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Abstract. In UU collisions at RHIC energies and PbPb collisions at LHC energies the
suppression of Υ mesons in the hot quark-gluon medium (QGP) versus reduced feed-
down is investigated. Our model encompasses screening, collisional damping and gluo-
dissociation in the QGP. For Υ(1S) it is in agreement with both STAR and CMS data pro-
vided 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 suppression for the Υ(1S)
state is found to be due to reduced feed-down, whereas most of the Υ(2S) suppression is
caused by the hot-medium effects. The role of the in-medium effects relative to reduced
feed-down increases with energy. The Υ(1S)-suppression in PbPb at

√
sNN = 5.02 TeV is

predicted.

1 Introduction

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 sizeable
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 a considerable literature on the dissociation of quarkonia and in particular
of the Υ meson in the hot quark-gluon medium; see [1] and references therein for a review. In [2, 3]
we have 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 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 disentangle 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 relativistic Doppler effect is
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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 CMS data [4, 5] for
the Υ(1S) and Υ(2S) states. For PbPb we predict the centrality-dependent suppression at the higher
LHC energy of

√
sNN = 5.02 TeV.

2 Relativistic Doppler effect

The radial Schrödinger equation is solved for the six bottomia states considered in the hot fireball –
Υ(1S), Υ(2S), Υ(3S), and χb(1P), χb(2P), χb(3P) – with energies Enl(T ) in a complex potential
Vnl(r,T ) and corresponding damping widths Γ

damp
nl (T ) as has been outlined in [3]. We consider the

running of the strong coupling in the calculation of the wave function, and the various dissociation
processes. Since the coupling constant depends on the solution of the Schrödinger equation for the
six bottomium states, we use an iterative method for the solution of the problem [3], together with
the one-loop expression for the running of the coupling. In addition to the damping width Γ

damp
nl (T )

we consider the width caused by gluon-induced dissociation Γdiss
nl (T ) [3]. The total decay width of a

given bottomium state is then the incoherent sum Γtot
nl = Γ

damp
nl + Γdiss

nl .
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 relativistic Doppler effect as

TD(T, |u|, θ) = T

√
1 − |u|2

1 − |u| cos θ
. (1)

Here, u is the average velocity of the surrounding fluid cell (measured in the bottomium restframe)
and θ the angle between u and the direction in which the temperature is evaluated.

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 blueshift get
more and more pronounced with increasing relative velocity |u|, 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 [6]. To account for the effect of the anisotropic tem-
perature TD on the bottomium dissociation we substitute the total decay width Γtot

nl (T ) by an effective
value

Γtot
eff,nl B 〈Γ

tot
nl (TD)〉Ω =

1
4π

∫
dΩ Γtot

nl (TD) . (2)

This takes into account the red- or blueshifted temperatures and also correctly describes the non-
existence of bound states once the effective temperature in the blueshifted region exceeds the disso-
ciation temperature, see [7] for more details. The pT-dependence is rather flat and at 2.76 TeV in
reasonable agreement with the available CMS data [7]. There is no rapidity dependence in our model,
both minimum bias and centrality dependent yields are flat as functions of y.

3 Hydrodynamic expansion

Our treatment of the hydrodynamic flow of the fireball has been outlined in [3] including transverse
expansion. The initial time for the evolution is τinit = 0.1 fm/c, the initial conditions in the transverse
plane (x1, x2) are given in Eqs. (14) – (16) of [3].
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We determine the initial central temperature T0 from a fit of the experimental RAA
(
Υ(1S)

)
in central

collisions, cf. section 5. It is in reasonable agreement with values derived from ideal hydrodynamical
calculations of elliptic flow at RHIC and LHC energies, respectively [8].

The same formation time of τF = 0.4 fm/c is used for ground and exited states, with theta func-
tions for the decay widths of the six states considered. In the co-moving coordinate system used for
the hydrodynamical calculation, time dilation of the formation times is taken into account. We had
previously investigated the dependence of RAA on τF, cf. Fig. 9 in [3].

To estimate the initial populations N i
AA,nl of the six states, we consider the measured final pop-

ulations Nf
pp,nl of the three Υ(nS)-states in pp collisions at the same energy and calculate the decay

cascade [9] backwards to obtain the initial populations in pp, N i
pp,nl [7] These are then scaled by the

number of binary collisions Ncoll yielding the initial populations in the heavy-ion case. When the sup-
pression factors are calculated, the number of binary collisions cancels out. The required branching
ratios are taken from the Review of Particle Physics [10] or from theory where no experimental values
are available (as is the case for χb(3P)), see [9] for details and references.

The QGP is approximated as a relativistic perfect fluid consisting of gluons and up-, down- and
strange-quarks, described in detail in [3]. We define the QGP-suppression factors RQGP

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. 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. We calculate RQGP

AA,nl as outlined in [3].

4 In-medium suppression versus feed-down

Once the bottomia states have survived the hot quark-gluon plasma environment, the feed-down cas-
cade 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 feed-down for a
given bottomium state as 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 next
section, 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.

5 Results and comparison to data

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 = 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 = 0.4 fm/c; see Fig. 1 for PbPb,
and [7] for UU. The parameters for the density distributions of the lead and uranium ions are taken
from [11]. Our minimum bias value of the suppression in 2.76 TeV PbPb is Rmin. bias

AA
(
Υ(1S)

)
= 0.44.

The relative contributions of in-medium effects and reduced feed-down change as a function of
incident energy, see Tab. 1 for detailed minimum-bias results: In 193 GeV UU, only about 20 % of the
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Figure 1. (color online) 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, [5]) and ALICE (squares, 2.5 < y <

4, [17]) as function of the number of participants Npart (averaged over centrality bins). The suppression factor
RQGP

AA in the QGP-phase without the effect of reduced feed-down is shown as 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 [5]. The suppression factor RQGP
AA in the QGP-phase without the effect

of reduced feed-down is shown as dashed (upper) curve.

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. 1 (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 the QGP-phase than for the Υ(1S) state. Tab. 1 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 on 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 centrality. As is obvious from
Fig. 1, the comparison with the CMS data [5] leaves room for additional suppression mechanisms in
particular in the peripheral region for the Υ(2S) state.

For Υ(1S) we also predict in Fig. 2 the suppression at the current LHC energy of 5.02 TeV PbPb as
Rmin. bias

AA
(
Υ(1S)

)
= 0.40 using the same formation time, but a scaled initial temperature T0 = 513 MeV.

This value is obtained from the proportionality between the initial entropy density, the charged par-
ticle multiplicity per unit of rapidity and the cube of the temperature [12–14]. Here the extrapolated
dNch/dη for 0 – 5 % centrality PbPb taken from [15] is in agreement with recent data from ALICE [16].
The ensuing enhancement of the suppression is within the experimental error bars of the 2.76 TeV re-
sult. It remains to be seen whether this is confirmed by the forthcoming analysis of the mid-rapidity
CMS data from LHC Run-II.
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Table 1. 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 RQGP

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 − RQGP
AA )/(1 − RAA).

√
sNN System State RQGP

AA RAA
1−RQGP

AA
1−RAA

193 GeV UU Υ(1S) 0.919 0.568 18.8 %
193 GeV UU Υ(2S) 0.469 0.399 88.4 %
2.76 TeV PbPb Υ(1S) 0.834 0.443 29.8 %
2.76 TeV PbPb Υ(2S) 0.285 0.239 94.0 %
5.02 TeV PbPb Υ(1S) 0.783 0.396 35.9 %
5.02 TeV PbPb Υ(2S) 0.226 0.189 95.4 %
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Figure 2. (color online) Calculated suppression factor RAA
(
Υ(1S)

)
in PbPb collisions 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, [5]) as function of the number of participants Npart (averaged over centrality bins). The
suppression factors RQGP

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.

6 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 gluodissociation, screen-
ing and damping. The feed-down cascade from the excited bottomia states produces substantial addi-
tional 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 [4, 5, 18]. 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 is properly considered. In minimum-bias
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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 particular for peripheral collisions. 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
meanwhile released preliminary data for the Υ(1S) centrality dependent yields in 5.02 TeV PbPb [19]
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)

)
[20].

Once their suppressions factors for the individual states are available, the consistency of the ALICE
and CMS results, and the agreement with our prediction can be checked.
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