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In-medium ϒ suppression and feed-down in UU and PbPb collisions
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The suppression of ϒ mesons in the hot quark-gluon plasma (QGP) versus reduced feed-down is investigated
in UU collisions at energies currently available at the BNL Relativistic Heavy Ion Collider and PbPb collisions
at energies available at the CERN Large Hadron Collider. Our centrality- and pT-dependent model encompasses
screening, collisional damping, and gluodissociation in the QGP. For ϒ(1S) it is in agreement with data from
both STAR and CMS collaborations provided the relativistic Doppler effect and the reduced feed-down from
the ϒ(nS) and χb(nP ) states are properly considered. At both energies, most of the ϒ(1S) suppression is found
to be due to reduced feed-down, whereas most of the ϒ(2S) suppression is caused by hot-medium effects. The
importance of the latter increases with energy. The pT dependence is flat due to the relativistic Doppler effect
and reduced feed-down. We predict the ϒ(1S) suppression in PbPb at

√
sNN = 5.02 TeV.
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I. INTRODUCTION

The suppression of bottomia in the hot quark-gluon medium
that is created in high-energy heavy-ion collisions at the BNL
Relativistic Heavy-Ion Collider (RHIC) and the CERN Large
Hadron Collider (LHC) is a new field of research. The first
heavy-ion data were taken by the CMS Collaboration in PbPb
collisions at 2.76 TeV center-of-mass energy per particle pair
where the ϒ(1S), ϒ(2S), and ϒ(3S) states could be resolved
[1], followed by the ALICE Collaboration [2], as well as
STAR Collaboration measurements of 200 GeV AuAu [3] and
193 GeV UU [4] at RHIC.

The production of heavy mesons and, in particular, of
bottomia in initial hard partonic interactions in relativistic
heavy-ion collisions at RHIC and LHC energies is of special
interest because quarkonia in the fireball can act as a probe to
test the properties of the hot medium. The heavier the hadron
that is produced in the collision, the shorter its formation time
τF. Very heavy mesons such as the J/ψ or the ϒ meson in their
1S spin-triplet ground states are produced in hard collisions
at very short times, typically at τF � 0.3–0.5 fm/c. Since the
ϒ(1S) state is particularly stable, it has a sizable probability to
survive in the hot quark-gluon medium that is produced in the
fireball of a heavy-ion collision at LHC energies, even at initial
medium temperatures of the order of 400 MeV or above.

There exists meanwhile considerable literature on the
dissociation of quarkonia and in particular of the ϒ meson
in the hot quark-gluon medium; see [5] and references therein
for a review. In [6,7] we devised a model that accounts for the
gluon-induced dissociation of the various bottomium states in
the hot medium (gluodissociation), the damping of the quark-
antiquark binding due to the presence of the medium which
generates an imaginary part of the temperature-dependent
potential, and the screening of the real part of the potential.
The latter turns out to be less important for the strongly bound
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ϒ(1S) ground state, but it is relevant for the excited bb̄ states,
and also for all cc̄ bound states.

In this work we utilize our model to quantitatively disen-
tangle the role of bottomia suppression in the quark-gluon
plasma (QGP) relative to the role of reduced feed-down for
the ϒ(1S) ground state as function of energy, comparing with
data from both RHIC and LHC. The pT dependence and
the role of the relativistic Doppler effect on the measured
transverse-momentum spectra is discussed in detail. We
simultaneously consider the ϒ(2S) state where the QGP
effects are expected to be much more important with respect
to reduced feed-down regarding the measured suppression,
and verify this expectation in a calculation. We compare
with centrality-dependent STAR data for UU at 193 GeV [4]
for the ϒ(1S) state and CMS data [1,8] for the ϒ(1S) and
ϒ(2S) states in 2.76 TeV PbPb collisions. We also predict the
centrality-dependent suppression at the higher LHC energy of√

sNN = 5.02 TeV.
We do not include an explicit treatment of cold nuclear

matter (CNM) effects in our present study. These are certainly
very relevant in asymmetric collisions such as pPb where most
of the system remains cold during the interaction time. In
symmetric systems at RHIC and LHC energies, however, the
CNM effects such as shadowing are likely less important and,
moreover, expected to be very similar for ground and excited
states. Statistical recombination of the heavy quarks following
bottomia dissociation is disregarded as well. Although this is
certainly a relevant process in the J/ψ case, the significantly
smaller cross section for ϒ production allows us to neglect it.

In the next section, we first describe the hydrodynamic
evolution of the hot fireball including transverse expansion.
This serves as a simple model for the bulk evolution since
the more specific conclusions of this work regarding the
relative importance of in-medium suppression versus reduced
feed-down are not expected to depend much on details of the
background model. In Sec. III we outline our phenomeno-
logical determination of the initial bottomia populations from
an inverse cascade calculation based on the measured final
dimuon yields in pp collisions, scaled by the number of binary
collisions.
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Section IV concerns the main part of this work, namely,
in-medium dissociation processes as opposed to the effect of
reduced feed-down. In Sec. V we come to another central
part of this manuscript, which is the detailed consideration
of the relativistic Doppler effect due to the relative velocity
of the bottomia with respect to the expanding medium. It is
shown that this effect—in combination with the feed-down
cascade—causes the flat transverse-momentum dependence of
the suppression factors RAA that has been observed in recent
data [9]. The comparison with centrality-dependent data on
bottomia suppression at energies obtained at RHIC and at
LHC is presented in Sec. VI, again with emphasis on the role
of in-medium effects versus reduced feed-down depending on
the state and the incident energy. The conclusions are drawn
in Sec. VII.

II. HYDRODYNAMIC EXPANSION

The bottomia states are produced with a formation time τF,nl

in initial hard collisions at finite transverse momentum pT and
then move in the hot expanding fireball where the dissociation
processes take place, resulting in a local time-dependent decay
width �nl for the states with main quantum number n and
angular-momentum quantum number l. Before treating their
dissociation in detail, we first consider the hydrodynamic
flow of the fireball—the background bulk evolution—which is
basically as outlined in [7] including transverse expansion.

We describe the QGP by a relativistic, perfect fluid
consisting of gluons and massless up, down, and strange
quarks, whose energy-momentum tensor reads

T = (ε + P )u ⊗ u + P, (1)

where ε is the fluid’s internal energy density, P the pressure,
and u the fluid four-velocity. For a general energy-momentum
tensor the equations of motion are obtained by imposing four-
momentum conservation, ∇ · T = 0, which yields

1√| det g|∂μ(
√

| det g|T μ
α) = 1

2
T μν∂αgμν , (2)

where g = gμν dxμ dxν is the space-time metric and Eq. (1)
has to be inserted for T . The system of equations is closed
by the equation of state, appropriate for a perfect, relativistic
fluid,

P = c2
s ε, cs = 1√

3
, ε = ε0T

4. (3)

We evaluate Eq. (2) in the longitudinally co-moving frame
(LCF), where the metric g is given by

g = −dτ 2 + τ 2dy2 + (dx1)2 + (dx2)2, (4)

with the x1 axis lying within and the x2 axis orthogonal to the
reaction plane. In this frame the fluid flour-velocity u reads

u = γ⊥(eτ + v1e1 + v2e2), (5)

γ⊥ = 1√
1 − (v1)2 − (v2)2

. (6)

Note that the same transverse velocity components v1, v2

are measured in the laboratory frame (LF) as in the LCF; a

property that is very convenient when dealing with quantities
that depend on transverse momentum pT. Inserting Eqs. (1)
and (3)–(5) into Eq. (2) yields

∂μ(τT 4uμuα) = −τ

4
∂αT 4, ∂μ(τ T 3uμ) = 0, (7)

where the second equation corresponds to u · (∇ · T ) = 0.
We solve Eqs. (7) numerically, starting at the initial time

τinit = 0.1 fm/c in the LCF. The initial conditions in the
transverse plane (x1,x2) are given in Eqs. (14)–(16) of [7]
as

v1(τinit) = v2(τinit) = 0, (8)

T (b,τinit,x
1,x2) = T0

(
Nmix(b,x1,x2)

Nmix(0,0,0)

)1/3

, (9)

NRHIC
mix = 1 − f

2
Npart + f Ncoll, f = 0.145, (10)

NLHC
mix = f̂ Npart + (1 − f̂ )Ncoll, f̂ = 0.8, (11)

where f,f̂ are from [10,11] and b is the impact parameter.
The initial central temperature T0 is fixed through a fit of
the pT-dependent minimum-bias experimental RAA[ϒ(1S)]
results for PbPb at 2.76 TeV, see Sec. V. For other systems
and incident energies, T0 is scaled consistently with respect to
the produced charged hadrons.

We define the QGP-suppression factors R
QGP
AA,nl(c,pT) which

quantify the amount of in-medium suppression of bottomia
with transverse momentum pT for PbPb collisions in the
centrality bin c, where bc � b < bc+1. The QGP-suppression
factor is not directly measurable since it accounts only for
the amount of suppression inside the fireball due to the
three processes of color screening, collisional damping, and
gluodissociation that we consider in the next sections. It is
given by the ratio of the number of bottomia that have survived
the fireball to the number of bottomia produced in the collision.
The latter scales with the number of binary collisions at a
given point in the transverse plane and hence with the nuclear
overlap, Nbb̄ ∝ Ncoll ∝ TAA. Thus we write R

QGP
AA,nl as follows:

R
QGP
AA,nl(c,pT)

=
∫ bc+1

bc
db b

∫
d2x TAA(b,x1,x2) Dnl(b,pT,x1,x2)∫ bc+1

bc
db b

∫
d2x TAA(b,x1,x2)

. (12)

The damping factor Dnl is determined by the temporal integral
over the corresponding bb̄ decay width �nl ,

Dnl(b,pT,x1,x2)

= exp

[
−

∫ ∞

τF,nlγT,nl (pT)

dτ �nl(b,pT,τ,x1,x2)

γT,nl(pT)

]
, (13)

where τF,nl is the formation time in the bottomium rest
frame, γT,nl(pT) = √

1 + (pT/Mvac
nl )2 the Lorentz factor due

to transverse motion in the LCF, and Mvac
nl the experimentally

measured bottomium vacuum mass.
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TABLE I. Initial populations of the different bottomium states
as obtained from an inverted feed-down cascade calculation in pp
collisions at 2.76 TeV normalized by the ϒ(1S) population after feed-
down, ni

pp,nl = N i
pp,nl/N

f
pp,ϒ(1S). (�χb(3P ) denotes the yet unknown

vacuum decay width of the χb(3P ) state which cancels out in the
computation of final populations.)

State ni
pp,nl

ϒ(1S) 0.373
χb(1P ) 1.084
ϒ(2S) 0.367
χb(2P ) 0.881
ϒ(3S) 0.324
χb(3P ) 0.00835 eV−1�χb(3P )

III. INITIAL BOTTOMIA POPULATIONS

To estimate the initial populations N i
AA,nl of the six bottomia

states that we treat explicitly in this work, we consider the
measured final populations N f

pp,nl of the three ϒ(nS) states
in pp collisions at the same energy and calculate the decay
cascade [12] backward to obtain the initial populations in pp,
N i

pp,nl , shown in Table I. These are then scaled by the number
of binary collisions Ncoll yielding the initial populations in the
heavy-ion case. When the suppression factors are calculated,
the number of binary collisions cancels out. The required
branching ratios are taken from published data (from the
Review of Particle Physics, see [13]) or from theory where no
experimental values are available [as is the case for χb(3P )];
see [12] for details and references.

Regarding the production process, we use the same for-
mation time of τF,nl = 0.4 fm/c for ground and exited states,
with θ functions for production as a function of time. In the
co-moving coordinate system used for the hydrodynamical
calculation, time dilation of the formation times is then
taken into account. As has been indicated, e.g., in [14], the
quarkonium formation time in heavy-ion collisions is not well
determined. We had investigated the dependence of our model
results on τF,nl to some extent in our previous article (Fig. 9,
Table II in [7]) and in the present work we keep it fixed for
all states. Clearly this is an idealization, and the medium and
temperature effects on τF,nl need to be investigated further
[14,15].

IV. IN-MEDIUM DISSOCIATION VERSUS REDUCED
FEED-DOWN

To obtain the wave functions and eventually the decay
widths of the bottomia states considered at each space-time
point and temperature in the hot fireball, we solve the radial
Schrödinger equation for the six states ϒ(1S), ϒ(2S), ϒ(3S),
and χb(1P ), χb(2P ), χb(3P ) with energies Enl(T ) in a
complex potential Vnl(r,T ) [7] and corresponding damping
widths �

damp
nl (T ),

∂2
r gnl(r,T )

= mb

(
Vnl(r,T ) − Enl(T ) + i�damp

nl (T )

2

)
gnl(r,T ) . (14)

Here mb is the b-quark mass and T the QGP temperature at
any given space-time point.

We consider the running of the strong coupling in the
calculation of the wave function, and the various dissociation
processes. In the complex potential Vnl(r,T ) [7] a variable
αnl appears that denotes the strong coupling αs evaluated at
the soft scale Snl(T ) = 〈1/r〉nl(T ). Hence αnl depends on the
solution gnl of the Schrödinger equation for the six bottomium
states through the averaging, and we use an iterative method
for the solution of the problem [7], together with the one-loop
expression for the running of the coupling.

In addition to the damping width �
damp
nl (T ) we calculate the

width caused by gluon-induced dissociation �diss
nl (T ) [7,16].

The total in-medium decay width of a given bottomium state is
the incoherent sum �tot

nl = �
damp
nl + �diss

nl . The two mechanisms
emerge in different orders in the effective action, as has been
shown in potential nonrelativistic QCD approaches [17,18].
The imaginary part of the interaction potential Vnl yields
collisional damping [a “soft process” in potential nonrelativis-
tic QCD (pNRQCD) terminology] whereas gluodissociation
is described by a singlet to octet transition (an “ultrasoft
process”), and hence both should be treated individually due
to the separation of scales.

In [16] we had derived the gluodissociation cross section
for a screened Cornell-type potential with a temperature-
dependent string part through an extension of the operator
product expansion that was developed in [19] for Coulomb-
like momentum eigenstates. The result agrees with the one
obtained independently in effective field theory [18] in the
corresponding limit.

Once the bottomia states have survived the hot quark-gluon
plasma environment, the feed-down cascade from the excited
states to the ground state is considered in detail. Due to the
rapid melting or depopulation of the excited states caused by
the mechanisms in the QGP phase, the feed-down to the ground
state is reduced, resulting in additional ϒ(1S) suppression
with respect to the situation in pp collisions at the same
energy.

The focus of the present investigation is the determination
of the relevance of reduced feed-down for a given bottomium
state as a function of incident energy (RHIC vs LHC), and
of its relative importance for the ϒ(1S) and ϒ(2S) states,
which appears to be a new consideration. As will be shown
in the following sections, at both RHIC and LHC energies,
most of the suppression for the ϒ(1S) state is found to be due
to reduced feed-down, and even more so at the lower RHIC
energy. In contrast, most of the ϒ(2S) suppression is caused
by the hot-medium effects.

V. RELATIVISTIC DOPPLER EFFECT

Bottomia are too massive to experience a substantial change
of their momenta by collisions with the light partons in
the medium. Hence, there will be a finite relative velocity
between the expanding QGP medium and the bb̄ mesons. In
the rest frame of the bottomia, the surrounding distribution of
massless gluons then appears as a Bose-Einstein distribution
with an anisotropic temperature TD that is determined from the
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FIG. 1. Transverse-momentum dependence of the ground-state
suppression factor RAA[ϒ(1S)] in minimum-bias PbPb collisions at√

sNN = 2.76 TeV for effective temperatures based on maximum blue
shift only Teff = max(TD) and angular-averaged temperature Teff =
〈TD〉 in comparison with the unmodified case Teff ≡ T . Preliminary
data from CMS [8] at 2.76 TeV are shown for comparison. Statistical
error bars are solid; systematic ones, shaded.

relativistic Doppler effect as

TD(T ,|vQGP|,) = T

√
1 − |vQGP|2

1 − |vQGP| cos θ
. (15)

Here, vQGP is the average velocity of the surrounding fluid cell
(measured in the bottomium rest frame) and  = (θ,φ) the
solid angle where θ measures the angle between vQGP and the
incident light parton.

In the rest frame of the bottomia, the Doppler effect
causes a blueshifted temperature for θ = 0◦ and a redshifted
temperature in the opposite direction θ = 180◦. The effects
of red and blue shifts get more and more pronounced with
increasing relative velocity |vQGP|, but the angular range with
TD < T (redshifted region) is growing while the angular range
with TD > T (blueshifted region) is restricted to smaller and
smaller angles θ as has been noted in [20]. To account for
the effect of the anisotropic temperature TD on the bottomium
dissociation, we explore different possibilities.

First, one can estimate the upper limit of the impact of the
Doppler shift on the suppression factor RAA by considering
only the maximum blue shift, substituting T by an effective
temperature

Teff := max(TD) . (16)

As expected, we find substantial suppression in the whole
pT range, more than what is seen in the CMS data [8] for
4 < pT < 16 GeV/c.

A second possibility to approximate the effect of the
anisotropic temperature is to use the angular average of TD

as the effective temperature,

Teff := 〈TD〉 = 1

4π

∫
dTD . (17)

FIG. 2. Transverse-momentum dependence of the suppression
factors RAA[ϒ(1S)] for the ground state and RAA[ϒ(2S)] for the first
excited state in minimum-bias PbPb collisions at

√
sNN = 2.76 TeV.

The (upper) dashed curves show the suppression in the hot medium,
the (lower) solid curves the suppression including reduced feed-down,
which is only important for the ground state.

As shown in Fig. 1, in this case the impact of the red shift
outbalances that of the blue shift for all relative velocities and
RAA rises monotonically with pT as already discussed in [7].
The data [8] fall in between the two cases of maximum blue
shift only and angular-averaged temperature.

The choice Teff = max(TD) systematically overestimates
the effective temperature because it ignores any redshifted con-
tributions. Evaluating the decay widths at an angular-averaged
TD avoids this shortcoming but leads to unphysical results
when the temperature in the blueshifted region exceeds the
dissociation temperature: In this case the existence of bound
states should be prohibited, corresponding to an infinitely
large decay width, but the averaging can artificially lower the
temperature to a value where bound states can exist.

A better approach is provided by directly substituting the
total decay width �tot

nl (T ) by an effective, angular-averaged
value

�tot
eff,nl := 〈

�tot
nl (TD)

〉


= 1

4π

∫
d�tot

nl (TD) . (18)

This takes into account the redshifted temperatures and also
correctly describes the non-existence of bound states once the
effective temperature in the blueshifted region exceeds the
dissociation temperature.

The resulting pT dependence of ϒ(1S) and ϒ(2S) suppres-
sion is shown in Fig. 2 for minimum-bias PbPb collisions
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FIG. 3. Transverse-momentum dependence of the suppression
factors R

QGP
AA (dashed line) and RAA (solid line) for the ground state in

minimum-bias PbPb collisions at
√

sNN = 2.76 TeV (T0 = 480 MeV)
compared with recent CMS data [8]. Our predictions for 5.02 TeV
PbPb (T0 = 513 MeV) are shown as dotted and dash-dotted curves
for R

QGP
AA and RAA, respectively.

at 2.76 TeV together with the preliminary CMS data [8].
The in-medium suppression factor R

QGP
AA for the ground state

rises toward pT � 10 GeV/c because with increasing pT it
becomes easier for the upsilon to leave the hot zone. At
10 � pT � 20 GeV/c the rising widths overcompensate this
trend, causing a fall of R

QGP
AA . When the reduced feed-down

from the excited states is considered, the suppression factor
RAA becomes rather flat, in reasonable agreement with the
available CMS data for the ground state.

For the ϒ(2S) state the calculated pT dependence repro-
duces the trend seen in the data, but we underestimate the
suppression, evidently because additional mechanisms are at
work that we have not yet considered. The local maximum is
here at considerably lower values of pT than for the ground
state, followed by a local minimum and a steady rise. Reduced
feed-down has a small effect only at pT below 10 GeV/c, it is
much less important than for the ground state.

The predicted energy dependence of the ground-state sup-
pression is shown in Fig. 3: We find slightly more suppression,
however, compatible with the 2.76 TeV result within the
experimental error bars.

The centrality dependence that we obtain after averaging
over pT is not very different compared to our previous results
[7] at 2.76 TeV calculated with an angular-averaged effective
temperature. There is presently no rapidity dependence in our
model, both minimum-bias and centrality-dependent yields
are flat as functions of y, corresponding to a boost invariant
hydrodynamical evolution.

VI. CENTRALITY-DEPENDENT RESULTS
AND COMPARISON TO DATA

As is displayed in Figs. 4 and 5, the suppression of the
spin-triplet ground state at both RHIC and LHC energies is well
described by our model for initial central temperatures of T0 =

FIG. 4. Calculated suppression factor for the ϒ spin-triplet
ground state RAA[ϒ(1S)] in UU collisions at

√
sNN = 193 GeV (solid

line) together with centrality-dependent preliminary data (10–30 %
and 0–10 %, |y| < 1 ) from STAR [4] as a function of the number
of participants Npart (averaged over centrality bins). The suppression
factor R

QGP
AA in the QGP phase without the effect of reduced feed-down

is also shown.

417 MeV in UU at
√

sNN = 193 GeV and T0 = 480 MeV in
PbPb at 2.76 TeV, and an ϒ and χb formation time of τF,nl =
0.4 fm/c. The parameters for the density distributions of the
lead and uranium ions are taken from [21].

Our minimum-bias value of the suppression in 2.76 TeV
PbPb is Rmin. bias

AA [ϒ(1S)] = 0.43.
A comparison of Figs. 4 and 5 (top) reveals how the relative

contributions of in-medium effects and reduced feed-down
change as a function of incident energy, see Table II for
detailed minimum-bias results. In 193 GeV UU, only about
20% of the total suppression (1 − RAA) is due to the in-medium
effects, whereas in 2.76 TeV PbPb the in-medium contribution
is already about 30% and further increases in 5.02 TeV PbPb.

The situation is very different for the first excited state
ϒ(2S) as shown in Fig. 5 (bottom) for 2.76 TeV PbPb: With
the same set of parameters as for the ϒ(1S) state, the calculated
suppression of the ϒ(2S) state is much more pronounced in

TABLE II. Calculated nuclear suppression factors for the ϒ(1S)
and ϒ(2S) states in minimum-bias 193 GeV UU as well as 2.76 and
5.02 TeV PbPb collisions. The in-medium suppression factor is R

QGP
AA ,

the total suppression factor including reduced feed-down is RAA. The
last column gives the percentage of the suppression in the medium
relative to the total suppression (1 − R

QGP
AA )/(1 − RAA).

√
sNN System State R

QGP
AA RAA

1−R
QGP
AA

1−RAA

193 GeV UU ϒ(1S) 0.92 0.57 19%
193 GeV UU ϒ(2S) 0.48 0.41 88%
2.76 TeV PbPb ϒ(1S) 0.83 0.43 31%
2.76 TeV PbPb ϒ(2S) 0.28 0.23 94%
5.02 TeV PbPb ϒ(1S) 0.77 0.39 37%
5.02 TeV PbPb ϒ(2S) 0.22 0.18 95%
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FIG. 5. Top: Calculated suppression factor RAA[ϒ(1S)] in PbPb
collisions at

√
sNN = 2.76 TeV (solid line) together with centrality-

dependent data from CMS (|y| < 2.4, [8]) and ALICE (2.5 < y < 4,
[2]) as a function of the number of participants Npart (averaged over
centrality bins). The suppression factor R

QGP
AA in the QGP phase

without the effect of reduced feed-down is shown as a dashed
(upper) curve. Bottom: Suppression factor for the first excited state
RAA[ϒ(2S)] in PbPb collisions at

√
sNN = 2.76 TeV (solid line)

together with preliminary data from CMS [8]. The suppression factor
R

QGP
AA in the QGP-phase (dashed) accounts for most of the calculated

total suppression (solid) for the ϒ(2S).

the QGP phase than for the ϒ(1S) state. Table II shows that
more than 80% of the total minimum-bias ϒ(2S) suppression
in UU and more than 90% in PbPb is due to in-medium effects.
Hence the additional contribution of the feed-down cascade to
the ϒ(2S) suppression is rather marginal and drops below 10%
at LHC energies. Unfortunately, there are no data available that
directly quantify the feed-down fractions as functions of cen-
trality. As is obvious from Fig. 5, the comparison with the CMS
data [8] leaves room for additional suppression mechanisms
particularly in the peripheral region for the ϒ(2S) state.

For ϒ(1S) we also predict in Fig. 6 the suppression at the
higher LHC energy of 5.02 TeV PbPb as Rmin. bias

AA [ϒ(1S)] =
0.39 using the same formation times τF,nl = 0.4 fm/c, but
a scaled initial temperature T0 = 513 MeV. This value is
obtained from the proportionality between the initial entropy
density, the charged-particle multiplicity per unit of rapidity,
and the cube of the temperature [22–24]. Here the extrapolated
dNch/dη for 0–5 % centrality PbPb taken from [25] is in
agreement with recent data from the ALICE Collaboration
[26]. The ensuing enhancement of the suppression is within

FIG. 6. Calculated suppression factor RAA[ϒ(1S)] in PbPb col-
lisions at

√
sNN = 2.76 TeV (lower solid line) and prediction at

5.02 TeV (lower dash-dotted line) together with centrality-dependent
2.76 TeV data from CMS (|y| < 2.4, [8]) as function of the number
of participants Npart (averaged over centrality bins). The suppression
factors R

QGP
AA in the QGP phase without the effect of reduced feed-

down are shown as upper curves (dashed and dotted) for both energies,
again yielding slightly more suppression at the higher energy.

the experimental error bars of the 2.76 TeV result. It remains to
be seen whether this is confirmed by the forthcoming analysis
of the mid-rapidity CMS data from LHC run II.

Our results may be compared with those from related
approaches to ϒ suppression such as in [27–30]. The model of
Strickland and Bazow [28] also includes dynamical propaga-
tion of the ϒ meson in the colored medium and a potential
based on the heavy-quark internal energy. The results are
consistent with the STAR data for an initial central temperature
of 428 < T0 < 442 MeV, whereas in the model of Liu et al.
[29] T0 = 340 MeV is used. The strong binding model by
Emerick, Zhao, and Rapp [27] includes a contribution from
cold nuclear matter effects and is also consistent with the
STAR data.

The model by Song, Han, and Ko [30] uses second-order
gluon and quark dissociation of bottomia rather than first order
as here and in other works such as [29]. In-medium production
and dissociation are calculated from a rate equation. Wave
functions and decay widths are obtained from a screened
Cornell potential that corresponds essentially to the real part of
the complex potential that we are using. The fireball is modeled
as a viscous, cylindrically symmetric fluid and transversely
averaged quantities are calculated. The inclusion of viscosity
allows for lower temperatures at the same QGP lifetime as
compared to perfect-fluid hydrodynamics in our modeling.
The two effects of bottomium regeneration and gluonic (anti-)
shadowing are also included in the model, but are found to
have only small impact on the results. The model by Ko et al.,
however, does not include an imaginary part in the potential to
account for the significant contribution of collisional damping
to the total width, and the running of the strong coupling αs is
not considered.
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Some of the various model results are reviewed in compari-
son with recent data in [5]. Once the respective parameters are
tuned, the results are often found to be compatible with the data
in spite of vastly different model ingredients (such as different
quark-antiquark potentials) and hence it is difficult to extract
model-independent conclusions. Regarding the relative impor-
tance of in-medium suppression and feed-down for ground and
excited states as a function of energy investigated in this work,
our conclusions should, however, be quite stable, and it would
be interesting to test this proposition in the other models.

VII. CONCLUSION

In summary, we have investigated the suppression of the
ϒ(nS) states in UU and PbPb collisions at RHIC and LHC
energies in a model that considers the in-medium processes
of gluodissociation, screening, and damping. The feed-down
cascade from the excited bottomia states produces substantial
additional ground-state suppression, since the excited states
melt through screening or depopulate through dissociation
processes and hence, there is less feed-down to the ϒ(1S)
ground state as compared to pp at the same energy. In contrast,
the suppression of the first excited state ϒ(2S) at both RHIC
and LHC energies is largely due to the properties of the hot
quark-gluon medium.

Our model results for the ground state are in agreement
with the centrality-dependent STAR and CMS data [1,4,8].
The flat transverse-momentum dependence of the suppression
factor is consistent with the preliminary CMS data when
the relativistic Doppler effect due to the velocity of the
moving bottomia relative to the expanding QGP together with
the effect of feed-down reduction is properly considered. In
minimum-bias 193 GeV UU, only about 20% of the total
ϒ(1S) suppression (1 − RAA) is due to the in-medium effects,
whereas in 2.76 TeV PbPb the in-medium contribution is
already about 30% and further increases in 5.02 TeV PbPb.

The suppression of the first excited ϒ(2S) state which
occurs mostly in the QGP phase requires additional centrality-
dependent dissociation mechanisms in the whole pT range,
and in particular in very peripheral collisions. Here the
strong magnetic field caused by the moving spectators may
in principle induce a centrality-dependent effect on both
production and dissociation of the ϒ(nS) states.

Although the initial magnetic field is very short-lived, the
field in the presence of a conducting quark-gluon medium
decays on a time scale that is larger than the ϒ and χb formation
time and comparable to the collision time scale [31,32]. How-
ever, its magnitude in the medium is considerably reduced;
moreover, with increasing impact parameter in peripheral
collisions, the largest effect is produced at intermediate
centralities. Hence the observed strong suppression of the
ϒ(2S) state in very peripheral collisions can probably not
be attributed to the magnetic field.

Instead, additional mechanisms which we have not yet
accounted for, and which are acting differently on the ground
and excited states, are required. These may be provided by cold
nuclear matter effects, but nuclear shadowing is expected to
be small [30], and act on ground and excited states similarly.
Another possibility is hadronic dissociation—mostly by the
large number of pions in the final state even in more peripheral
collisions—which is likely to be relevant only for the excited
bottomium states but not for the strongly bound spin-triplet
ground state. In any case, the current modeling has to be refined
if higher accuracy is desired.

For the centrality and transverse-momentum dependence
of ϒ(1S) we have made predictions at the LHC energy of
5.02 TeV PbPb where results are currently being analyzed.
The ALICE Collaboration has released preliminary data for
the ϒ(1S) centrality-dependent yields in 5.02 TeV PbPb [33]
at rapidities 2.5 < |y| < 4.0. Here the suppression is found to
be slightly less than at 2.76 TeV, but almost compatible within
the experimental error bars. CMS has presented preliminary
5.02 TeV data in the midrapidity region |y| < 2.4, but so far
only for the double ratio RAA[ϒ(2S)]/RAA[ϒ(1S)] [9]. Once
their suppression factors for the individual states are available,
the consistency of the ALICE and CMS results and their
agreement with our prediction can be checked.
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