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Bound states of charm and anticharm quarks, known as charmonia, have a rich spectroscopic structure
that can be used to probe the dynamics of hadron production in high-energy hadron collisions. Here, the
cross section ratio of excited (y(2S)) and ground state (J/y) vector mesons is measured as a function of
the charged-particle multiplicity in proton-lead (pPb) collisions at a center-of-mass (CM) energy per
nucleon pair of 8.16 TeV. The data corresponding to an integrated luminosity of 175 nb~! were collected
using the CMS detector. The ratio is measured separately for prompt and nonprompt charmonia in the
transverse momentum range 6.5 < pr <30 GeV and in four rapidity ranges spanning
—2.865 < ycm < 1.935. For the first time, a statistically significant multiplicity dependence of the prompt
cross section ratio is observed in proton-nucleus collisions. There is no clear rapidity dependence in the
ratio. The prompt measurements are compared with a theoretical model which includes interactions with
nearby particles during the evolution of the system. These results provide additional constraints on

hadronization models of heavy quarks in nuclear collisions.

DOLI: 10.1103/c9wp-5tq3

Quantum chromodynamics (QCD) is the theory describ-
ing the strong interaction between fundamental particles
having color charge, quarks, and gluons. The study of QCD
and its emergent properties, particularly at high energy and/
or parton density, is a major goal of nuclear physics [1-3].
Bound states of heavy quark-antiquark pairs, referred to as
quarkonia, are key experimental tools in this effort since
they are massive enough to enable the calculation of related
observables through perturbative methods, even at low
momenta [4].

Quarkonia production is affected by the presence of the
hot quark-gluon plasma (QGP) created in relativistic heavy
ion collisions [5—11]. The production time of heavy-flavor
quarks is shorter than the QGP formation time, making
them excellent probes of the QGP because they experience
the entire evolution of the system [12]. At energies
achieved by the CERN LHC, the primary influences on
quarkonium production within the QGP are medium color
screening, leading to quarkonium dissociation, along with
compensating effects that cause bound state regeneration
[13-19]. Furthermore, excited quarkonia states respond
differently to these effects as compared to more tightly
bound ground states.
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Small collision systems, such as proton-proton (pp) and
proton-ion (pA), provide baselines against which ion-ion
collisions can be compared. Measurements of these
small systems performed at the CERN SPS [20-24],
FNAL [25-27], HERA [28], the BNL RHIC [29-32],
and the LHC [33-44] revealed a notable suppression of
excited charmonia (y(2S)) and bottomonia (Y(2S),
T(3S)) mesons compared to their ground states J/y and
Y(1S). The observed suppression cannot be wholly attrib-
uted to the presence of initial-state effects related to nuclear
parton distribution functions (nPDFs) [45] or energy losses
caused by multiparticle scattering in cold nuclear matter
[46,47]. Consequently, these differences in ground and
excited state production motivate measurements that spe-
cifically probe the potential presence of final-state effects,
such as the hypothesized formation of a small amount of
QGP [48-50], in small collision systems.

The comover effect [51,52] is an alternative final-state
mechanism that may suppress the observed yields of
excited quarkonium states in small systems without the
need to generate a QGP medium. In this paradigm,
comoving particles that travel along with the quark-anti-
quark pair can interact with nascent quarkonia states,
leading to their dissociation. Excited states, with larger
radii and smaller binding energies, are more susceptible to
dissociation upon interaction with co-moving particles,
resulting in relative suppression of their yields compared
to ground state yields. The strength of this suppression is
predicted to be correlated with the number of comoving
particles and therefore, with the charged-particle
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multiplicity of the event. In pA collisions, more particles
are created at rapidities (y) closer to the outgoing ion
direction, resulting in a larger predicted comover suppres-
sion for quarkonia at these rapidities as compared to those
moving in the proton-going direction. This asymmetry
becomes more pronounced as the charged-particle multi-
plicity of the event increases [53].

Transport models involving the formation of a small
amount of QGP [54] and comover models [52] have
successfully explained aspects of the rapidity and multi-
plicity dependence of quarkonia suppression in various
collision systems [55-59]. However, large experimental
uncertainties have so far prevented definitive conclusions
regarding final-state effects in the charmonia sector for pA
collisions.

In this Letter, we present a measurement of the pro-
duction cross section ratio of y(2S5) to J/y mesons in pPb
collisions at a center-of-mass (CM) energy per nucleon pair
of 8.16 TeV, with proton and lead beam energies of 6.50
and 2.56 TeV per nucleon, respectively. The data corre-
sponding to an integrated luminosity of 175 nb=! were
collected using the CMS detector in 2016. Ground and
excited charmonium vector meson states J/y and y/(2S)
are reconstructed using the dimuon decay channel. The
ratio is measured for both prompt (directly produced via the
hadronization of a quark-antiquark pair from the earliest
stages of the collision) and nonprompt (originating from b
hadron decays) charmonia. The precision achieved in this
analysis allows for quantitative assessment of the charmo-
nium rapidity and charged-particle multiplicity depend-
ence, enabling stringent tests of hadronization models.

The cross section for a charmonium state having a
transverse momentum, pr, and rapidity, y, can be measured
using the relation o(pr,y) = N(pr,y)/[Le(pr,y)B],
where N(prp,y) is the number of signal candidates
extracted from a fit to the dimuon invariant mass, £ is
the integrated luminosity, B is the branching fraction for the
decay channel resulting in two muons [60], and € is the
efficiency associated with the charmonium reconstruction.
The observable of interest for this analysis is defined as the
cross section ratio of y(2S5) to J/y mesons for a selection
of events containing a multiplicity of charged particles,
Ny, normalized by the multiplicity-integrated cross section

ratio
RNorm. _ Oy(25) Z Oy (25) (1)
w(28)/J)w — 1w ) n, Z G—J/y/ )

where N, indicates a given charged-particle multiplicity
selection, and the sum is over all multiplicity bins. In [57],
the same observable is denoted as normalized 6,,(25)/0;/,,-
Notably, the factors related to the integrated luminosity,
branching fraction, and muon acceptance exactly cancel,
and many experimental uncertainties partially cancel in this
ratio. Initial-state effects related to nPDFs or other cold

nuclear matter effects almost fully cancel as well [52],
making this observable a clean probe of potential
final-state effects—a theoretically motivated expectation
that remains to be validated through experimental
confirmation.

The CMS detector [61,62] is a multipurpose, nearly
hermetic detector, designed to trigger on [63,64] and
identify electrons, muons, photons, and hadrons [65-67].
A global algorithm [68] aims to reconstruct all individual
particles in an event, combining information provided by
the all-silicon inner tracker and by the crystal electromag-
netic, and brass and 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 hadron
forward (HF) calorimeters, made of steel and quartz fibers,
extend the pseudorapidity coverage provided by the barrel
and endcap detectors.

Events of interest are selected using a two-tiered trigger
system. The first level, composed of custom hardware
processors, uses information from the calorimeters and
muon detectors to select events at a rate of around 100 kHz
within a fixed latency of about 4 ps [63]. 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 [64]. The
events used in this analysis were collected using a trigger at
first level requiring two muon candidates found in the
muon detectors [69].

The data were collected in two configurations, in which
the directions of the proton and lead beams were reversed.
We adopt the convention that the proton-going side of the
detector corresponds to positive rapidity values, regardless
of the beam directions. For pPb collisions, the CM
reference frame is not at rest with respect to the detector,
but rather is boosted in the direction of the outgoing proton
beam with a rapidity shift of 0.465 units. Results are
reported versus the charmonia rapidity in the CM reference
frame, ycy, Where y = youm + 0.465.

For the offline analysis, events have to pass a set of
selection criteria designed to reject background processes,
such as beam-gas collisions and beamscraping events [70].
Events are required to have at least one reconstructed
primary interaction vertex [67] with a distance from the
center of the nominal interaction region of less than 15 cm
along the beam direction and 2 cm in the plane transverse to
the beam direction. To select inelastic hadronic collisions,
events are also required to have at least one detector
element in each of the HF detectors with energy deposits
of more than 3 GeV, which is above the detector noise level.
In the pPb data sample, the average number of interactions
per bunch crossing, commonly referred to as “pileup,”
ranged from 0.10 to 0.25. A procedure similar to that
outlined in Refs. [71-73] is used to identify and reject
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pileup events, effectively removing approximately 3% of
the total events.

Muons of interest are required to pass the “soft” muon
selection and acceptance requirements described in
Ref. [69]. The J/y and y(2S) candidates are formed by
combining all possible oppositely-charged muon pairs
within a single event. The rapidity of the resulting candi-
dates in the laboratory reference frame must be |y;,| < 2.4.
Additionally, a vertex fit is performed on the muon pair, and
there must be a probability larger than 1% that the two
muons originate from a common vertex.

To measure the multiplicity dependence of the cross
section ratio, the total reconstructed charged-particle multi-
plicity (Nggl?e) is calculated in each event using tracks
passing the quality selection criteria described in Ref. [72].
In particular, tracks must fall in the kinematic ranges
7"k < 2.4 and pfak > 0.4 GeV. The NOine values
are corrected for detector inefficiencies and track misiden-
tification rates using Monte Carlo (MC) simulations, with
an average correction of around ~21%. The resulting
average number of tracks in each NOTin® range after

track

correction is denoted as Ni>:. To cancel residual uncer-

tainties related to the N{ 7. calculation, results are pre-
1 3 COIT. COIT.

sented as a function of the ratio N, /(N )\ o, where

(Neom )mp = 59.5 & 0.5 is the average corrected multiplic-
ity in an inclusive minimum bias (MB) sample. These MB
events are selected by requiring energy deposits exceeding
approximately 1 GeV in at least one of the two HF
calorimeters, and the presence of at least one track with
piak > 0.4 GeV in the pixel tracker. The multiplicity
selections used in this analysis, when listed in order of
increasing multiplicity, correspond to 48.3%, 18.2%,
13.6%, 9.1%, 5.4%, and 5.4% of the MB cross section.

Monte Carlo simulations are used to correct for dimuon
reconstruction inefficiency, as well as for parametrizing the
signal probability density function during signal extraction.
Separate MC simulations are used to model prompt and
nonprompt processes. The simulated events are generated
with PYTHIAS (v8.212) [74] tune CUETP8MI1 [75] and
EVTGEN (v1.3.0) [76] is used to model nonprompt decays.
The quantum electrodynamics final-state radiation is mod-
eled by pHOTOS (v3.56) [77] at leading order. Next, the
PYTHIA event is embedded in an underlying pPb collision
that is simulated with EPOS LHC (v3400) [78]. The events
are then processed through a detailed simulation of the
CMS detector using the GEANT4 [79] package. A separate
MC sample is created for each beam direction.

The MC samples are weighted to match the data
distributions that are most relevant for efficiency correc-
tions: those of Nofline " the pyr of the charmonium candi-
dates, and the z coordinate of the primary vertex. The
individual components of the muon reconstruction effi-
ciency (muon identification, selection, and triggering) are
measured using single muons from J/y meson decays in
both simulated and collision data with the “tag-and-probe”

(T&P) method [69,80]. The data-to-simulation ratios of
single-muon efficiencies obtained from the T&P method,
calculated as a function of muon pf. and pseudorapidity, 7,
are used as weights to fine-tune the dimuon efficiencies
obtained from simulation on an event-by-event basis.

Candidates are separated into two classes with an
enriched fraction of either prompt or nonprompt charmo-
nia, based on whether the dimuon secondary u*u~ vertex
displacement from the primary collision vertex falls below
(for prompt) or above (for nonprompt) a set threshold
determined from simulation. For each class, the yields of
J/w and w(2S) mesons are calculated by performing an
unbinned maximum likelihood fit of the dimuon invariant
mass distribution in the range 2.5 < m,+,- <4.3 GeV.
Cross-contamination between the two classes of
candidates is corrected using a method similar to that of
Refs. [33,34,36], with nonprompt contamination estimated
to be approximately 5% for J/yw and 8% for y(2S)
candidates, respectively. Details on the prompt and non-
prompt vector meson separation, the invariant mass fitting
procedure, and examples of invariant mass peaks are
provided in Appendix A.

The systematic uncertainty in the prompt and nonprompt
separation procedure is evaluated by calculating the differ-
ence between the prompt and nonprompt meson yields with
and without correction for residual contamination. It is
below 1 and 2% for the prompt and nonprompt double
ratios, respectively. The systematic uncertainty associated
with the invariant mass fitting procedure includes three
components: the choice of the signal function, variations of
MC-based fit constraints, and changes of the background
function. The total systematic uncertainties associated with
the fitting procedure on the double ratio remain below 1 and
2% for the prompt and nonprompt double ratio, respec-
tively, with details of the procedure provided in
Appendix A. The statistical uncertainties in the MC sample
used to calculate candidate reconstruction efficiencies are
propagated to the final result as systematic uncertainties
and amount to 0.5% in the prompt and 1% in the non-
prompt ratio, respectively. Finally, the systematic uncer-
tainty due to variations in the pileup filter [71,72] amounts
to 0.5%. Uncertainties associated with the muon trigger and
muon identification efficiencies, calculated with the T&P
method, are found to be negligible as a result of the
cancellation effect inherent in the normalized ratio observ-
able. Similarly, systematic uncertainties related to the
variation of the dimuon pr and NOire spectrum reweight-
ing functions are found to be negligible. Systematic
uncertainties from different sources are added in quadrature
to estimate the overall systematic uncertainty. When
evaluating the systematic uncertainties, variations are made
simultaneously for both J/y and w(2S) candidates to
ensure that correlations between the two are appropriately
taken into account. The total systematic uncertainty for the
inclusive ycy selection is 1-2 (2-4)% for prompt
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FIG. 1. The prompt (red circular points) and nonprompt (blue square points) normalized cross section ratio for —2.865 < ycy < —2

(the leftmost), —2 < ycom < —1 (center-left), —1 < ycoy < 1 (center-right), and 1 < ycy < 1.935 (the rightmost) in the range
6.5 < pr < 30 GeV. The black line with a gray band shows a model incorporating comover effects [52] for prompt charmonia.
Error bars represent statistical uncertainties, while boxes display systematic uncertainties.

(nonprompt) charmonia across all multiplicity ranges
studied, and extends up to 4 (8)% when examining prompt
(nonprompt) mesons in the highest multiplicity range and
the rapidity range —2.865 < ycpm < —2.

The normalized cross section ratios for charmonia in the
range 6.5 < pp < 30 GeV are reported in four ycy; ranges
as a function of normalized multiplicity in Fig. 1. The red
circular (blue square) points show the results for prompt
(nonprompt) charmonia. In all four rapidity ranges exam-
ined, a decreasing trend of the prompt cross section ratio is
observed, with values falling from around 1.3 at low
multiplicity to approximately 0.9 at high multiplicity.
This indicates that the charged-particle multiplicity of
the event is correlated with an increased tendency to
observe prompt charmonia in the ground state compared
to excited states. On the other hand, the ratio measurements
for nonprompt charmonia do not exhibit any strong
multiplicity dependence, and their values are largely con-
sistent with unity. These findings are consistent with
previous CMS measurements showing no nuclear modifi-
cation in b-hadron and b-jet production in pPb collisions
[81-83]. As nonprompt charmonia result from b hadron
decays that largely occur after the system has reached a
stage of reduced interactions with the surrounding envi-
ronment, this finding is consistent with the picture that the
observed suppression of prompt charmonia arises at an
early stage in the evolution of the system.

The data are compared to a prediction calculated using a
comover model described in Ref. [52], shown by the solid
black line, with the gray band representing the 10%
normalization uncertainty of the model. This uncertainty
is fully correlated across all panels in Fig. 1. The prediction
is calculated for prompt charmonia in the same ycy, pr,
and N /(NCo ) 1 ranges as the data. Comparison of this
model with the prompt data reveals reasonable agreement
in the rapidity range closest to the proton-going direction
(1 < yem < 1.935), with the data lying on the top edge of

the uncertainty band for the model. Although the shape of
the distribution seems to be well described in all rapidity
ranges, the co-mover model shows an increasing discrep-
ancy with the data as the rapidity selection gets closer to the
lead-going direction, i.e., more negative. The discrepancy
between data and model is never more than ~2 standard
deviations.

A comparison between the four different rapidity
ranges studied for the prompt data is shown in Fig. 2
(upper). No clear rapidity dependence of the cross section
ratio can be seen in the p range of 6.5-30 GeV. Thus, the
rapidity-dependent offset between the data and the co-
mover model prediction originates from the model over-
estimation of the rapidity dependence for this ratio,
presumably due to a larger comover density present in
the lead-going direction. This conclusion appears con-
sistent with previous multiplicity-inclusive measurements
of the rapidity dependence of charmonia production in
pPb collisions by the LHCb Collaboration [59], although
larger experimental uncertainties masked the effect. We
also note that the lack of rapidity dependence for this
observable implies that potential shifts in the effective
CM system rapidity, which could arise from correla-
tions between hard process dynamics and event multi-
plicity [84], appear to be small.

The co-mover model largely focuses on describing
charmonium dynamics at relatively low pr, so it is possible
that additional mechanisms related to high pt charmonium
formation, such as jet production, could explain the
differences between the data and model. To explore this
possibility, two additional measurements of the same
observable in the pt range 3-6.5 GeV are performed in
the rapidity ranges of —2.865 < ycy < —2and 1 < youm <
1.935 and are detailed in Appendix B. An indication of a
stronger rapidity dependence may be present for this lower
pr selection, but the experimental uncertainties prevent
definitive conclusions.
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FIG. 2. (upper) The prompt normalized cross section ratio

versus normalized event charged-particle multiplicity for four
different rapidity selections. The different sets of colored data
points have a slight horizontal offset applied for visual clarity.
(lower) The same observable for prompt (red circular points) and
nonprompt (blue square points) mesons when combining all four
rapidity selections into a single measurement. The black line with
a gray band shows a model incorporating co-mover effects [52]
for prompt charmonia. Error bars represent statistical uncertain-
ties, while boxes display systematic uncertainties.

Because of the lack of observed rapidity dependence for
high-pt charmonia, the four rapidity selections are merged
into a single measurement, shown in Fig. 2 (lower), to
probe the multiplicity dependence of the cross section ratio
as precisely as possible. To test a null hypothesis assuming
no multiplicity dependence, the agreement between the
prompt data and a constant-value fit was evaluated. When
accounting for bin-by-bin correlations between data points,
the null hypothesis is disfavored with a statistical signifi-
cance of 5.3 standard deviations. Thus, this measurement
constitutes the first observation of multiplicity dependence
of the cross section ratio for charmonia produced in pA
collisions. The null hypothesis is only disfavored by 2.1
standard deviations when the same procedure is applied to
the nonprompt data.

Given that initial-state effects almost completely cancel
in the normalized cross section ratio, the prompt measure-
ments provide a clear indication of the presence of
multiplicity-dependent final-state modifications to excited
charmonium production. Furthermore, the lack of multi-
plicity dependence for the nonprompt data indicates that
this final-state effect occurs relatively early in the evolution
of the system. The comover effect is one such mechanism
that naturally explains these properties of the cross section
ratio, and it appears to qualitatively describe the data
well [52]. However, other explanations, e.g., the formation
of a small amount of QGP in pPb collisions, are also
possible. Future comparisons with models incorporating
QGP effects, e.g., Ref. [54], could test if this alternative
mechanism produces the correct multiplicity and rapidity
dependence of the cross section ratio, potentially yielding
insights into which of these two final-state mechanisms is
more likely to occur. Tabulated results are provided in the
HEPData record for this analysis [85].

In summary, this Letter presents a measurement of the
normalized production cross section ratio of y(2S) over
J/y mesons as a function of charged-particle multiplicity
in proton-lead collisions at a center-of-mass energy per
nucleon pair of 8.16 TeV with a data sample collected with
the CMS detector. The ratio is measured for both prompt
and nonprompt y(2S) and J/y mesons separately. For the
first time in proton-ion collisions, a statistically significant
multiplicity-dependent modification of the ratio is observed
for prompt charmonia, indicating a decreasing trend with
increasing multiplicity. The ratio of the nonprompt cross
sections shows no dependency on the multiplicity. No
appreciable rapidity dependence is observed within the
charmonium rapidity and transverse momentum ranges
probed. These observations support the presence of final
state effects dissociating weakly bound excited states of
charmonia more than the ground state, which can be
interpreted as co-mover dissociation or, potentially, the
formation of quark-gluon plasma. These new data provide
powerful tests for hadronization models in small collision
systems.
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Appendix A: Yield extraction—The invariant mass fits
are performed by maximizing an unbinned and extended
likelihood in the region of 2.5 <m,,,_ <43 GeV
using a method that is similar to that of Ref. [36]. Both
the J/y and y(2S) nominal signal shapes are described
using the sum of two Crystal Ball (CB) [87] functions.
The background distribution is described by a
Chebyshev polynomial of order (0 <N < 3), with the
appropriate order for each analysis bin selected based on
log-likelihood ratio tests. The tail parameters are fixed to
the values calculated using a J/w MC sample, and both
the J/y and y(2S) signal functions use the same values
of these tail parameters. In the fits to the data, the ratio
of the widths of two CB functions and the relative yield
fractions of two CB functions are also fixed to the
values found in a J/y MC sample. The mean and width
of the y(2S) invariant mass distribution are obtained by
fitting the mean and width of the J/w mass peak and
scaling it by the ratio of the w(2S) to J/y masses, as
calculated using world-average values [60].
Representative examples of invariant mass distributions
for two different rapidity selections can be seen in
Fig. 3. To evaluate the systematic uncertainty associated

with the choice of signal probability density function, a
CB function plus a Gaussian function is used instead of
the nominal sum of two CB functions. For the
systematic component related to the background model
similar to that of Ref. [36], the order of the Chebyshev
polynomial is varied by increasing N to N + 1 if the
nominal fit uses N <2, and decreasing to N —1 for
N > 2. Lastly, the wuncertainty associated with
constraining the signal shape parameters to those
obtained from simulations is assessed by individually
releasing each parameter and repeating the fit. The
differences between the nominal double ratio values and
those obtained when a parameter is allowed to vary are
calculated, and the root-mean-square of these differences
is taken as the systematic uncertainty.

Prompt and nonprompt charmonia candidates are sepa-
rated using a method that is similar to those used in earlier
analyses such as Refs. [33,34,36]. The separation is done
before performing the invariant mass fit by selecting on the
pseudoproper decay lengths of the candidates. The decay
length is expressed as I°® = L, .m/|p|, where L,,, is the
distance between the primary and the dimuon vertices in the
laboratory frame, |p| is the magnitude of the dimuon
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FIG. 3. Dimuon invariant mass distribution showing the J/y
and y/(2S) peaks in pPb data, for —2.865 < ycy < —2 (left) and
1 < yem < 1.935 (right) for 3 < pr < 30 GeV. The total fit is
shown with a solid blue line, and the dotted blue line represents
the background contribution.

momentum, and m is the world-average J /y or y(2S) mass
[60], depending on the meson being studied. Prompt
(nonprompt) charmonia are measured by rejecting dimuons
with P above (below) a threshold value that is determined
by examining the efficiency of selecting prompt (non-
prompt) charmonia, denoted as ep (enp), in simulated
samples. The threshold is chosen separately for each
rapidity selection so that the efficiency for prompt J/y
is fixed at 90%. This value is around 35-50 pm for
charmonia candidates in the pp range 6.5-30 GeV and
corresponds to a nonprompt charmonium rejection rate of
>86%. In the pt range of 3.0-6.5 GeV, the threshold value
is in the range of 74-78 pm, with a nonprompt charmo-
nium rejection rate of >81%. The [°P cut that is used for
J/y is also used for y(25) candidates, resulting in a prompt

w(28) efficiency that is slightly > 90%. Residual contami-
nation of the prompt or nonprompt charmonium samples by
candidates of the other type is corrected after the invariant
mass fit performed. The corrected prompt meson yield can
be expressed as

N _ (1- €NP)Npass — enpNpail
prompt — ’
€p — €Np

(A1)

where Ny (Ngyi1) i the number of dimuon candidates in

data below (above) the I°P selection. The corrected non-
prompt meson yield is given by the difference between the
total number of candidates and the prompt candi-
dates, Nnonprompt = (Npass + Nfail) - Nprompt-

Appendix B: Results in low-pt region—Because of
the larger backgrounds in the low-pg region, which
reduces the w(2S) signal significance, as well as for
muon acceptance considerations, measurements in the
range 3 < pr < 6.5 GeV are limited to the endcap

CMS pPb 175 nb™* (8.16 TeV)
IR AN B LR IR B
2 — ¢ Prompt 7 Nonprompt —
o 3<pT<6.SGeV =
15: |:+] -2865<y_ <-2 ]
= UL .
zZ > | |
R e :
0.5 — [ﬂ—
P I AR A AT AP B
ISR LA LA RN RIS BRI I
2 — —
i 3<pT<6.5GeV ]
- 1<y, <1935 ]
= 0 E
E3 [ )
Zz > | _
o T R
0.5 — _
o b b b b by a by vy

0 0.5 1 1.5 2 25 3

COIT. corr.
< >
Ntrack/ Ntrack MB

FIG. 4. The prompt (red circular points) and nonprompt (blue
square points) normalized cross section ratio for —2.865 <
Yem < —2 (upper), and 1 < ycm < 1.935 (lower) in the range
3 < pr < 6.5 GeV. Error bars represent statistical uncertainties,
while boxes display systematic uncertainties.
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regions of the CMS detector, i.e., the rapidity regions of
—2.865 < yom < =2 and 1 < ycy < 1.935. Measure-
ments of the normalized cross section ratio in this
kinematic region are presented in Fig. 4. A decreasing
trend appears to be present for the prompt charmonia in
the lead-going rapidity selection, while a relatively flat
trend is present for charmonia traveling in the proton-
going direction. However, the uncertainties in this pr
region are also larger than those for the higher-py

of the prompt data with a constant-value fit, the null
hypothesis of no multiplicity dependence is only
disfavored with a statistical significance of 1.7 (0.6)
standard deviations in the lead- (proton-)going direction.
Thus, there may be a hint of rapidity-dependence
of the normalized cross section ratio for this lower pr
selection, but measurement uncertainties prevent
definitive conclusions at this point. Like the measure-
ments performed at higher pr, the nonprompt ratio

selection because of lower reconstruction efficiencies
and signal significances. When evaluating the agreement

values are largely consistent with unity.
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