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Capella Ferreiro and Kaidalov PRL 85 (2000) 2080 
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Back to 2000…         …
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SPS & RHIC

• J/ψ suppression at RHIC:

J/ψ are suppressed,  but not 
as much as expected if we have 
complete color screening

puzzle at RHIC: same amount of 
suppression as at SPS

Back to 2000… 6 years later…

√s≈20 to 200 GeV

E. G. Ferreiro USC Quarkonium production @ SPS   4          ECT* 14/10/2021



Models at SPS

Good agreement!

•______ transport, Grandchamp et al, PRL 92, 212301 (2004).

•______ HSD, E.L.Bratkovskaya et al., PRC 71, 044901 (2005). 

•---------- SCM, A.Andronic et al., nucl-th/0701079. 

•_______ comover, A.Capella and E..Ferreiro hep-ph/0610313

Au+Au mid rapidity data RHIC

hadronic & no rec

hadronic & rec

QGP & rec

QGP & rec
hadronic & rec

excess of initially produced charm =>
new form of combinatorial charmonium
production at hadronization

Suppression by a dense medium: Models @ SPS & RHIC
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hadronic in this context:
not thermalized

Recombination at play
in both scenarios



The originally proposed J/y suppression signature of QGP formation has evolved into
a more complex problem where both suppression & regeneration (or statistical
hadronization) mechanisms need to be considered

Present situation: J/y production @ LHC

Main ingredients:     •suppression (either color screening, or in-medium dissociation) 
•recombination (either in-medium or at phase boundary) 
•Initial cold nuclear matter effects (shadowing and/or energy loss)

Inclusive J/yRPbPb versus Event Centrality @LHC
J/y production seems at least qualitatively understood
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Some analogies: : J/y production @ SPS vs ϒ @ LHC

Y(2S)
Y(1S)

NA50, PbPb ÖsNN=17.2 GeV

0<y<1

Charmonia @ SPS bottomonia @ LHC
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Sequencial suppression? Comover scenario?



Quarkonium production at low & high energies: Effects at play
Many physics effects of specific interest are involved:

• Modification of the gluon flux initial-state effect
w Modification of PDF in nuclei nPDF shadowing
w Gluon saturation at low x  CGC

• Quarkonium-hadron interaction final-state effect
w Break up in the nuclear matter Nuclear absorption
w Break up by comoving particles Comover interaction

• Quarkonium-high density matter interaction final-state effect
w Quarkonium dissociation QGP-like effects

• Others: intrinsic charm? Coherent energy loss? …
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Initial effects: nPDF modification
• Ideal place to look for it: pA collisions

• Gluon
distribution
functions are 
modified by
the nuclear 
environment mT 2

shadowing

antishadowing

EMC
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𝑠 = 5 𝐺𝑒𝑉

𝑠 = 10 𝐺𝑒𝑉

𝑠 = 20 𝐺𝑒𝑉

𝑦 = 1.75 1													0.5																							0																																		-0.5

𝑦 = 1 0.5 0																-0.5																														-1

𝑦 = 0.5 0 − 1 − 1.5 − 1.75

gluons

Initial effects: nPDF modification
• Ideal place to look for it: pA collisions

• Gluon
distribution
functions are 
modified by
the nuclear 
environment mT 2
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• A more careful look…

y = 0
SPS 𝑠 17.4 𝐺𝑒𝑉

forward y backw y

This effect
can be 

relevant at 
SPS energies

gluons

Initial effects: nPDF modification
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Saturation scale
sets the minimum momentum fraction
below which one expects non-linear effects
to be significant in the evolution of the
parton distribution

Saturation scale always well below the 
typical energy scale of the process m

=> one does not expect any specific
saturation effect on ϒ or J/y
production in collisions @ SPS 

=> shadowing of gluons as encoded in 
the nPDF fits based on the collinear
factorisation should give a reliable 
account of the possible physics

ϒ @ RHIC

J/y and y’ @ RHIC

This effect is not relevant for SPS energies

Initial effects: saturation CGC 

J/y,  y’ and ϒ @ SPS:
Qs<1 for all rapidities
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Final effects: Nuclear absorption through break-up cross section
The bound states may be destroyed by inelastic scatterings with nucleons
if they are formed in the nuclear medium. One expect

• In order to interact with nuclear matter =>    tf ≤ R

• In the meson rest frame: tf = ≈ 0.3÷0.4 fm

• tf has to be considered in the rest frame of the target nucleus =>    tf = g tf

Formation time depends on the boost

Nuclear absorption, negligeable at LHC, can be relevant at low energies
• It depends on y (boost increases with rapidity) 

• It can be different for ground and excited states (but effectively of the same order)

Generalities on the break-up cross section

As aforementionned: sbreak�up µ r2
meson

2S (and 3S states for U) should be more suppressed

. . . provided that what propagates in the nucleus is already formed: tf . L

Heisenberg inequalities tell us: tonia
f

' 0.3 ÷ 0.4 fm/c
[in the meson rest frame obviously]

At RHIC (200 GeV), for a particle with y = 0,
g = Ebeam,cms/mN ' 107 ! [= cosh(ybeam) = 5.36]
It takes 30 fm/c for a quarkonium to form and to become
distinguishable from its excited states

At the LHC (5 TeV), still for a particle with y = 0,
g = Ebeam,cms/mN ' 2660 ! [= cosh(ybeam) = 8.58]
It takes 800-1000 fm/c for a quarkonium to form and to become
distinguishable from its excited states

Naive high energy limit: sbreak�up ' p/m2
Q

? ' 0.5 mb for charmonia ?
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g = cosh(y-yAbeam) => At y=0: 
gSPS=9.2 

It takes tf ≈ 3 fm/c at SPS for a quarkonium to 
form and to become distinguishable from its excited states    tf ∼ R

Sabs = exp(-rsbreak-upL )

E. G. Ferreiro USC Quarkonium production @ SPS   13         ECT* 14/10/2021



Final effects: Comover interaction model

CIM result vs. data
Theory: E.G. Ferreiro arXiv:1411.0549; Plot from the SGNR review:

arXiv:1506.03981; PHENIX PRL 111, 202301 (2013); ALICE JHEP 02 (2014) 072
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Given that all the other models discussed so far predict no difference and
that the comover cross sections from AA data at SPS were re-used, this is
encouraging. . .
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• In a comover model: suppression from scatterings of the nascent ψ with comoving
medium of partonic/hadronic origin Gavin, Vogt, Capella, Armesto, Ferreiro … (1997)

• Stronger comover suppression where the comover densities are larger. For
asymmetric collisions as proton-nucleus, stronger in the nucleus-going direction

• Rate equation governing
the charmonium density: 

Comover-interaction model (CIM)
In a comover model, suppression from scatterings of the nascent y with comoving

particles S. Gavin, R. Vogt PRL 78 (1997) 1006; A. Capella et al.PLB 393 (1997) 431

Stronger comover suppression where the comover densities are larger. For
asymmetric collisions as proton-nucleus, stronger in the nucleus-going direction

Rate equation governing the charmonium density at a given transverse coordinate
s, impact parameter b and rapidity y ,

t
dry

dt
(b, s, y) = �sco�y rco(b, s, y) ry(b, s, y)

where sco�y is the cross section of charmonium dissociation due to interactions
with the comoving medium of transverse density rco(b, s, y).

Survival probability from integration over time (with tf /t0 = rco(b, s, y)/rpp(y))

S
co
y (b, s, y) = exp

⇢
�sco�y rco(b, s, y) ln


rco(b, s, y)

rpp(y)

��

rco(b, s, y) connected to the number of binary collisions and dN
pp

ch
/dy

sco�y fixed from fits to low-energy AA data N. Armesto, A. Capella, PLB 430 (1998) 23

[ sco�J/y = 0.65 mb for the J/y and sco�y(2S) = 6 mb for the y(2S)]
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originally fitted from SPS data

Ferreiro & Lansberg 2018Ferreiro (2014)

Nuclear absoption not at play

RHIC LHC
LHC

• New strategy: going to a microscopic level
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Final effects: Comover interaction model

Nuclear absorption

SPS SPS

s co-J/y 0.6 mb s co-y’ 6 mb sabs 4-7 mb

comovers

comovers
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Nuclear absorption was
considered to cancel here

• Back to 2000:
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6 mb

comovers
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Nuclear absorption was
considered to cancel here

• Back to 2000:

s co-J/y 0.6 mb s co-y’ 6 mb sabs 4-7 mb

comovers



• New strategy: going to a microscopic level

[the feed-downs are taken into account]

E.G.F., J.P. Lansberg JHEP 10 (2018)

JHEP10(2018)094

To do so we assumed that:

(i) the thresholds, EQ
thr, approximately follow from the mass differences between the

quarkonium, Q, and the lightest open beauty hadron pair, taking into account the

comover mass;

(ii) away from the thresholds, the cross section should scale like the geometrical cross

section, σQgeo ! πr2Q, where rQ is the quarkonium Bohr radius. It can be evaluated

by solving the Schrödinger equation with a well-choosen potential reproducing the

quarkonium spectroscopy [30].

Our parametrisation of the energy dependence thus simply amounts to interpolating

from σco−Q(Eco = EQ
thr) = 0 at threshold up to σco−Q(Eco " EQ

thr) = σQgeo away from

threshold but with the same dependence for all the states. It reads

σco−Q(Eco) = σQgeo ×
(
1−

EQ
thr

Eco

)n

(2.4)

where EQ
thr = MQ + mco − 2MB is the threshold energy to break the quarkonium bound

state and Eco =
√
p2 +m2

co is the energy of the comover in the quarkonium rest frame.

In the case of a hadronic medium (made of pions), mco = 0.140GeV, while it is zero for

gluons. The geometrical cross sections σQgeo which we used are shown in table 1, together

with the threshold energies EQ
thr and the bottomonium radii. The first free parameter of

our modeling, n, characterises how quickly the cross section approaches the geometrical

cross section. Attempts to compute this energy dependence, using the multipole expansion

in perturbative QCD at LO [30–32], would suggest that n is close to 4 for pion comovers

by making the strong assumption that the scattering is initiated by gluons inside these

pions. Hadronic models which take into account non-perturbative effects and thus most

likely provide a better description of the physics at work [33] show a different energy

dependence. It effectively corresponds to smaller n [34]. As such, we will consider n

varying from 0.5 to 2. In fact, the discrepancies existing between the aforementioned LO

QCD results and these hadronic calculations are partly due to large higher order correction

near the threshold [35].

As for the energy distribution of the comovers in the transverse plane, we simply take

a Bose-Einstein distribution

P(Eco;Teff) ∝
1

eEco/Teff − 1
(2.5)

which introduces our second parameters, namely an effective temperature of these co-

movers.

Having P(Eco;Teff) and σco−Q(Eco), we derive the energy-averaged quarkonium-

comover-interaction cross section

〈σco−Q〉(Teff , n) =

∫∞
0 dEco P(Eco;Teff)σco−Q(Eco)∫∞

0 dEco P(Eco;Teff)
, (2.6)

from which we can compute the (relative) NMFs. Our fits will thus simply amount to

determine the best value Teff for fixed values of n in the aforementioned ranges reproducing

the selected experimental data.
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a simple pattern related to the size and the binding energy of
all the bottomonium states, which renders our set-up predic-
tive;
(ii) the absolute ⌥ suppression in pPb collisions as measured
by ALICE, ATLAS and LHCb is also well described and the
tension with nuclear PDFs with antishadowing is solved;
(iii) even more striking, the entire relative suppression ob-
served in PbPb collisions is accounted by scatterings with co-
movers with the same interaction strength as for the pPb data;
(iv) the absolute magnitude is also very well reproduced up
to the uncertainties in the nuclear modification of the gluon
densities.

The Comover Interaction Model. — Let us recall the main
features of the CIM. Within this framework, the quarko-
nia are suppressed due to the interaction with the comoving
medium, constituted by particles with similar rapidities. The
rate equation that governs the density of quarkonium at a given
transverse coordinate s, impact parameter b and rapidity y,
⇢⌥(b, s, y), obeys the expression

⌧
d⇢⌥

d⌧
(b, s, y) = ��co�⌥ ⇢co(b, s, y) ⇢⌥(b, s, y) , (1)

where �co�⌥ is the cross section of bottomonium dissociation
due to interactions with the comoving medium of transverse
density ⇢co(b, s, y).

By integrating this equation between initial time ⌧0 and
freeze-out time ⌧ f , one obtains the survival probability
S

co

⌥ (b, s, y) of a ⌥ interacting with comovers:

S
co

⌥ (b, s, y) = exp
(
��co�⌥ ⇢co(b, s, y) ln

"
⇢co(b, s, y)
⇢pp(y)

#)
,

(2)
where the argument of the log is the interaction time of the ⌥
with the comovers1.

In order to compute the above survival probability, the den-
sity of comovers ⇢co is mandatory. It is directly connected to
the particle multiplicity measured at that rapidity for the cor-
responding colliding system2.

Since we are interested in the study of pA, one can assume
that the medium is made of pions. Nevertheless, we will show
later that the nature of this medium –partonic or hadronic– do
not change our results.

The only adjustable parameter in the CIM is the cross sec-
tion of bottomonium dissociation due to interactions with the
comoving medium, �co�⌥. In our previous works, relative
to charmonium production, the cross sections of charmonium
dissociation were obtained from fits to low-energy experimen-
tal data [14], �co�J/ = 0.65 mb and �co� (2S ) = 6 mb. These
values have been also successfully applied at higher energies
to reproduced the RHIC [19, 21] and LHC [20, 21] data on

1 We assume that the interaction stops when the densities have diluted, reach-
ing the value of the pp density at the same energy, ⇢pp.

2 In fact, within this approach, a good description of the centrality depen-
dence of charged multiplicities in nuclear collisions is obtained both at
RHIC [22] and LHC energies [23].

J/ and  (2S) from proton-nucleus and nucleus-nucleus col-
lisions.

In order to set the scene for bottomonium dissociation, one
can not follow the same approach. No such nucleus-nucleus
data exist at low energies and, in fact, the CIM was never ap-
plied to bottomonia before. We have then chosen to develop a
new strategy. We are aware that the magnitude of the quarko-
nium absorption cross section in medium is not well under
control, and that di↵erent theoretical calculations, as the ones
based on the multipole expansion in QCD, [24–26] di↵er from
those which include other non-perturbative e↵ects by orders
of magnitude [27]. There are nevertheless some common fea-
tures to most of the approaches:
(i) The quarkonium asymptotic cross section for the interac-

tion with an energetic particle is commonly assumed to con-
verge to the geometrical cross section �Q

geo ' ⇡r
2
Q

, being rQ

the Bohr radius of the corresponding quarkonium bound state,
at su�ciently large energies;
(ii) The threshold e↵ects can be taken into account through
the quarkonium binding energy, i.e. the di↵erence between
the quarkonium masses and the open charm or beauty thresh-
old.

Based on the above statements, we propose a generic for-
mula for all the quarkonia states and suggest a connection with
the momentum distribution of the comovers in the transverse
plane, thus with an e↵ective temperature of the comover. We
use

�co�Q(Eco) = �Q

geo
(1 �

E
Q

th

Eco
)n (3)

where E
Q

th
corresponds to the threshold energy to break the

quarkonium bound state and E
co =

p
p2 + m2

co
is the energy

of the comovers in the quarkonium rest frame. Finally, the
mean cross section is calculated by averaging over a normal-
ized Bose-Einstein phase-space distribution of the comovers,
proportional to 1/(eE

co/Te f f � 1). Proceeding this way, the ob-
tained cross sections will depend only on the inverse slope
parameter Te f f and the exponent n that can be extracted from
fits to the data.

In order to proceed with the fit, it is mandatory to take into
account the feed-down contributions. In fact, the observed
⌥(nS) yields contain contributions from decays of heavier bot-
tomonium states and, thus, the measured suppression can be
a↵ected by the dissociation of these states. This feed-down
contribution to the ⌥(1S) state is usually taken of the order
of 50%, according to CDF Collaboration measurements at
pT > 8 GeV [28]. However, following the new data mea-
sured by LHCb Collaboration [29], this assumption needs to
be revisited, in particular at low pT . In fact, if one is inter-
ested on pT integrated results the feed-down fractions for the
⌥(1S) can be estimated as: 70% of direct ⌥(1S), 8% from
⌥(2S) decay, 1% from ⌥(3S), 15% from �B1, 5% from �B2
and 1% from �B3, while for the ⌥(2S) the di↵erent contribu-
tions would be: 63% direct ⌥(2S), 4% of ⌥(3S), 30% of �B2
and 3% of �B3 [30]. Note also that for the ⌥(3S), 40% of the
contribution will come from decays of �B3.

Tackling the CMS puzzle.— We have used the CMS [1] and
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To do so we assumed that:

(i) the thresholds, EQ
thr, approximately follow from the mass differences between the

quarkonium, Q, and the lightest open beauty hadron pair, taking into account the

comover mass;

(ii) away from the thresholds, the cross section should scale like the geometrical cross

section, σQgeo ! πr2Q, where rQ is the quarkonium Bohr radius. It can be evaluated

by solving the Schrödinger equation with a well-choosen potential reproducing the

quarkonium spectroscopy [30].

Our parametrisation of the energy dependence thus simply amounts to interpolating

from σco−Q(Eco = EQ
thr) = 0 at threshold up to σco−Q(Eco " EQ

thr) = σQgeo away from

threshold but with the same dependence for all the states. It reads

σco−Q(Eco) = σQgeo ×
(
1−

EQ
thr

Eco

)n

(2.4)

where EQ
thr = MQ + mco − 2MB is the threshold energy to break the quarkonium bound

state and Eco =
√
p2 +m2

co is the energy of the comover in the quarkonium rest frame.

In the case of a hadronic medium (made of pions), mco = 0.140GeV, while it is zero for

gluons. The geometrical cross sections σQgeo which we used are shown in table 1, together

with the threshold energies EQ
thr and the bottomonium radii. The first free parameter of

our modeling, n, characterises how quickly the cross section approaches the geometrical

cross section. Attempts to compute this energy dependence, using the multipole expansion

in perturbative QCD at LO [30–32], would suggest that n is close to 4 for pion comovers

by making the strong assumption that the scattering is initiated by gluons inside these

pions. Hadronic models which take into account non-perturbative effects and thus most

likely provide a better description of the physics at work [33] show a different energy

dependence. It effectively corresponds to smaller n [34]. As such, we will consider n

varying from 0.5 to 2. In fact, the discrepancies existing between the aforementioned LO

QCD results and these hadronic calculations are partly due to large higher order correction

near the threshold [35].

As for the energy distribution of the comovers in the transverse plane, we simply take

a Bose-Einstein distribution

P(Eco;Teff) ∝
1

eEco/Teff − 1
(2.5)

which introduces our second parameters, namely an effective temperature of these co-

movers.

Having P(Eco;Teff) and σco−Q(Eco), we derive the energy-averaged quarkonium-

comover-interaction cross section

〈σco−Q〉(Teff , n) =

∫∞
0 dEco P(Eco;Teff)σco−Q(Eco)∫∞

0 dEco P(Eco;Teff)
, (2.6)

from which we can compute the (relative) NMFs. Our fits will thus simply amount to

determine the best value Teff for fixed values of n in the aforementioned ranges reproducing

the selected experimental data.
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Comover “propaganda” plot

• Measuring together J/Y, Y’ and cc in p+A
collisions with several targets will give a
thorough control of Cold Nuclear Matter
effects

• Measuring together J/Y, Y’ and cc in
A+A collisions at SPS energies will
(dis)prove sequential suppression
scenario.

• Testing sequential suppression scenario
at SPS is crucial to fully understand RHIC
and LHC results.

Taking cross-sections:
• comovers-direct J/Y = 0.2 mb
• comovers – cc = 1.0 mb
• comovers – Y’ = 2.0 mb

From Frédéric Fleuret in ECT* 2013:
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Comover “propaganda” plot

• Measuring together J/Y, Y’ and cc in p+A
collisions with several targets will give a
thorough control of Cold Nuclear Matter
effects

• Measuring together J/Y, Y’ and cc in
A+A collisions at SPS energies will
(dis)prove sequential suppression
scenario.

• Testing sequential suppression scenario
at SPS is crucial to fully understand RHIC
and LHC results.

Taking cross-sections:
• comovers-direct J/Y = 0.2 mb
• comovers – cc = 2.0 mb
• comovers – Y’ = 5.0 mb 



• Measurement of excited states are required
• Feed-downs can be important
• Direct ground state measurements?

• Use pA SPS data to determine the absoptive cross section
• If posible at rapidities where nPDFs modification is expected to be small

Becareful: antishadowing, EMC effects…
can affect our understanding of the nuclear absorption

• Do effects cancel on excited-over-ground states? 
(For initial effects yes, for final not sure)

• Comover effect on the groud state not expected to be important in pA
Nevertheless it can affect through feed-downs

• Use AA SPS data to determine the presence of other final-state effects
• At lowest SPS energies the screening scenario is not expected (low energy density)

Conclusions/wish list
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