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The respective contributions of cold-matter and hot-medium effects to the suppression of ϒ(1S) and ϒ(2S)
mesons in pPb collisions at energies reached at the CERN Large Hadron Collider (LHC) are investigated.
Whereas known alterations of the parton density functions in the lead nucleus and coherent parton energy loss
account for the leading fraction of the modifications in cold nuclear matter (CNM), the hot-medium (quark-gluon
plasma, QGP) effects turn out to be relevant in spite of the small initial spatial extent of the fireball. We compare
our transverse-momentum-, rapidity-, and centrality-dependent theoretical results for the ϒ suppression in pPb
collisions at a center-of-mass energy of

√
sNN = 8.16 TeV with recent LHCb and preliminary ALICE data

from the LHC. Both cold-matter and hot-medium effects are needed to account for the data. The initial central
temperature of the fireball is found to be T0 � 460 MeV, but depends on the bottomonium formation time.

DOI: 10.1103/PhysRevC.100.024906

I. INTRODUCTION

The successive suppression of the bottomonia states
ϒ(1S), ϒ(2S), and ϒ(3S) in the hot quark-gluon plasma
(QGP) that is created in symmetric high-energy heavy-ion col-
lisions at the BNL Relativistic Heavy Ion Collider (RHIC) [1]
and the CERN Large Hadron Collider (LHC) [2–5] is a valu-
able indicator for its properties, such as the initial central tem-
perature T0 [6–13]. In smaller asymmetric systems like pPb,
however, the fireball with temperatures exceeding the critical
value T = Tc � 160 MeV is spatially much less extended
than in PbPb or AuAu. Correspondingly, cold nuclear matter
(CNM) effects contribute significantly to the modification of
bottomonia yields in asymmetric collisions when compared to
pp.

In this work, we explore the contribution of both cold-
matter and hot-medium effects on the modification of
bottomonia yields in pPb collisions at

√
sNN = 8.16 TeV.

Transverse-momentum-, rapidity-, and centrality-dependent
results are compared with recent CMS Collaboration [4] and
preliminary ALICE Collaboration [5] data.

Regarding the CNM effects, we consider the modification
of the parton distribution functions (PDFs) in a nucleus com-
pared to free nucleons, and the coherent energy loss of the bot-
tomonia on their paths through the medium [14]. These cold-
matter effects are not expected to be much different for ground
and excited bottomonia states; indeed, the ALICE Collabora-
tion measurement of the cross section ratio ϒ(2S)/ϒ(1S) in
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5.02 TeV pPb shows no evidence for different CNM effects
on the two states at forward and backward rapidities, albeit
within large uncertainties [15].

For the hot-medium effects, we rely on our model for
bottomonia suppression in the QGP that we have developed
for heavy systems such as AuAu and PbPb, but we adapt
it now to the case of small asymmetric systems. The model
is based on gluon-induced dissociation, screening of the real
part of the quark-antiquark potential, and damping through the
imaginary part [11–13]. A significant fraction of the ϒ(1S)
suppression can also be due to the reduced feed-down from
excited states, once these are mostly screened, or depopulated,
as is the case in heavy systems at RHIC and LHC energies.
In particular for 5.02 TeV PbPb collisions at the LHC, the
model has proven its predictive properties [16] regarding the
transverse-momentum and centrality dependence of the ϒ

suppression.
Although the spatial overlap of projectile and target in pPb,

and hence the initial QGP region before hydrodynamic expan-
sion and gradual cooling, is significantly smaller in pPb, we
conjecture that the basic suppression mechanisms in the hot
medium remain unaltered. The emphasis in this work will then
be on the interplay of cold-matter and hot-medium effects, and
their comparison to data for 8.16 TeV pPb collisions at the
LHC.

In Sec. II, we consider the initial populations of the bot-
tomonia states. Aspects of the treatment of CNM effects in
8.16 TeV pPb collisions are briefly reviewed in Sec. III. These
had extensively been considered by a large group of authors
in Ref. [14]. For the initial-state modification of the parton
distribution functions in the nuclear medium, we use the most
recent global analysis of nuclear shadowing that provides a
new set of PDFs, Ref. [17]. It includes, in particular, LHC
data from the 5.02 TeV pPb run. Coherent parton energy loss
is also accounted for, in the model of Arleo and Peigné [18–
20]. In Sec. IV, we consider the hot-medium effects in our
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model [13] that we have originally developed for symmetric
heavy systems such as PbPb. We reconsider the main aspects
of the model, tailoring it now to the case of smaller and
asymmetric systems such as pPb. The resulting calculations
and comparisons with data from two LHC collaborations
obtained in the 8.16 TeV pPb run are presented in Sec. V, the
conclusions are drawn in Sec. VI.

II. BOTTOMONIA POPULATIONS

The production of ϒ mesons in proton-proton collisions
can occur either directly in parton scattering, or via feed-down
from the decay of heavier bottomonium states, such as χb,
or higher-mass ϒ states, thus complicating the theoretical
description of bottomonium production. In this work, we
make use of the experimentally measured double-differential
pp cross sections at 8 TeV of dimuon pairs from ϒ decays,
d2σϒ→μ+μ−

pp /(d p⊥dy), from the LHCb Collaboration [21].
These data are rescaled using the corresponding dimuon
branching ratios to obtain the inclusive bottomonium-decay
cross sections in pp collisions, d2σϒ→X

pp /(d p⊥dy). Then, we
apply an inverse feed-down cascade [11,13,22] for every p⊥
and y bin to reconstruct the (direct) bottomonium-production
cross sections in pp collisions, d2σϒ

pp/(d p⊥dy). The latter do
not include the indirect contributions from feed-down and
hence, are smaller than the measured decay cross sections.
We fit decay and production cross sections separately with an
analytical fit function proposed in Ref. [19],

d2σpp

d p⊥dy
= N p⊥

(
p2

0

p2
0 + p2

⊥

)m(
1 − 2M⊥√

s
cosh y

)n

. (1)

The errors of the decay cross sections are given by the
experimental uncertainties. For the bottomonium-production
cross sections, we propagate the errors of the dimuon data,
which we assume to be uncorrelated, through the inverse
decay cascade. The fits are shown in Fig. 1. Apart from the
smallest rapidity bin, the fits are sufficiently precise, with
an overall χ2/ndf = 2.12 and χ2/ndf = 0.50 for the ϒ(1S)-
decay and ϒ(1S)-production cross sections, respectively, cf.
Table I. Hence, we build the subsequent calculations for the
ϒ(1S) and, similarly, ϒ(2S) yields in pPb collisions on the
analytical functions.

III. COLD-MATTER EFFECTS

In asymmetric collisions such as pPb, the bottomonia
yields are already influenced by the presence of nuclear
matter—even if a hot medium was completely absent. These
well-known cold nuclear matter effects include purely initial-
state effects, in particular, the modification of the initial gluon
densities, as well as mixed initial- and final-state effects such
as the coherent parton energy loss induced by the nuclear
medium. We subsequently consider the above two CNM
effects and determine the corresponding modification of bot-
tomonia yields in pPb as compared to what is expected from
pp collisions at LHC energies.

FIG. 1. Fits of the double-differential cross sections for ϒ(1S)
decays (top) and ϒ(1S) production (bottom) in

√
s = 8 TeV pp col-

lisions. The data points and error bars are based on LHCb data [21].
Our corresponding fits are displayed as functions of transverse
momentum for five rapidity regions.

A. Modification of bottomonium production

The modification from pp to pPb collisions is quantified
by the nuclear modification factor

RpPb(b, p⊥, y) = 1

〈Ncoll〉(b)

d2σϒ→X
pPb

d p⊥dy (b, p⊥, y)
d2σϒ→X

pp

d p⊥dy (p⊥, y)
, (2)

where d2σϒ→X/(d p⊥dy) is the Lorentz-invariant double-
differential cross section for ϒ decays. For pPb, these cross
sections are calculated via the decay cascade [22] from the
corresponding production cross sections after applying all
cold-matter (and later, hot-medium) modifications. RpPb de-
pends on the rapidity y, transverse momentum p⊥, and the
centrality of the collision which can be expressed either in
terms of the impact parameter b or by the expected number
of binary nucleon-nucleon collisions 〈Ncoll〉(b), see Table II.
Modification factors as functions of only one observable are

TABLE I. Fit parameters of the double-differential cross sec-
tions for ϒ(1S) decays and ϒ(1S) production in

√
s = 8 TeV pp

collisions.

N p0 m n χ 2/ndf

decays 7.61 6.18 2.55 13.36 2.12
production 4.00 6.23 2.64 13.38 0.50
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TABLE II. Results of our Glauber calculation for the expected
numbers of binary collisions 〈Ncoll〉 and participants 〈Npart〉, the
differential and integrated inelastic pPb cross sections dσ inel

pPb/db
and σ inel

pPb , and the corresponding centrality c in pPb collisions at√
sNN = 8.16 TeV for different impact parameters b.

b 〈Ncoll〉 〈Npart〉 dσ inel
pPb/db σ inel

pPb c

(fm) (fm) (fm2) (%)

0 15.6 16.6 0 0 0
1 15.4 16.4 6.3 3 1.6
2 4.8 15.8 12.6 13 6.0
3 3.7 14.7 18.8 29 13.3
4 2.0 12.9 25.1 52 23.5
5 9.3 10.3 31.4 80 36.6
6 6.0 6.9 37.6 115 52.4
7 2.8 3.6 41.4 155 70.8
8 0.9 1.4 30.6 192 87.7
9 0.2 0.4 11.4 212 96.7
10 0.0 0.1 2.7 218 99.3
11 0.0 0.0 0.5 219 99.9

obtained by integrating the differential cross sections first
before taking the ratio,

RpPb(b) = 1

〈Ncoll〉

∫∫ d2σϒ→X
pPb

d p⊥dy d p⊥dy∫∫ d2σϒ→X
pp

d p⊥dy d p⊥dy
, (3)

RpPb(p⊥) =
∫∫ d2σϒ→X

pPb

d p⊥dy

dσ inel
pPb

db db dy∫ 〈Ncoll〉 dσ inel
pPb

db db
∫ d2σϒ→X

pp

d p⊥dy dy
, (4)

and RpPb(y) accordingly. Here, dσ inel
pPb/db is the differential

inelastic pPb cross section which is given by the Glauber
model [23]. We determine the bottomonium-production cross
sections in pPb collisions by adjusting the corresponding pp
cross sections which we parameterized with Eq. (1).

For our calculations, we consider the nuclear gluon shad-
owing and the coherent parton energy loss model to account
for the CNM effects. Thus, the CNM modification of the
bottomonium-production cross section from pp to pPb col-
lisions reads [19,24]

1

〈Ncoll〉
d2σ CNM

pPb

d p⊥dy

=
∫ 2π

0

dϕ

2π

∫ εmax

0
dε P(ε, E , Leff )

× p‖
pshift

‖

p⊥
pshift

⊥
RPb

g

(
xshift

2

) d2σpp

d p⊥dy
(pshift

⊥ , yshift ), (5)

where the shifted quantities are expressed by

yshift = arcosh

[
E (p⊥, y) + ε

M⊥(pshift
⊥ )

]
− ybeam , (6)

pshift
⊥ =

√
p2

⊥ + �p2
⊥ + 2p⊥�p⊥ cos ϕ , (7)

pshift
‖ =

√
[E (p⊥, y) + ε]2 − M2

⊥(pshift
⊥ ) . (8)

The convolution integrates over the energy loss ε and the angle
ϕ between the transverse momentum of the bottomonium
and the total transverse momentum kick �p⊥ in the lead
nucleus. It is based on Arleo and Peigné’s model of parton
energy loss [18–20], where partons traversing a medium are
expected to loose energy via induced gluon radiation caused
by interactions with multiple static scattering centers of the
medium.

Hence, the number of produced bottomonia in pPb colli-
sions can be calculated from the production of higher ener-
getic bottomonia in pp collisions and the probability that they
will emit the energy difference ε through gluon radiation. The
probability distribution of an energy loss ε of bottomonia with
energy E in the lead rest frame is given by the normalized
quenching weight P [19]. The transverse-momentum kick
�p⊥ is related to the gluon saturation scale in the lead nuclei,
and the shifted variables in Eqs. (6)–(8) follow from kinematic
considerations.

Further, we also include the gluonic nuclear modifica-
tion factor RPb

g of the gluon PDF in Pb compared to p in
Eq. (5). This is a simplification of the shadowing effects in
the color evaporation model as formulated by Vogt [24], since
we assume that the main contribution to the bottomonium-
production cross section comes from gluon fusion. Hence, the
bottomonium momentum fraction x2 is given by the kinemat-
ics of 2 → 1 processes,

x2(p⊥, y) = Mϒ,⊥√
sNN

exp(−y) , (9)

xshift
2 = x2(pshift

⊥ , yshift ) , (10)

where Mϒ,⊥ is the transverse mass of the final-state bottomo-
nium. In our calculations, we use the EPPS16 set [17] which
includes the most recent global analysis of nuclear shadowing.

Since we consider both, shadowing and coherent energy
loss in the cold nuclear matter, we must adapt the value of
the transport coefficient q̂ that governs the energy-loss model
of [18,20], reducing it from q̂ = 0.075 to 0.046 GeV/(fm c2).
The difference in the corresponding nuclear modification
factors is, however, small because the transverse-momentum
kick �p⊥ scales with

√
q̂ : The modification is below 3%

in p⊥-averaged results and becomes significant only at p⊥ <

5 GeV/c.

B. Effective path length

The centrality dependence of the CNM modification factor
is caused by the changing effective path length Leff which in
turn affects the quenching weight P. The path length for a
projectile traveling through a medium is proportional to the
number of binary collisions and the mean free path. The latter
is given by the inverse of the product of the inelastic pp cross
section σ inel

pp and the mean number density ρ0 in the nucleus,

Leff, Pb(b) = 〈Ncoll〉(b)

ρ0 σ inel
pp

(11)

with the mean number density

ρ0 = 208

VHS
= 208

3

4πR3
Pb

≈ 0.17 fm−3 , (12)
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where VHS is the equivalent hard-sphere volume. Using the
results from our Glauber calculation and σ inel

pp (8 TeV) �
7.46 fm2 [25], we obtain the value

Leff, Pb(0) ≈ 12.26 fm (13)

in central collisions, which scales with 〈Ncoll〉(b) for more
peripheral collisions.

Before we proceed to investigate the influence of the hot
fireball in asymmetric systems at LHC energies on the ϒ

suppression, we mention that our calculations for the CNM
effects due to both, modifications of the PDFs and coherent
energy loss in the nuclear medium (see Sec. V), are in line
with standard results of the CNM community [14], which
were originally presented as predictions before the 8.16 TeV
pPb run.

IV. HOT-MEDIUM EFFECTS

Although the spatial extent of the initial QGP-zone in
pPb collisions at LHC energies—in this work, at

√
sNN =

8.16 TeV—is much less compared to symmetric systems like
PbPb, it turns out that the dissociation of bottomonia states
in the hot medium is significant and cannot be neglected.
We therefore adapt our model for hot-medium bottomonia
suppression in symmetric collisions to the case of asymmetric
systems. The bottomonia states are produced with a formation
time τF � 0.4 fm/c [12,13] in initial hard collisions at finite
transverse momentum p⊥, and then move in the hot expanding
fireball made of gluons and light quarks where the dissociation
processes take place.

The local equilibration time of the fireball is very short,
about 0.1 fm/c for gluons [26] and less than 1 fm/c for
quarks, such that the conditions for a hydrodynamic treatment
of the expansion and cooling of the hot zone are fulfilled. The
difference in the local equilibration time for quarks versus glu-
ons has been discussed on nonequilibrium-statistical grounds
in Refs. [27,28]. It is essentially due to the role of Pauli’s
principle, but the different color factors will enhance it.

Indeed the bottomonium formation time in our model is
larger than the local equilibration time for gluons, and hence,
one may invoke a temperature-dependent formation time, as
has been investigated, e.g., by Ko et al. [29] for heavy sym-
metric systems. We had investigated the role of the formation
time in our previous work for symmetric systems [11,12], with
the result that there is less suppression for longer formation
times, because the system has already cooled, as will be
confirmed in Sec. V for the asymmetric system as well. This,
in turn, requires a higher initial central temperature.

As in case of symmetric systems [12,13], we use perfect-
fluid relativistic hydrodynamics with longitudinal and trans-
verse expansion to account for the background bulk evolution.
The equations of motion are obtained by imposing four-
momentum conservation, and solved in the longitudinally–co-
moving frame (LCF), with metric

g = −dτ 2 + (dx1)2 + (dx2)2 + τ 2dy2,

τ =
√

(x0)2 − (x3)2 , y = artanh(x3/x0) . (14)

Here, the x1 axis is lying within and the x2 axis orthogonal
to the reaction plane, while the x3 axis is parallel to the beam
axis. The resulting equations of motion

∂μ(τ T 4uμuν ) = −τ

4
∂νT 4, ∂μ(τ T 3uμ) = 0 , (15)

for four-velocity u and temperature distribution T in the
transverse plane (x1, x2) are solved numerically, starting at the
initial time τinit = 0.1 fm/c in the LCF. The initial conditions
for u and T in symmetric systems are given in Eqs. (14)–(16)
of Ref. [12]. For the asymmetric system at hand, we adapt the
initial condition for T to scale with the distribution of binary
collisions in the transverse plane 〈ncoll〉(b; x1, x2) that lead to
the formation of the hot zone,

T (b; τinit, x1, x2) = T0
3

√
〈ncoll〉(b; x1, x2)

〈ncoll〉(0; 0, 0)
. (16)

In pPb collisions, the expected number of binary collisions in
a central collision is 〈Ncoll〉(b= 0) � 15.6, where 〈Ncoll〉(b) =∫

d2x 〈ncoll〉(b; x1, x2).
As discussed in the next section where the comparison

with data will be shown, we determine the initial central
temperature T0 in pPb collisions at 8.16 TeV by fitting our
cold-matter plus hot-medium results to LHCb data at forward
rapidities, resulting in T0 = 460 MeV. Obtaining instead the
initial central temperature from a comparison of hydrody-
namic calculations with experimental results for elliptic flow
of charged hadrons might be conceivable in the future, once
data become available. It would, however, be less reliable as
in case of large symmetric systems, where flow is a more pro-
nounced property. The inclusion of viscosity would alter our
results slightly, allowing for lower temperatures at the same
QGP lifetime as compared to perfect-fluid hydrodynamics in
our modeling. It would therefore require a rescaling of the
initial central temperature.

The distribution of binary collisions 〈ncoll〉(b; x1, x2) is
obtained from a Glauber calculation and is proportional to the
nuclear overlap function θpPb,

θpPb(b; x1, x2) = θp(b; x1, x2) × θPb(b; x1, x2) , (17)

θp(b; x1, x2) =
∫

dx3ρp(|b
e1 − 
x|) , (18)

θPb(b; x1, x2) =
∫

dx3ρPb(|
x|) , (19)

where ρp, ρPb are the radial symmetric nucleon distributions
of the proton and lead nucleus, respectively. For the latter, a
Woods-Saxon potential with parameters taken from [30] is
used, whereas we use a Gaussian shape for the proton, with
a corresponding radius of 0.875 fm.

The thickness functions θp, θPb are displayed in the upper
frame of Fig. 2 for x2 = 0 and two values of the impact
parameter that correspond to central (b = 0) and “minimum-
bias” (〈Ncoll〉(b) = MinBias [〈Ncoll〉] � 7) collisions. In the
lower frame, the corresponding initial temperature profiles
along the x1 axis are shown. The hot medium with T > Tc �
160 MeV is generated once the nuclear overlap of the proton
with lead is sufficiently strong.
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FIG. 2. Upper frame: Thickness functions θPb(x1, x2 = 0) for Pb
(solid curve), and θp(x1, x2 = 0) for the proton at two different impact
parameters, or number of expected binary collisions, corresponding
to central collisions (b = 0 fm, 〈Ncoll〉 � 15.6, dashed curve) and
minimum bias (b = 5.7 fm, 〈Ncoll〉 � 7, dotted curve). Lower frame:
Temperature profiles of the hot QGP generated in pPb collisions
at

√
sNN = 8.16 TeV for two centralities (dashed, central; dotted,

minimum bias) as in the upper frame. The initial central temperature
is T0 = 460 MeV.

The full, two-dimensional initial temperature profile in
the transverse (x1, x2) plane for pPb can be seen in Fig. 3
for the same impact parameters corresponding to central and
minimum-bias collisions as in Fig. 2. Although the hot zone is
substantially less extended in pPb as compared to PbPb, it is
still sufficiently pronounced to cause in-medium dissociation
of the initially produced bottomonia states.

To obtain the hot-medium decay widths of the relevant
bottomonia states, the energies Enl (T ) and corresponding
damping widths �

damp
nl (T ) as a function of QGP temperature

FIG. 3. Initial temperature profiles of the hot QGP generated in
pPb collisions at

√
sNN = 8.16 TeV as functions of the transverse co-

ordinates (x1, x2) at two centralities: Central collisions with 〈Ncoll〉 �
15.6, left, and minimum-bias collisions with 〈Ncoll〉 � 7, right, as in
Fig. 2.

T are needed. To this end, we solve a radial Schrödinger
equation with a complex, temperature-dependent potential
Vnl (r, T ) [12] for the six states ϒ(nS) and χb(nP), n = 1, 2, 3,
using an iterative method to account for the running of the
strong coupling [31].

Additionally, we derive the width caused by gluon-induced
dissociation �diss

nl (T ) [6,12] through an extension of the op-
erator product expansion [32] and add it incoherently to the
damping width. The two mechanisms emerge in different
orders in the effective action, as has been shown in poten-
tial nonrelativistic QCD (pNRQCD) approaches [33,34]: The
imaginary part of the interaction potential Vnl yields colli-
sional damping (“soft process” in pNRQCD terminology),
whereas gluodissociation is described by a singlet-to-octet
transition (“ultrasoft process”), and hence, both should be
treated individually due to the separation of scales.

Finally, dissociation by screening of the real part of the
quark-antiquark potential is taken into account by setting
the total decay width to infinity if a state’s energy meets
the continuum threshold, leading to the total hot-medium
decay width [13,35]

�tot
nl =

{
�

damp
nl +�diss

nl if Enl < limr→∞ Re Vnl ,

∞ else .
(20)

Due to the high bottom-quark mass, the bottomonia are not
expected to be comoving with the expanding hot medium in
the transverse plane. We consider this finite relative velocity
by applying the relativistic Doppler effect to the medium
temperature in the bottomonium rest frame and performing
an angular average over the shifted decay widths [13].

V. COMPARISON TO DATA

We investigate the impact of cold-matter and hot-medium
effects on bottomonium yields in pPb collisions, and com-
pare them to the most recent results provided by the CERN
collaborations LHCb and ALICE. We calculate the nuclear
modification factors for bottomonium in pPb collisions as fol-
lows: First, we apply the inverse bottomonium-decay cascade
to the corresponding pp cross sections to obtain the cross
sections for bottomonium production in pp. The latter are
then modified for pPb with the CNM effects as discussed
in Sec. III, as well as with the thermal QGP effects in
the hot zone from Sec. IV. Finally, these are propagated
through the bottomonium-decay cascade which yields the
cross sections for bottomonium decays in pPb collisions.
In comparisons with transverse-momentum-, centrality-, and
rapidity-dependent data, the respective other variables are
integrated over centralities or the corresponding kinematical
regions according to Eqs. (3) and (4).

Our model results for the ϒ(1S) ground state are compared
with the transverse-momentum dependent 8.16 TeV pPb data
from the LHCb Collaboration [36] in Fig. 4: Upper frame
in the backward (Pb-going) region with −5 < ycms < −2.5,
lower frame in the forward (p-going) region with 1.5 <

ycms < 4. In both cases, calculations for cold-matter effects
as obtained from initial-state PDF modifications plus energy
loss are displayed in the upper bands, whereas the lower bands
include the hot-medium suppression. The small additional
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FIG. 4. Calculated p⊥-dependent nuclear modification factors
RpPb for the ϒ(1S) spin-triplet ground state in pPb collisions at√

sNN = 8.16 TeV with LHCb data [36] in the backward (Pb-going,
top) and forward (p-going, bottom) region, for minimum-bias cen-
trality. Results for CNM effects that include shadowing, energy loss,
and reduced feed-down (dashed curves) are shown together with
calculations that incorporate also QGP effects (solid curves). The
error bands result from the uncertainties of the parton distribution
functions that enter the calculations.

suppression from reduced feed-down is included in both
cases; if only CNM effects are considered, its impact is
negligible. The broad bands refer to the uncertainties of the
parton distribution functions only, not to additional systematic
uncertainties that may arise from inherent model simplifica-
tions or uncertainties in the choice of parameters.

In the backward region, the additional hot-medium sup-
pression beyond the CNM effects at low transverse momen-
tum clearly improves the agreement with the LHCb data.
Here, the CNM effects alone predict an enhancement of the
nuclear modification factor above one due to antishadow-
ing, whereas the LHCb data in the region p⊥ < 10 GeV/c
show suppression, which is well reproduced by our hot-
medium plus cold-matter results. The plateau that the data
display at p⊥ < 10 GeV/c is a consequence of the relativis-
tic Doppler effect due to the velocity of the moving bot-
tomonia relative to the expanding QGP in our hot-medium
model [12,13]: With rising p⊥, the anisotropic effective tem-
perature that the bottomonia experience is Doppler-shifted.
As a consequence, the angular-averaged values of the cor-
responding decay widths cause a flat p⊥ dependence of
RpPb [13]. At p⊥ > 10 GeV/c, the CNM effects are, how-
ever, more important than the QGP suppression. In the for-
ward region, the additional hot-medium suppression at p⊥ <

10 GeV/c also improves the agreement with the LHCb data
substantially.

FIG. 5. Dependence of the nuclear modification factors RpPb for
the ϒ(1S) state in pPb collisions at

√
sNN = 8.16 TeV on the initial

central temperature T0 in the backward (Pb-going, top) and forward
(p-going, bottom) region, with formation time τF = 0.04 fm/c. Re-
sults include CNM and QGP effects. Data are from Ref. [36].

The value of the initial central temperature T0 = 460 MeV
that we use in our calculation for the hot zone together
with a bottomonia formation time of τF = 0.4 fm/c results
in reasonable agreement with the LHCb data, but it is ob-
viously model-dependent because a larger formation time
would allow for more cooling, thus requiring a larger initial
temperature. Hence, we first investigate the dependence of
the system on the initial central temperature T0, keeping the
formation time constant. Typical results are shown in Fig. 5,
where curves for T0 = 420, 460, and 500 MeV are displayed,
each of them showing substantially different suppression as
expected.

Whereas the results in Fig. 5 refer to a formation time
τF = 0.4 fm/c [12,13], in Fig. 6 we investigate the effect of
doubling the formation time of all six bottomonia states to
τF = 0.8 fm/c. This causes less suppression in both, back-
ward and forward direction, and can be cured by choosing a
larger initial central temperature around T0 � 600 MeV. The
investigation of the correlation between T0 and τF should in
the future be supplemented by a more detailed model for
the temperature-dependence of the formation time, as has
already been done in Ref. [29] at energies available at the BNL
Relativistic Heavy Ion Collider. For the present investigation,
however, we keep the formation time constant and adapt the
initial central temperature to be T0 = 460 MeV.

The comparison of our transverse-momentum dependent
results with preliminary ALICE data [37] in Fig. 7 shows then
also agreement in the backward region (top) for a slightly dif-
ferent rapidity band, −4.46 < ycms < −2.96. In the forward
region with 2.03 < ycms < 3.53, however, the comparison
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FIG. 6. Results for RpPb[ϒ(1S)] in pPb collisions at
√

sNN =
8.16 TeV when doubling the bottomonia formation time to τF =
0.08 fm/c in the backward (Pb-going, top) and forward (p-going,
bottom) region, for minimum-bias centrality and three values of the
initial central temperature T0. Data are from Ref. [36].

FIG. 7. Calculated p⊥-dependent nuclear modification factors
RpPb for the ϒ(1S) state in pPb collisions at

√
sNN = 8.16 TeV with

preliminary ALICE data [37] in the backward (Pb-going, top) and
forward (p-going, bottom) region. The rapidity regions are slightly
different from Fig. 4. Results for CNM effects that include shadow-
ing, energy loss, and reduced feed-down (dashed curves) are shown
together with calculations that incorporate also QGP effects (solid
curves). The error bands result from the uncertainties of the parton
distribution functions that enter the calculations.

FIG. 8. Calculated centrality-dependent nuclear modification
factors RpPb for the ϒ(1S) state in pPb collisions at

√
sNN =

8.16 TeV with preliminary ALICE data [37] in the backward (Pb-
going, top) and forward (p-going, bottom) region. The rapidity
regions are as in Fig. 7. Results for CNM effects that include
shadowing, energy loss, and reduced feed-down (dashed curves) are
shown together with calculations that incorporate also QGP effects
(solid curves). The error bands result from the uncertainties of the
parton distribution functions that enter the calculations.

between our results and the ALICE preliminary data is less
convincing than in the LHCb case.

For the centrality dependence displayed in Fig. 8, the
CNM effects result in a fairly flat dependence on the number
of binary collisions both backward—where antishadowing
enhances RpPb above one—and forward, where shadowing
and energy loss already cause suppression. The hot-medium
contributions generate even more suppression in central colli-
sions. This disagrees with the preliminary ALICE data which
show almost no centrality dependence in the forward region,
and backwards even a slight rise of RpPb with increasing
centrality. The origin of the discrepancy is presently an open
question. Note that ALICE data for J/ψ modification factors
in 5.02 TeV pPb collisions show an even stronger rise to-
wards RpPb � 1.2 with increasing centrality in the backward
region [38], although there is growing suppression in the
forward region.

Regarding the rapidity dependence of the ϒ(1S) modifi-
cation factor displayed in Fig. 9, the characteristic forward-
backward asymmetric shape that is caused by the CNM
effects—with RpPb > 1 in the backward region due to anti-
shadowing, but RpPb < 1 in the forward region due to shad-
owing and energy loss—is maintained, but smoothed once the
hot-medium effects are added. In particular, these cause an
overall suppression of RpPb below one even in the backward
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FIG. 9. Calculated rapidity-dependent nuclear modification fac-
tors RpPb for the ϒ(1S) (top) and ϒ(2S) state (bottom) in pPb
collisions at

√
sNN = 8.16 TeV with preliminary ALICE data [37]

(triangles) and with LHCb data [36] (circles). Results for CNM
effects that include shadowing, energy loss, and reduced feed-down
(dashed curves) are shown together with calculations that incorpo-
rate also QGP effects (solid curves). The error bands result from
the uncertainties of the parton distribution functions that enter the
calculations.

region, thus improving the agreement with LHCb and prelim-
inary ALICE data in this region.

The more pronounced suppression of the excited ϒ(2S)
state as compared to the ground state that ALICE has found
in both forward and backward regions as shown in the lower
frame of Fig. 9 cannot result from CNM effects: These yield
enhancement above one, rather than suppression in the back-
ward region. The predicted ϒ(2S) CNM enhancement is in
magnitude quite similar to the one of the ground state, whereas
the preliminary ALICE data show suppression down to almost
70%, in reasonable agreement with our calculation. This result
strongly underlines the importance of hot-medium effects in
the observed bottomonia suppression in pPb collisions at LHC
energies.

In all our calculations, the formation time for the six
included bottomonia states is 0.4 fm/c and the initial cen-
tral temperature of the fireball is T0 = 460 MeV—which
is somewhat less than the initial central temperature of
480 MeV in 2.76 TeV PbPb collisions or the extrapolated
value of 513 MeV in 5.02 TeV PbPb collisions that re-
sulted in agreement with our corresponding predictions with
CMS data [16]. Modifications due to a different—and possi-
bly, state-dependent—value of the formation time had been
discussed in case of symmetric systems in Ref. [12]. The
initial central temperature has been determined from the dif-

ference between standard CNM results and data of the LHCb
and ALICE collaborations. It will be interesting to see if future
determinations of the initial central temperature from other
observables yield similar values.

VI. CONCLUSION

In summary, we have investigated the modifications of
ϒ yields in pPb collisions at a LHC energy of 8.16 TeV
in relation to scaled pp collisions as functions of transverse
momentum, rapidity, and centrality due to both CNM and
QGP effects.

We have considered in the initial stages of the collision
the CNM effects of shadowing and antishadowing due to the
modifications of the parton distribution functions, for which
we take most recent values. The partonic energy loss has been
accounted for within an established model for parton propaga-
tion from the initial to the final state. As a new development,
we have combined this well-known CNM treatment with
our model for bottomonia suppression through hot-medium
effects. So far, it has only been applied to symmetric systems
such as PbPb, where its predictions were found to agree with
the measured ϒ(1S) suppression. In the hot zone, rapid initial
local equilibration of quarks and even faster equilibration of
gluons ensures that a hydrodynamic approach is applicable,
and we consider the corresponding longitudinal, but also
transverse expansion, in a perfect-fluid model. In the course of
the expansion and cooling, we explicitly treat the hot-medium
processes gluodissociation, screening, and damping, until the
temperature falls below the critical value.

In the asymmetric pPb system, the hot-medium suppres-
sion turns out to be quite relevant, in spite of the spatially
less extended hot zone as compared to symmetric systems.
The feed-down cascade from the excited bottomonia states
produces some additional ground-state suppression due to
melting or depopulation of the excited states, but this contri-
bution is not as significant as in PbPb at 5.02 TeV where the
excited states are almost totally screened or depopulated and
therefore the feed-down to the ground state is substantially
reduced.

Summarizing our comparisons with recent LHC data on
pPb collisions at 8.16 TeV, we conclude that not only cold
nuclear matter effects but also ϒ suppression in the hot
medium are responsible for the observed modifications of ϒ

yields in pPb collisions as compared to pp. The hot-medium
effects are well represented by our model that has shown
considerable predictive properties for symmetric systems, and
is evidently also well-suited for smaller and asymmetric sys-
tems at energies reached at the CERN Large Hadron Collider,
where a less extended fireball of hot quark-gluon plasma is
created.
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