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Abstract

Production cross sections of Υ(1S), Υ(2S), and Υ(3S) states decaying into µ+µ− in
proton-lead (pPb) collisions are reported using data collected by the CMS experi-
ment at

√
s

NN
= 5.02 TeV. A comparison is made with corresponding cross sec-

tions obtained with pp data measured at the same collision energy and scaled by
the Pb nucleus mass number. The nuclear modification factor for Υ(1S) is found to be
RpPb(Υ(1S)) = 0.806 ± 0.024 (stat) ± 0.059 (syst). Similar results for the excited states
indicate a sequential suppression pattern, such that RpPb(Υ(1S)) > RpPb(Υ(2S)) >

RpPb(Υ(3S)). The suppression is much less pronounced in pPb than in PbPb colli-

sions, and independent of transverse momentum p
Υ

T and center-of-mass rapidity y
Υ

CM

of the individual Υ state in the studied range p
Υ

T < 30 GeV/c and |yΥ

CM| < 1.93. Models
that incorporate sequential suppression of bottomonia in pPb collisions are in better
agreement with the data than those which only assume initial-state modifications.
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1 Introduction

Properties of the color-deconfined quark-gluon plasma (QGP) created in high-energy collisions
of heavy nuclei can be studied using heavy-quark resonances produced by initial hard scatter-
ings [1–6]. Yields of various quarkonium states, which have a short formation time in their
rest frames and can typically escape the QGP before they decay, encode information on the
evolution of the plasma starting from its early stages [1, 2, 4, 6–9]. Debye screening and gluo-
dissociation [10–13] in the QGP produced in lead-lead (PbPb) collisions are understood to mod-
ify yields of quarkonium states hierarchically, according to their binding energies. Each state
dissociates when a high enough temperature is reached in the QGP [4–6, 9, 14]. To interpret
the quarkonium-state suppression patterns observed in heavy ion collisions as signals of color
deconfinement in the hot plasma, it is essential to understand ”cold nuclear matter” (CNM) ef-
fects. In this context, initial state refers to the partons in the relevant quantum chromodynamics
process that stem from the colliding proton (p) or nucleus and scatter to produce a heavy quark
pair but before it hadronizes into a quarkonium state. Examples of CNM effects that have been
discussed in pA collisions include shadowing of the parton distribution functions in the nu-
cleus (initial state) [15], energy loss in the nucleus (initial and final states) [16], and interactions
with hadronic comovers (final state) [17]. For a recent review, see Ref. [7]. Traditionally, all
modifications observed in pPb collisions were assumed to be due to CNM effects. However,
it is worth noting that this assumption has been questioned given recent evidence of collec-
tive behavior in high-activity pp and pPb collisions that might be explained by assuming the
formation of a QGP-like medium [18–22].

Bottomonia serve as particularly powerful probes for studying the QGP, since their high masses
require that their production be dominated by initial scattering of hard partons in the colli-
sions [7, 23–26]. When compared to charmonia, their yields are considerably less modified
by regeneration or recombination in the QGP [26–28]. Measurements by the CMS experi-
ment showing sequential modification of Υ(nS) (where n = 1, 2, 3) decaying via the dimuon
channel in PbPb compared with pp collisions at a nucleon-nucleon center-of-mass energy of√

s
NN

= 2.76 TeV [29, 30] and 5.02 TeV [31, 32] were used to infer model-dependent [28, 33]
QGP temperatures. Similar measurements of Υ(nS) production in pPb collisions can help to
disentangle hot and cold nuclear matter effects and to investigate various CNM mechanisms.

Nuclear modification factors RpPb are ratios of particle production cross sections in pPb colli-
sions over the corresponding cross sections in pp collisions scaled to account for the number
of nucleons in the Pb nucleus. The RpPb values quantify the modification of hard probe pro-
duction in pPb collisions due to the nuclear environment created by a single lead nucleus in
the initial state. In this analysis, these factors are determined for Υ(nS) under the assump-
tion that the cross sections scale as σpPb = Aσpp , where A is the mass number of Pb. With
this assumption, also known as the A-scaling hypothesis, values of RpPb different from unity
indicate modifications that go beyond simple superposition of unmodified nucleon-nucleon
collisions. These RpPb values, together with measurements of the nuclear modification factors
RAA in PbPb collisions [32], can be used to investigate the relative contributions of hot and cold
nuclear matter effects.

Since pPb collisions create an imbalance of nuclear matter in the proton-going (forward rapid-
ity) and lead-going (backward rapidity) directions, they can be used to investigate differences
in CNM effects in regions of varying nuclear matter density within the same collision system.
In the charmonium sector, CMS has found hints of differences in the level of suppression be-
tween the excited and ground state in the lead-going region [34, 35]. One CNM modification
mechanism that relies on the abundance of nuclear matter is dissociation by interaction with
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comoving particles, where the cross section of interaction increases with particle multiplicity
in the rapidity region of the produced Υ meson [17, 36]. This is quantified by measuring the
forward-backward production ratios RFB of Υ states in pPb collisions.

The LHCb [37] and ALICE [38] Collaborations reported measurements of the Υ(nS)/Υ(1S)
yield ratios (LHCb for n = 2 and 3; ALICE for n = 2), along with RpPb and RFB for Υ(1S)

in pPb collisions at
√

s
NN

= 5.02 TeV using Υ mesons detected in the forward rapidity region.
In those studies, the proton reference was obtained by interpolating results from event sam-
ples collected at other collision energies, i.e., 2.76, 7, and 8 TeV. In the midrapidity region, the
ATLAS Collaboration studied bottomonia in pPb collisions using same-energy pp reference
data [39], reporting Υ(nS)/Υ(1S) (for n = 2 and 3), as well as Υ(1S) yields self-normalized
to their activity-integrated values, and RpPb (Υ(1S)). The CMS Collaboration previously re-
ported the Υ(nS)/Υ(1S) (for n = 2 and 3) yield ratios versus event activity in the pPb system
at

√
s

NN
= 5.02 TeV [40], as well as in pp collisions at

√
s = 2.76 TeV [40] and 7 TeV [41]. More

recently, the LHCb [42] and ALICE [43] Collaborations measured RpPb and RFB for both Υ(1S)

and Υ(2S) at the higher energy
√

s
NN

= 8.16 TeV, using pp reference data interpolated from
measurements at

√
s = 2.76, 7, 8, and 13 TeV. Data for PbPb collisions are not available at

8.16 TeV for direct comparison. These bottomonium measurements in pPb have focused on
the ground state and indicate that the level of suppression is consistent with that expected
from shadowing calculations, but they provide little information on the behavior of the excited
states.

In this Letter, we analyze pPb and pp collision data from the CERN LHC collected with the
CMS detector at the same nucleon-nucleon center-of-mass (CM) energy of

√
s

NN
= 5.02 TeV.

The yields of Υ(nS) mesons are measured using their decay to two muons. By comparing
the yields measured in the two colliding systems, the RpPb and RFB factors are determined
including all bottomonium states for the first time. Because models which incorporate final-
state effects are the only ones to predict different modifications for the excited states, these
measurements for the sequential ordering of excited state RpPb values may reveal distinctive
contributions of initial- versus final-state mechanisms arising from CNM modification. These
results are compared with measurements of the Υ(nS) nuclear modification factors RAA in
PbPb collisions [32] using PbPb data also collected at 5.02 TeV with the CMS detector, allowing
a model-dependent comparison of bottomonia in hot and cold nuclear matter.

2 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diam-
eter, 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 endcap sections. Muons are detected
in the range |ηlab| < 2.4 in gas-ionization detectors embedded in the steel flux-return yoke out-
side the solenoid. In the barrel region |ηlab| < 1.2 muon detection planes are based on drift tube
technology, while the endcap region 0.9 < |ηlab| < 2.4 uses cathode strip chambers. Resistive
plate chambers provide additional muon detection capability in the range |ηlab| < 1.6. Match-
ing muons to tracks measured in the silicon tracker leads to a relative transverse momentum
pT resolution on the order of 1% for a typical muon used in this analysis [44]. In addition, two
steel and quartz-fiber hadron forward calorimeters cover the range 2.9 < |ηlab| < 5.2. A de-
tailed description of the CMS detector, together with a definition of the coordinate system used
and the relevant kinematic variables, can be found in Ref. [45].
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A two-tiered system is used to select collision events of interest from the detector. The first
level (L1), 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 µs [46]. The second level, known as the high-level trigger (HLT), consists of a farm of proces-
sors 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 [47].

3 Data selection and simulated samples

The events used for this analysis are selected using the trigger systems described above, requir-
ing two muon candidates in the muon detectors with no explicit cuts in muon transverse mo-
mentum, p

µ
T , or muon pseudorapidity measured in the laboratory, η

µ
lab. The event samples used

in this analysis correspond to integrated luminosities of 28.0 ± 0.6 pb−1 and 34.6 ± 1.2 nb−1 for
pp [48] and pPb [49] collisions, respectively. The uncertainties in the integrated luminosity
determination are considered as a global uncertainty in all results. All recorded pPb events are
required to have an energy deposit above 3 GeV in the hadron forward calorimeters on each
side of the interaction point.

In the case of pPb collisions, the value of the integrated luminosity represents the combined
luminosity of collisions with proton and lead beams traveling in either direction. While in the
symmetric pp and PbPb collision systems the CM and laboratory (lab) reference frames coin-
cide, in the case of pPb collisions the difference between the energy-per-nucleon of the two
beams induces a shift between the two frames. For pPb collisions at

√
s

NN
= 5.02 TeV, the ra-

pidity y is shifted in the CM frame by δy = 0.465 compared to the lab frame. The rapidity range
of the reconstructed dimuons in the lab frame |yµµ

lab| < 2.4 corresponds to a CM frame rapidity

range of either −2.87 < y
µµ
CM < 1.93 or −1.93 < y

µµ
CM < 2.87, depending on the direction of

the proton beam. In order to minimize the influence of asymmetric detector conditions, data
are taken with both beam directions and then combined by inverting the rapidity of one of the
datasets.

For both pp and pPb data, we select events with muon candidates in the kinematic range
p

µ
T > 4 GeV/c, |ηµ

lab| < 2.4. The muon tracks are required to have at least 6 hits in the silicon
tracker, at least one hit in the silicon pixel detector, and match with at least one segment in
any detection plane of the muon system. The distance of the track from the closest primary
vertex [50] must be less than 20 cm in the longitudinal direction and 0.3 cm in the transverse
direction. When forming a muon pair, each of the two muons is required to match the hardware
trigger that prompted recording of the event and to originate from a common vertex with a
χ2 probability larger than 1%, as obtained by a Kalman vertex filter algorithm [51]. For pPb
data, an additional filter is used to remove events that contain multiple interactions per bunch
crossing (pileup) [34]. This filter reduces the fraction of pileup events from 3% to less than
0.2%, and reduces the effective luminosity of pPb collisions by 4.1% compared to the numbers
noted above.

Dedicated Monte Carlo (MC) simulations of collision data are used to validate fitting tech-
niques and to correct the extracted Υ(nS) yields for losses due to finite detector acceptance and
efficiency. Simulated samples are independently generated for the Υ(1S), Υ(2S), and Υ(3S)
mesons, in pp collisions, using PYTHIA 8.209 [52]. To simulate pPb collisions, the CM of all
tracks in the generated events are boosted by δη = 0.465 in the Pb-going direction to mimic

the yCM shift in data. The CMS detector response is simulated using GEANT4 [53]. The p
Υ

T

distributions of the simulated Υ states are weighted using a fit to the ratio of the p
Υ

T spectra in



4

data and simulation. The rapidity distributions in simulation are consistent with those in data.

4 Analysis

4.1 Signal extraction

Figure 1 shows the invariant mass distributions of opposite-sign muon pairs for pp (left) and
pPb (right) collisions. The dimuon data are integrated in the dimuon range p

µµ
T < 30 GeV/c

and |yµµ
CM| < 1.93. The yields of the Υ states, uncorrected for detector acceptance and efficiency,

are obtained via unbinned maximum-likelihood fits to the invariant mass spectra, shown as
solid blue lines. A dashed red line is used in Fig. 1 (right) to depict the expected Υ(1S), Υ(2S),
and Υ(3S) yields under the RpPb = 1 hypothesis, obtained by scaling the signal shape of each
state by the inverse of its finally measured RpPb value. This comparison illustrates that the
Υ(nS) yields are suppressed in pPb relative to pp collisions in the integrated kinematic region.
We bin the data in the dimuon kinematic variables p

µµ
T and y

µµ
CM, as well as in event activity

variables which we discuss below.
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Figure 1: Measured dimuon invariant mass distributions (closed circles) for pp (left) and pPb
(right) collisions. The total unbinned maximum-likelihood fits to the data are shown as solid
blue lines, with the background component indicated by dashed blue lines. The individual
Υ(1S), Υ(2S), and Υ(3S) signal shapes in pp are depicted as dashed orange lines in the left
panel. The dashed red line in the right panel is obtained by scaling the Υ(1S), Υ(2S), and Υ(3S)
signal shapes in pPb (solid blue line) under the assumption that RpPb is unity.

Quarkonium peaks can be modeled by a Crystal Ball (CB) function [54], whose low-mass
power-law tail accounts for dimuons that undergo bremsstrahlung radiation in the detector
material as well as final-state radiation. We model the shape of each Υ state with a sum of two
CB functions. A parameter representing the relative CB widths is left free in the fit, to accom-
modate muons with different momentum resolutions (depending on their η

µ
lab). The relative

contributions of the two CBs are also allowed to vary, both in the kinematic and event activity
variables.

To eliminate unnecessary degrees-of-freedom in the fits, the relative widths and relative con-
tributions of the two CB functions are constrained to be the same for all three Υ states. Fur-
thermore, parameters governing the shape of the radiative tail are constrained to be the same
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for all six CB functions in the fit. The mass parameter of the Υ(1S) is left free to account for
possible systematic shifts in the momentum scale of the reconstructed tracks. The final value of
this parameter is consistent between fits to pp and pPb data. Since any changes in the momen-
tum scale should affect all measured Υ(nS) similarly, we constrain the masses of the excited
states such that their ratio matches the Particle Data Group (PDG) world-average values [55]
as follows: (m(nS)/m(1S))fit = (m(nS)/m(1S))PDG. Similarly, the CB widths are also scaled
by the ratio of the PDG mass values.

The parameters governing the tail shapes and ratio of CB widths are found to be correlated
across kinematic bins. Rather than allowing the parameters to be completely unconstrained,
we instead allow them to vary around their mean values within an interval estimated from a
set of preliminary fits. The deviation of each parameter is translated into a Gaussian probability
that is multiplied with the fit likelihood. The width of each Gaussian function is set to the RMS
value of the corresponding parameter in the preliminary fits. In the case of pPb collisions, the
central value of the parameter determining the relative contributions of the two CB functions
is constrained in this manner as well.

As a result of the large number of free parameters in the preliminary fits, it is possible for
parameters to converge to different values in repeated fits. By fitting the data across all the
analysis bins, we find certain parameter values to be normally distributed. Each normally
distributed parameter is first restricted to its mean value across the preliminary fits, in order to
enable the rest of the parameters to converge consistently across the bins. We take an iterative
approach to this constraining technique to avoid biasing the final parameter values. The mean
values of parameters from preliminary fits are obtained separately in different rapidity regions
to allow for differences in Υ meson reconstruction resolution in the barrel and end-cap regions
of the detector, where muons pass through different amounts of material and are detected using
different technologies.

The background is modeled with a shifted and scaled error function multiplied by an expo-
nential. The exponential function models the dominant combinatorial background, which falls
with increasing dimuon invariant mass according to a statistical phase space factor. The use
of an error function is motivated by the effect of the p

µ
T > 4 GeV/c selection applied to single

muons, which produces a hump-like feature in the combinatorial background at low invariant
masses and at low dimuon p

µµ
T . For dimuon p

µµ
T > 6 GeV/c, this feature moves to lower in-

variant masses outside the fit region and we model the background solely with an exponential
function.

4.2 Corrections

The Υ(nS) yields extracted using fits to the invariant mass spectra are corrected to account for
losses in the measured yield caused by geometric limitations of the detector and inefficiencies
of the online and offline selection algorithms. The dedicated MC simulations of Υ(nS) decays
are used to determine the acceptance, which is the fraction of generated Υ mesons in a given
kinematic region that decay to muons satisfying the kinematic requirements applied in this
analysis.

The efficiency of dimuon reconstruction, event triggering, and muon identification are studied
using dedicated MC simulations of Υ(nS) decays, after they have undergone full detector re-
sponse simulation. The dimuon efficiency is determined as the fraction of generated Υ mesons
in simulation that are identified as such, having satisfied all the same conditions that are re-
quired of muon pairs in collision data. Since pure PYTHIA-based MC samples are used for pPb
collisions, we verify that the efficiency correction does not exhibit any dependence on multi-
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plicity.

Additional corrections are estimated to compensate for possible discrepancies between simu-
lation and data efficiencies. To estimate such discrepancies, muon triggering, track reconstruc-
tion, and identification efficiencies are measured using single muons from J/ψ meson decays in
both simulation and data, as described in Ref. [44]. The ratios of the single-muon detection ef-
ficiencies between J/ψ data and simulation are estimated. These ratios differ significantly from
unity in the case of muon triggering and identification in pPb collisions and muon triggering
and track reconstruction in pp collisions. These ratios are used to correct the simulation-based
efficiencies. For the bulk of muons in this analysis this correction to the efficiencies is small
(∼1%, but for some regions of phase space it can grow to at most 10%).

4.3 Systematic uncertainties

Typical ranges of total and individual sources of systematic uncertainties in RpPb and RFB for
all three Υ(nS) states are tabulated in Table 1. Two important sources of systematic uncertainty
in the Υ(nS) yields originate from an incomplete knowledge of the signal and background
shapes. The signal shape systematic uncertainty is estimated using an alternative fit model of
the signal, consisting of a single CB function in combination with a Gaussian function. This
alternative fit model provides a comparable goodness-of-fit to the nominal one. For the back-
ground uncertainty estimation, a similar method of recalculating yields using an alternative
fit model for the background is used. Because the background shape evolves with p

µµ
T , the

model was varied in different kinematic regions. In higher p
µµ
T regions, a power law is used

as the alternative background fit model. In lower p
µµ
T regions, the background model is con-

structed from a linear combination of four invariant-mass fits to four p
µµ
T subintervals of a MC

simulation of dimuon decays.

When estimating systematic uncertainties in the Υ(nS) yields using nominal and alternative
models for signal and background distributions, we employ a method which helps to reduce
the contribution of statistical fluctuations. We generate a set of invariant mass distributions
by MC sampling the shape fitted to the dimuon invariant mass spectra in each analysis bin.
Pseudo-experiments are performed for each generated invariant mass distribution fitted sepa-
rately with the nominal and alternative signal models, using the nominal background model in
both cases. The systematic uncertainty is evaluated as the mean of absolute values of relative
differences between yields extracted using the nominal and alternative models. Similarly, ad-
ditional pseudo-experiments are performed to estimate the uncertainty associated to the choice
of the background model.

The procedure for constraining the parameters of the signal model introduces another source
of systematic uncertainty. In order to estimate the systematic uncertainty on the yields we per-
form a set of preliminary fits to the dedicated Υ(nS) MC simulations, in which the parameter
phase space is iteratively reduced in the same way as for data. For each parameter, we use the
mean value obtained from the last iteration of MC fits as an alternative value for the mean of
the Gaussian probability function used to constrain the parameters when fitting to data. In the
case of pPb, the value of the parameter determining the relative contributions of the two CB
functions in the free-parameter fit to MC is used as its alternative value. We compare the yields
from the nominal fits with those extracted using the alternative mean of the constraining Gaus-
sians and calculate the deviations of the yields for each constrained parameter. The largest of
these deviations is assigned as the systematic uncertainty.

Systematic uncertainties in the acceptance corrections are estimated by varying the parame-
ters of the fit used to weight MC p

µµ
T spectra within uncertainties, and recording the largest
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produced deviation.

Systematic uncertainties in efficiency corrections are estimated by combining two sources in
quadrature. The first is the uncertainty in weighting MC p

µµ
T spectra, which is estimated by

determining the efficiency using the MC samples with and without weighting. The second
source of uncertainty arises from the data-to-simulation ratio of single-muon detection effi-
ciencies that are used to correct the purely simulation-based dimuon efficiencies. The system-
atic uncertainty in the efficiency of each stage of muon detection (triggering, tracking, muon
identification) is studied by varying the selection criterion for that stage, while the statistical
uncertainty is determined by repeating such variations one hundred times and estimating the
standard deviation.

The total systematic uncertainty is obtained by combining the uncertainties in quadrature in
the signal and background extractions, as well as in the acceptance and efficiency corrections.

The combined systematic uncertainty in the results increases slightly with increasing |yΥ

CM|
and with decreasing p

Υ

T . Because of the asymmetry of pPb collisions, the most forward y
Υ

CM
bins, which are at the edge of the detector, have larger systematic uncertainty than the most

backward y
Υ

CM bins because the latter are closer to y
Υ

lab = 0. The total systematic uncertainty

also increases with increasing event activity for integrated p
Υ

T and y
Υ

CM.

Table 1: Ranges of typical systematic uncertainties in RpPb and RFB for Υ(nS). For acceptance
and efficiency the range quoted covers the efficiency of all three Υ states. The uncertainties in
luminosity are global uncertainties that apply to all three Υ states.

Source Υ(1S) Υ(2S) Υ(3S)
RpPb

Background 0.3–12% 1–6% 2–8%
Signal 1–8% 2–10% 3–9%

Acceptance .1%
Efficiency 4–6%

Luminosity (pPb) 3.5%
Luminosity (pp) 2.3%

RFB

Background 2–4% 4–7% 5–7%
Signal 2–3% 2–5% 5–6%

Acceptance .1%
Efficiency ≈2%

5 Results

The product of the branching fraction of Υ(nS) to muon pairs, B(Υ(nS) → µ+µ−), and the

double-differential production cross section, d2σ/dp
Υ

Tdy
Υ

CM, is obtained as:

B
(

Υ(nS) → µ+µ−) d2σ

dp
Υ

Tdy
Υ

CM

=
N

Υ(nS)
Fit /(aε)

Lint∆p
µµ
T ∆y

µµ
CM

, (1)

where N
Υ(nS)
Fit is the yield of Υ(nS) mesons extracted from the fit in a given (p

µµ
T , y

µµ
CM) bin,

a is the dimuon acceptance correction, ε is the dimuon efficiency correction, and Lint is the
integrated luminosity. Figure 2 (upper row) shows the cross sections of Υ(1S), Υ(2S), and Υ(3S)
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in pPb collisions as functions of p
Υ

T (left) and y
Υ

CM (right). The error bars on the points are those
from the fits to obtain the yields, which take into account the Poisson statistical uncertainties in
the invariant mass distribution and the uncertainties associated with correlations between the
parameters used in the probability density functions to fit the data. The filled boxes represent
the systematic uncertainties, as discussed in the previous section. When investigating the pPb

cross section dependence on p
Υ

T and when determining the RpPb and RFB, we restrict the CM

rapidity range to the symmetric region |yµµ
CM| < 1.93 where data for both pp and pPb collisions

are available. The Υ(nS) cross sections in pp collisions are also determined for |yΥ

CM| < 1.93 as
functions of the kinematic variables. These are shown in Fig. 2 (lower row).

The quantity RpPb is calculated as

RpPb

(

p
Υ

T , y
Υ

CM

)

=
(d2σ/dp

Υ

Tdy
Υ

CM)pPb

A(d2σ/dp
Υ

Tdy
Υ

CM)pp

, (2)

where A = 208 is the mass number of the Pb nucleus. Results for RpPb are shown in Fig. 3 as

functions of p
Υ

T and y
Υ

CM. We observe that all three Υ(nS) states are suppressed in pPb relative
to pp collisions throughout the kinematic region explored, suggesting modification by CNM
effects in pPb collisions. Similar to the PbPb case [32], the level of suppression for each Υ state
in pPb collisions is consistent with a constant value in the kinematic region studied, although
the level of suppression seen in PbPb is much stronger. The ATLAS Collaboration reported an

increasing RpPb with p
Υ

T for Υ(1S) [39] in a similar midrapidity region as in CMS. The CMS data

is consistent with no dependence, but the overall p
Υ

T dependence of the RpPb (Υ(1S)) in the two

experiments is consistent within uncertainties. Moreover, our data shows no y
Υ

CM dependence,
which is consistent with the ATLAS result.

In the charmonium sector, the CMS Collaboration found hints of a sequential suppression pat-
tern. The RpPb of ψ(2S) was found to be smaller than that of J/ψ [34] in pPb collisions at√

s
NN

= 5.02 TeV for backward rapidity and p
J/ψ

T < 10 GeV/c [35]. The results presented here
suggest a similar sequential suppression of the Υ states in the backward rapidity region as well

as across the entire p
Υ

T region studied. The measured RpPb (Υ(1S)) is systematically larger than
that of Υ(2S), which in turn is systematically larger than the RpPb (Υ(3S)), suggesting different
levels of modification to the three states by final-state effects in these regions. In the forward
rapidity region, the measured RpPb of the three states appear more mutually consistent.

We further compare the y
Υ

CM dependence of the measured RpPb to predictions from three CNM
models: shadowing, energy loss, and comover interaction. The shadowing calculations in-
corporate next-to-leading order nuclear modifications of the PDFs (nPDFs) [15], according to
EPS09 [56]. Predictions using coherent energy loss [16] are made with and without using EPS09.
Since they affect the quarkonium system before hadronization, both shadowing and energy loss
are initial-state effects. Finally, predictions using the comover interaction model (CIM) [17] are
provided with two different leading-order nPDF calculations: EPS09 and nCTEQ15 [57]. Since
the comovers in the CIM interact with the quarkonium system after hadronization, it is deemed
to be a final-state CNM effect.

In Fig. 4, the measured RpPb (Υ(1S)) is compared to predictions from shadowing [15] (left) and
predictions using energy loss only and energy loss with shadowing [16] (right). The uncertainty
in the models comes from the nPDFs. The combined energy loss with shadowing model is in
better agreement with our data, but given the current uncertainties in theory and experiment,
the models using only shadowing or energy loss cannot be ruled out. These initial-state models
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that break up the bound quarkonium states via interactions with comoving particles from the
underlying event. These results will help us to understand how bottomonia are modified in
heavy-ion collisions.
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Université Libre de Bruxelles, Bruxelles, Belgium
D. Beghin, B. Bilin , B. Clerbaux , G. De Lentdecker, H. Delannoy, B. Dorney , L. Favart ,
A. Grebenyuk, A.K. Kalsi , L. Moureaux , A. Popov , N. Postiau, E. Starling ,
L. Thomas , C. Vander Velde , P. Vanlaer , D. Vannerom

Ghent University, Ghent, Belgium
T. Cornelis , D. Dobur, I. Khvastunov3, M. Niedziela , C. Roskas, K. Skovpen ,
M. Tytgat , W. Verbeke, B. Vermassen, M. Vit
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R. Kinnunen, T. Lampén, K. Lassila-Perini , S. Laurila, S. Lehti , T. Lindén, H. Siikonen,
E. Tuominen , J. Tuominiemi

Lappeenranta University of Technology, Lappeenranta, Finland
P. Luukka , T. Tuuva
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2: Also at Université Libre de Bruxelles, Bruxelles, Belgium
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73: Also at Karamanoğlu Mehmetbey University, Karaman, Turkey
74: Also at California Institute of Technology, Pasadena, California, USA
75: Also at Bingol University, Bingol, Turkey
76: Also at Georgian Technical University, Tbilisi, Georgia
77: Also at Sinop University, Sinop, Turkey
78: Also at Mimar Sinan University, Istanbul, Istanbul, Turkey
79: Also at Nanjing Normal University Department of Physics, Nanjing, China
80: Also at Texas A&M University at Qatar, Doha, Qatar
81: Also at Kyungpook National University, Daegu, Korea


