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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 experiment at 

√
sNN = 5.02 TeV. A comparison is 

made with corresponding cross sections 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 of all states is 
much less pronounced in pPb than in PbPb collisions, 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 |y

Υ
CM| <

1.93. Models that incorporate final-state effects of bottomonia in pPb collisions are in better agreement 
with the data than those which only assume initial-state modifications.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

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 [10–14] in the QGP produced in lead-lead 
(PbPb) collisions are understood to modify yields of quarkonium 
states hierarchically, according to their binding energies. Each state 
dissociates when a high enough temperature is reached in the 
QGP [4–6,9,15]. To interpret the quarkonium-state suppression pat-
terns observed in heavy ion collisions as signals of color deconfine-
ment in the hot plasma, it is essential to understand initial state 
and final state “cold nuclear matter” (CNM) effects. In this con-
text, 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 nucleus (initial state) [16], 
energy loss in the nucleus (initial and final states) [17], and in-
teractions with hadronic comovers (final state) [18]. For a recent 
review, see Ref. [7]. Traditionally, all modifications observed in pPb
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collisions were assumed to be due to CNM effects. However, it 
is worth noting that this assumption has been questioned given 
recent evidence of collective behavior in pp and pPb collisions 
with the highest amount of emitted particles, further referred to 
as high-activity [19–25]. This might be explained by assuming the 
formation of a QGP-like medium [26].

Bottomonia serve as particularly powerful probes for studying 
the QGP, since their high masses require that their production 
be dominated by initial hard scattering of partons in the colli-
sions [7,27–30]. When compared to charmonia, their yields are 
considerably less modified by regeneration or recombination in 
the QGP [30–32]. Measurements by the CMS experiment show-
ing 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 [33,34]

and 5.02 TeV [35,36] were used to infer model-dependent [32,37]
QGP temperatures. This effect is consistent with models that in-
corporate sequential suppression due to color screening [5,8,30]. 
Similar measurements of Υ(nS) production in pPb collisions can 
help to disentangle hot and cold nuclear matter effects and to in-
vestigate various CNM mechanisms.

Nuclear modification factors RpPb are ratios of particle produc-
tion cross sections in pPb collisions over the corresponding cross 
sections in pp collisions scaled to account for the number of nu-
cleons in the Pb nucleus. The RpPb values quantify the modification 
of hard probe production in pPb collisions due to the nuclear en-
vironment created by a single lead nucleus in the initial state. In 
this analysis, these factors are determined for Υ(nS) under the 
assumption that the cross sections scale as σpPb = Aσpp, where 
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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 bi-
nary nucleon-nucleon collisions. These RpPb values, together with 
measurements of the nuclear modification factors RAA in PbPb col-
lisions [36], 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 rapidity) and lead-going (backward ra-
pidity) directions, they can be used to investigate differences in 
CNM effects in these 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 between 
the excited and ground state in the lead-going region [38,39]. One 
CNM modification mechanism that relies on the abundance of nu-
clear matter is dissociation by interaction with comoving particles, 
where the cross section of interaction increases with particle mul-
tiplicity in the rapidity region of the produced Υ meson [18,40]. 
This is quantified by measuring the forward-backward production 
ratios RFB of Υ states in pPb collisions.

The LHCb [41] and ALICE [42] Collaborations reported measure-
ments 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 ra-

pidity region. In those studies, the proton reference was obtained 
by interpolating results from event samples collected at other col-
lision energies, i.e., 2.76, 7, and 8 TeV. In the midrapidity region, 
the ATLAS Collaboration studied bottomonia in pPb collisions us-
ing same-energy pp reference data [43], 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 reported 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 [44], 

as well as in pp collisions at 
√

s = 2.76 TeV [44] and 7 TeV [45]. 
More recently, the LHCb [46] and ALICE [47] Collaborations mea-
sured 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 mea-
surements at 

√
s = 2.76, 7, 8, and 13 TeV. Data for PbPb collisions 

are not available at 8.16 TeV for direct comparison. These bottomo-
nium measurements in pPb have focused on the ground state and 
indicate that the level of suppression is consistent with that ex-
pected from shadowing calculations, but they provide little infor-
mation 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 that incorporate final-state 
CNM effects are the only ones to predict different modifications for 
the excited states, these measurements for the ordering of excited 
state RpPb values may reveal these types of final-state mechanisms. 
Ordered suppression could arise from various causes — e.g., the 
size of the states, their cross section with potential comovers, or 
their binding energy. These results are compared with measure-
ments of the Υ(nS) nuclear modification factors RAA in PbPb colli-
sions [36] 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 superconduct-
ing 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 endcap sections. Muons are detected in the range 
|ηlab| < 2.4 in gas-ionization detectors embedded in the steel flux-
return yoke outside 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 capa-
bility in the range |ηlab| < 1.6. Matching 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 [48]. In addition, two steel and quartz-fiber hadron for-
ward calorimeters cover the range 2.9 < |ηlab| < 5.2. A detailed 
description of the CMS detector, together with a definition of the 
coordinate system used and the relevant kinematic variables, can 
be found in Ref. [49].

A two-tiered system is used to select collision events of interest 
from the detector. The first level (L1), composed of custom hard-
ware 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 [50]. 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 around 1 kHz before data 
storage [51].

3. Data selection and simulated samples

The events used for this analysis are selected using the trigger 
systems described above, requiring two muon candidates in the 
muon detectors with no explicit cuts in muon transverse momen-
tum, p

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

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 [52] and 
pPb [53] 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 en-
ergy deposit above 3 GeV in the hadron forward calorimeters on 
each side of the interaction point in order to suppress background 
from ultra-peripheral collisions and beam-gas events, while having 
a high efficiency for the selection of beam-beam hadronic colli-
sions.

In the case of pPb collisions, the value of the integrated lu-
minosity 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 labora-
tory (lab) reference frames coincide, 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 rapidity 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 |y

μμ
lab| < 2.4 corresponds 

to a CM frame rapidity range of either −2.87 < y
μμ
CM < 1.93 (Pbp) 

or −1.93 < y
μμ
CM < 2.87 (pPb), 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 candi-
dates 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 [54] 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 
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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 [55]. For pPb data, an additional filter is used to 
remove events that contain multiple interactions per bunch cross-
ing (pileup) [38]. 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 techniques and to correct the ex-
tracted 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
pythia8.209 [56], assuming no polarization based on measure-
ments at the LHC [57,58]. To simulate pPb collisions, the rapidi-
ties of all particles in the generated pp events are boosted by 
δy = 0.465 in the Pb-going direction to mimic the yCM shift in 
data. The CMS detector response is simulated using Geant4 [59]. 
The reconstructed p

Υ
T distributions of the simulated Υ states are 

weighted using a fit to the ratio of the p
Υ
T spectra in data and sim-

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

4. Analysis

4.1. Signal extraction

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

μμ
T < 30 GeV/c and 

|y
μμ
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 (bottom) to depict the 
expected Υ(1S) , Υ(2S) , and Υ(3S) yields under the RpPb = 1 hy-
pothesis, obtained by scaling the signal shape of each state by 
the inverse of its finally measured RpPb value (including the ra-
tio of the efficiencies corresponding to pp and pPb collisions). 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.
Quarkonium peaks can be modeled by a Crystal Ball (CB) func-

tion [60], 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 rel-
ative CB widths is left free in the fit, to accommodate muons with 
different momentum resolutions (depending on their ημ

lab). The rel-
ative 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 contributions of the two CB functions 
are constrained to be the same for all three Υ states, consistent 
with fits to simulated samples. Furthermore, parameters governing 
the shape of the radiative tail are constrained to be the same 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 momentum 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 [61]
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.

Fig. 1. Measured dimuon invariant mass distributions (closed circles) for pp (top) 
and pPb (bottom) 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 top panel. The dashed red line in the bottom 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.

The parameters governing the tail shapes and ratio of CB widths 
are found to be correlated across kinematic bins. Rather than al-
lowing 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 pa-
rameter 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 prelim-
inary 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 pre-
liminary 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 
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value across the preliminary fits, in order to enable the rest of the 
parameters to converge consistently across the bins. We take an it-
erative approach to this constraining technique to avoid biasing the 
final parameter values. The mean values of parameters from pre-
liminary 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 dif-
ferent technologies.

The background is modeled with a shifted and scaled error 
function multiplied by an exponential. 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 ef-
fect 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 invariant masses outside the 
fit region and we model the background solely with an exponen-
tial function.

4.2. Acceptance and efficiency corrections

The Υ(nS) yields that are extracted using fits to the invariant 
mass spectra are corrected to account for geometric limitations 
of the detector and inefficiencies of the online and offline selec-
tion algorithms. The dedicated MC simulations of Υ(nS) decays are 
used to determine the acceptance, which is the fraction of gener-
ated 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 response 
simulation. The dimuon efficiency is determined as the fraction of 
generated Υ mesons in simulation that are identified as such, hav-
ing satisfied all the same conditions that are required 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 multiplicity. This was also 
found in the related study of charmonium states reconstructed via 
muon pairs in pPb collisions [38].

Additional corrections are estimated to compensate for possi-
ble discrepancies between simulation and data efficiencies. To es-
timate such discrepancies, muon triggering, track reconstruction, 
and identification efficiencies are measured using single muons 
from prompt J/ψ meson decays in both simulation and data, as 
described in Ref. [48]. 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 anal-
ysis 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 un-
certainties 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 

Table 1
Ranges of typical systematic uncertainties in RpPb and RFB for Υ(nS) . For accep-
tance 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. 
The luminosity uncertainty cancels in the calculation of the RFB.

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%

nominal one. For the background uncertainty estimation, a simi-
lar 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 back-

ground fit model. In lower p
μμ
T regions, the background model is 

constructed 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 that helps to reduce the contri-
bution of statistical fluctuations. We perform pseudo-experiments 
where we generate a set of invariant mass distributions by MC 
sampling the shape fitted to the dimuon invariant mass spectra 
in each analysis bin. Each generated invariant-mass distribution is 
fitted separately with the nominal and alternative signal models, 
using the nominal background model in both cases. The system-
atic uncertainty is evaluated as the mean of absolute values of 
relative differences between yields extracted using the nominal 
and alternative models. Similarly, additional 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 or-
der to estimate the systematic uncertainty on the yields we per-
form a set of preliminary fits to the dedicated Υ(nS) MC simula-
tions, 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 constrain-
ing Gaussians 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 esti-
mated by varying the parameters of the fit used to weight MC p

μμ
T

spectra within uncertainties, and recording the largest produced 
deviation. For the RpPb measurement, the Y states are assumed to 
be unpolarized in both pp and pPb collisions. We also assume that 
if the production mechanism of Υ(nS) leads to a different polariza-
tion, then it remains the same for both pp and pPb collisions. As 
a consequence, the acceptance ratio under a different polarization 
scenario will remain equal to unity. Therefore the uncertainty in 
the polarization would not affect the nuclear modification factor.
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Fig. 2. Cross section times dimuon branching fraction of Υ(1S) (red circles), Υ(2S) (blue squares), and Υ(3S) (green diamonds) as functions of p
Υ
T (left) and y

Υ
CM (right) in 

pPb (upper row) and pp (lower row) collisions. For pPb collisions, the p-going side corresponds to y
Υ
CM > 0. Because pp collisions are symmetric in the center-of-mass frame, 

the absolute value of rapidity |y
Υ
CM| is used in the lower right panel. Vertical bars represent statistical and fit uncertainties and filled boxes represent systematic uncertainties. 

A 3.5 (2.3)% global uncertainty in determining the integrated luminosity of pPb (pp) collisions, applicable to all points, is not included in the point-by-point uncertainties.

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

μμ
T spectra, which is estimated by de-

termining 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 efficiencies that are 
used to correct the purely simulation-based dimuon efficiencies. 
The systematic 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 hun-
dred times and estimating the standard deviation.

The total systematic uncertainty from uncorrelated sources is 
obtained by combining the uncertainties in quadrature in the sig-
nal and background extractions, as well as in the acceptance and 
efficiency corrections. The combined systematic uncertainty in the 
results increases slightly with increasing |y

Υ
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 sys-

tematic 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.

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, d2

σ/dp
Υ
T dy

Υ
CM, is obtained as

B
(
Υ(nS) → μ+μ−) d2

σ

dp
Υ
T dy

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. Fig. 2 (upper row) shows the cross sections of Υ(1S) , 
Υ(2S) , and Υ(3S) in pPb collisions as functions of p

Υ
T (left) and 
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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 uncertain-
ties 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 previ-
ous 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 |y
μμ
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 |y

Υ
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

) = (d2
σ/dp

Υ
T dy

Υ
CM)pPb

A(d2
σ/dp

Υ
T dy

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 ob-

serve 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 [36], 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) [43] in a similar midrapidity region as in CMS. The CMS 
data is consistent with no dependence, but the overall p

Υ
T depen-

dence of the RpPb (Υ(1S)) in the two experiments is consistent 
within uncertainties. Moreover, our data shows no y

Υ
CM depen-

dence, which is consistent with the ATLAS result.
In the charmonium sector, the CMS Collaboration found hints of 

an ordered suppression pattern. The RpPb of ψ(2S) was found to be 
smaller than that of J/ψ [38] in pPb collisions at 

√
s

NN
= 5.02 TeV

for backward rapidity and p
J/ψ

T < 10 GeV/c [39]. The results pre-
sented here suggest a similar ordered suppression of the Υ states 
in the backward rapidity region as well as across the entire p

Υ
T re-

gion 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 incor-
porate next-to-leading order nuclear modifications of the PDFs 
(nPDFs) [16], according to EPS09 [62]. Predictions using coherent 
energy loss [17] 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, pre-
dictions using the comover interaction model (CIM) [18] are pro-
vided with two different leading-order nPDF calculations: EPS09 
and nCTEQ15 [63]. 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 [16] (top) and predictions using energy loss only 
and energy loss with shadowing [17] (bottom). 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. The 
shadowing model, which includes only initial-state effects, predicts 

Fig. 3. RpPb of Υ(1S) (red circles), Υ(2S) (blue squares), and Υ(3S) (green dia-

monds) as functions of p
Υ
T (top) and y

Υ
CM (bottom), where the bottom panel is 

integrated over p
Υ
T < 30 GeV/c. Vertical bars on the points represent statistical and 

fit uncertainties and filled boxes represent systematic uncertainties. The gray box 
around the line at unity represents the global uncertainty due to luminosity nor-
malization (4.2%).

equal modification of all bottomonium states and therefore is in-
compatible with the Υ(2S) and Υ(3S) data.

In contrast to shadowing and energy-loss models, the CIM pre-
dicts different degrees of modification for the Υ(1S) , Υ(2S) , and 
Υ(3S) states [18,40], since higher excited states have a larger size 
and hence increased comover interactions. In addition, comover 
modification of quarkonium states is expected to be stronger in 
regions where the comover densities are larger, such as in the 
nucleus-going direction in asymmetric proton-nucleus collisions 
and in regions of higher event activity. Fig. 5 shows comparisons 
of predicted RpPb in the CIM [18], including shadowing corrections 
from both nCTEQ15 and EPS09 nPDFs, with the measured RpPb for 
Υ(1S) (upper left), Υ(2S) (upper right), and Υ(3S) (lower). The 
CIM RpPb predictions show similar ordered suppression to that 
found in the data, an effect missing in models with only initial-
state effects.

By comparing the RpPb (Υ(nS)) in the forward (proton-going) 
and backward (lead-going) directions, we can investigate the de-
pendence of bottomonium suppression on the amount of nuclear 
matter present. Fig. 6 shows the RpPb of Υ(nS) states for −1.93 <
y

Υ
CM < 0 and 0 < y

Υ
CM < 1.93 in the low-p

Υ
T (top) and high-p

Υ
T
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Fig. 4. RpPb of Υ(1S) (red circles) versus y
Υ
CM with initial-state model calculations: 

nPDF modification [16] (top) and energy loss (E. Loss) with and without shadow-
ing corrections [17] (bottom). The uncertainty range for each model calculation is 
shown. Vertical bars on the points represent statistical and fit uncertainties and 
filled boxes represent systematic uncertainties. The gray box around the line at 
unity represents the global uncertainty due to luminosity normalization (4.2%).

(bottom) regions. We find indication of greater differences between 
the suppression levels of low-p

Υ
T Υ(nS) states in the lead-going 

versus the proton-going y
Υ
CM directions. A similar observation was 

made by CMS in the charmonium sector [39], where the modi-
fication levels of ψ(2S) and J/ψ with pT < 10 GeV/c were more 
separated in the backward region, whereas both states experienced 
similar modification in the forward region.

We study the forward-backward production ratio of Υ mesons 
in pPb collisions defined as follows:

RFB
(

p
Υ
T , y

Υ
CM > 0

) = (d2
σ(p

Υ
T , y

Υ
CM)/dp

Υ
T dy

Υ
CM)

(d2
σ(p

Υ
T ,−y

Υ
CM)/dp

Υ
T dy

Υ
CM)

, (3)

where y
Υ
CM is positive. We measure event activity near the mea-

sured Υ meson using the number of reconstructed tracks, Ntracks, 
in the region |ηlab| < 2.4 (a detailed discussion of the event-
activity variables can be found in Ref. [44]). To measure event 
activity further from the Υ meson, we use the sum of deposited 
transverse energy ET in 4 < |ηlab| < 5.2. Fig. 7 shows the RFB as a 
function Ntracks (top), and ET (bottom). The uncorrected mean val-
ues of the event activity variables in minimum bias pPb collisions 

are 〈Ntracks〉 = 41 and 〈ET〉 = 14.7 GeV. The measured RFB remains 
consistent with unity at all levels of event activity for all three 
Υ states. This observation is independent of the η region used to 
measure event activity. The ALICE Collaboration determined a value 
of RFB consistent with unity for Υ(1S) for integrated event activity 
for Υ mesons in the forward (2.03 < y

Υ
CM < 3.53) and backward 

(−4.46 < y
Υ
CM < −2.96) rapidity regions [42]. The LHCb Collabo-

ration also measured Υ(1S) RFB in the forward (1.5 < y
Υ
CM < 4.0) 

and backward (−5.0 < y
Υ
CM < −2.5) rapidity regions and reported 

an integrated RFB of slightly less than unity [41]. In contrast to Υ
results reported here, the RFB for prompt and nonprompt J/ψ were 
found by CMS to decrease with increasing ET [38].

Fig. 8 shows the integrated RpPb of Υ states as well as the RAA
observed in PbPb collisions [36] at 

√
s

NN
= 5.02 TeV. The 95% con-

fidence level upper limit on the Υ(3S) RAA is depicted using an 
arrow. The data indicate an ordering of nuclear modification for 
the Υ family with RpPb(1S) > RpPb(2S) > RpPb(3S),

RpPb(Υ(1S)) = 0.806 ± 0.024 (stat) ± 0.059 (syst),

RpPb(Υ(2S)) = 0.702 ± 0.041 (stat) ± 0.058 (syst),

RpPb(Υ(3S)) = 0.536 ± 0.058 (stat) ± 0.050 (syst).

We determine the p-value of the observed suppression of Υ states 
in pPb relative to pp collisions against the hypothesis of A-scaling, 
which predicts no nuclear modification. Given the uncertainties in 
the measured RpPb values for Υ(1S) , Υ(2S) , and Υ(3S) , we deter-

mine these p-values to be 1.16 ×10-3, 1.36 ×10-5, and 6.84 ×10-10, 
respectively.

Given that initial-state CNM models predict equal nuclear mod-
ification to all three Υ states in contrast to final-state CNM, which 
result in different levels of nuclear modification, we can determine 
the p-value of the observed additional suppression of each excited 
state compared to the ground state. This can be done under the hy-
pothesis that no final-state CNM effects are evident, and the RpPb
of the excited and ground states are equal. The p-values of the 
measured lower RpPb values of the excited states relative to Υ(1S)

are 1.24 × 10-1 for Υ(2S) and 1.02 × 10-3 for Υ(3S) , corresponding 
to significances of 1.2 and 3.1 standard deviations, respectively.

Fig. 8 illustrates that the measured modifications in Υ(nS) pro-
duction in pPb collisions are considerably smaller than those seen 
in PbPb collisions [36]. A direct comparison of the RAA to the 
RpPb requires model-dependent scaling of the RpPb to reflect mod-
ification by two lead nuclei in PbPb collisions instead of one. 
Such a comparison of the observed modification effect of CNM 
on bottomonia in pPb to the nucleus-nucleus collision environ-
ment is needed to determine if hot nuclear matter effects in the 
QGP result in additional suppression of bottomonia in PbPb. Ad-
ditional modification in PbPb compared to pPb collisions is ex-
pected from the presence of color deconfinement as predicted by 
Refs. [2,3,5,7,64], and by larger comover interaction effects in the 
dense medium [18].

Tabulated results are provided in the HEPData record for this 
analysis [65].

6. Summary

The Υ(nS) (where n = 1, 2, 3) family is studied in proton-lead 
(pPb) collisions at 

√
s

NN
= 5.02 TeV and the production cross sec-

tions are presented. Using pp collision data obtained at the same 
collision energy, the nuclear modification factors RpPb in pPb colli-
sions for the three Υ states are measured. Compared to the hy-
pothesis of scaling by the number of nucleons A, we find the 
Υ(nS) yields to be suppressed. This suppression is observed over 
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Fig. 5. RpPb versus y
Υ
CM with CIM predictions [18] with shadowing corrections using nCTEQ15 and EPS09 for Υ(1S) (upper left; red circles), Υ(2S) (upper right; blue squares) 

and Υ(3S) (lower; green diamonds). The uncertainty range for each model calculation is shown. Vertical bars on the points represent statistical and fit uncertainties and 
filled boxes represent systematic uncertainties. The gray box around the line at unity represents the global uncertainty due to luminosity normalization (4.2%).

the entire kinematic range that is studied, i.e., transverse momen-
tum p

Υ
T < 30 GeV/c and center-of-mass rapidity |y

Υ
CM| < 1.93. The 

suppression level is constant both as a function of p
Υ
T and of y

Υ
CM

within the experimental uncertainties. An indication of higher sep-
aration of the excited states with p

Υ
T < 6 GeV/c is observed in the 

Pb-going direction.
The forward-backward production ratios RFB of Υ(nS) states are 

studied as a function of event activity in two regions: A midra-
pidity region (where the Υ(nS) states were measured), and a re-
gion with at least two units of rapidity separation from any mea-
sured Υ(nS) state. The RFB values are consistent with unity for all 
states, independent of the region used to measure the event activ-
ity.

The integrated nuclear modification factors for Υ(nS) in pPb
collisions are compared with those measured in PbPb collisions. 
The nuclear modification factors RAA in PbPb collisions are much 
smaller than the corresponding RpPb value for each state. However, 
a similar ordering of the measured RpPb (Υ(nS)) is observed, with 
Υ(1S) the least suppressed. This suggests the presence of final-
state effects in pPb collisions, consistent with predictions from 
models that break up the bound quarkonium states via interac-

tions 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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51 Also at Şırnak University, Sirnak, Turkey.
52 Also at Department of Physics, Tsinghua University, Beijing, China.
53 Also at Near East University, Research Center of Experimental Health Science, Nicosia, Turkey.
54 Also at Beykent University, Istanbul, Turkey.
55 Also at Istanbul Aydin University, Application and Research Center for Advanced Studies, Istanbul, Turkey.
56 Also at Mersin University, Mersin, Turkey.
57 Also at Piri Reis University, Istanbul, Turkey.
58 Also at Ozyegin University, Istanbul, Turkey.
59 Also at Izmir Institute of Technology, Izmir, Turkey.
60 Also at Bozok Universitetesi Rektörlügü, Yozgat, Turkey.
61 Also at Marmara University, Istanbul, Turkey.
62 Also at Milli Savunma University, Istanbul, Turkey.
63 Also at Kafkas University, Kars, Turkey.
64 Also at Istanbul Bilgi University, Istanbul, Turkey.
65 Also at Hacettepe University, Ankara, Turkey.
66 Also at Adiyaman University, Adiyaman, Turkey.
67 Also at Vrije Universiteit Brussel, Brussel, Belgium.
68 Also at School of Physics and Astronomy, University of Southampton, Southampton, United Kingdom.
69 Also at IPPP Durham University, Durham, United Kingdom.
70 Also at Monash University, Faculty of Science, Clayton, Australia.
71 Also at Bethel University, St. Paul, Minneapolis, USA.
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