as those for the single cross sections. The
uncertainties in the double ratio are calculated by consid-
ering the correlations between the differential cross sections
computed in different multiplicity bins. The Ry results as a
function of pt and the charged-particle density are con-
sistent with unity at the current level of precision, providing
new constraints on possible presence of medium effects in
the collisions studied. To test the sensitivity of the Ry result
in the highest multiplicity bin (110-250), this bin was split
into two parts with similar numbers of events. The new
highest multiplicity bin, 140-250, yields Ry; = 1.045 £
0.066(stat) = 0.037(syst) at an average multiplicity of 174.
This result is also consistent with unity but with statistical
uncertainty 26% larger than the one in the measurement
using the multiplicity bin 110-250. The approach proposed
in this Letter can be used to study medium effects in other
types of collisions, and particularly in systems, where
unbiased determination of binary scaling by other means
is unreliable.
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FIG. 3. The Ry for BT in pr bins for the highest and lowest

multiplicity classes (upper) and in the full p range and as a
function of the multiplicity density (lower). The error bars
correspond to the statistical uncertainty, and the boxes represent
the sum in quadrature of systematic uncertainties.

In summary, the B™ meson differential production cross
sections have been measured as a function of the meson
transverse momentum in proton-lead collisions at a
nucleon-nucleon center-of-mass energy of 8.16 TeV. The
exclusive BT — J/wK™ decay channel was used to recon-
struct the B™ mesons. The fixed-order next-to-leading
logarithmic predictions are in agreement with the inclusive
measurement. The B cross section has been measured for
the first time in different classes of charged-particle
multiplicity in pPb collisions, revealing an expected rising
trend in the B production with increasing charged-particle
multiplicity.

The scaled ratio of B meson cross sections in high- to
low-multiplicity events were used to study nuclear medium
effects on heavy flavor production. The scaling factors,
characterizing the relative number of binary collisions
between event classes of different multiplicities, were
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obtained, for the first time, in a data-driven way from ratios
of the measured Z boson cross sections in the same events.
The observed ratios are consistent with unity within
uncertainties for all event selections studied, setting con-
straints on possible presence of medium effects in the B
meson production. The novel approach relying on the Z
boson measurements to extract the scaling factors provides
future opportunities for medium effect searches, particu-
larly in small collision systems.
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