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•  Cornell	poten6al:	

•  Equivalent	

•  It	can	be	evaluated	by	solving	the	Schrodinger	equa6on	with	a	well-choosen	
poten6al	reproducing	the	quarkonium	spectroscopy	

Ingredients	for	the	cross	sec6on	

•  Geometrical	cross	sec6on:	
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Setting the scene for the bottomonium family
No such AA data exist at low energies E.G. Ferreiro, J.P. Lansberg, work in progress

In fact, the CIM was never applied to bottomonia
�e relative suppression of the excited Υ is probably the cleanest observable to �x the

comover suppression magnitude [without interference with other nuclear e�ect]

However, not enough data to �t all the � σ co bb̄ [the feed-downs discussed above were used !]

We use : σ co bb̄ σgeom � EBinding
Eco

n where Eco and n are �t

σgeom πr�
bb̄

EBinding �MB M
bb̄
, i.e. the threshold energy to break the bound state

Eco : the average energy of the comovers in the quarkonium rest frame
a �t to the CMS data gives Eco � GeV and n �.� (see below)
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To Do: analyse why the �t seems to allow for di�erent couples of n, Eco
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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 ' ⇡r2
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 �

EQ
th

Eco )n (3)

where EQ
th corresponds to the threshold energy to break the

quarkonium bound state and Eco =
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/(eEco/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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Comover-interaction model (CIM)
In a comover model, one introduces a suppression from scatterings of the nascent

with comoving particles S. Gavin, R. Vogt PRL �� (����) ����; A. Capella et al.PLB ��� (����) ���

By essence of their comoving character, these can interact with the fully formed
states a�er �.� �.� fm/c

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

Stronger suppression in nucleus-nucleus collisions as well
Rate equation governing the quarkonium density at a given transverse coordinate s,

impact parameter b and rapidity y ,

τdρ
dτ

b, s, y σ co ρco b, s, y ρ b, s, y

where σ co is the cross section of quarkonium dissociation due to interactions
with the comoving medium of transverse density ρco b, s, y .

Survival probability from integration over time (with τf τ� ρco b, s, y ρpp y )

Sco b, s, y exp σ co ρco b, s, y ln
ρco b, s, y
ρpp y

J.P. Lansberg (IPNO) Bottomonium prod. in AA and pA collisions September ��, ���� �� / ��
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•  Average	over	BE	distribu6on	of	the	comovers		

Ingredients	for	the	cross	sec6on	

E.	G.	Ferreiro	USC 																 	 																Comovers	 			 	 							GSI	16/20	Dec	2019	

•  The	temperature	dependence	comes	through	the	comover	distribu6ons		



•  Average	over	BE	distribu6on	of	the	comovers		
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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 ' ⇡r2
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 �

EQ
th

Eco )n (3)

where EQ
th corresponds to the threshold energy to break the

quarkonium bound state and Eco =
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/(eEco/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

Ingredients	for	the	cross	sec6on	

•  Using	pPb	CMS	and	ATLAS	data	at	5.02	TeV	we	fit	Teff	and	n.	Also	with	PbPb	CMS	data		

•  By	varying	n	between	0.5	and	2,	we	obtain		Teff	in	the	range	from	200	to	300	MeV	
both	for	partons	or	hadrons		
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Ingredients	for	the	cross	sec6on	
•  For	T=250±50	MeV	and	n=1:	
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Results	direct	upsilon	
•  nCTEQ15	shadowing	included	
•  No	recombina6on	
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Results	direct	charmonium	
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•  Recombina6on	propor6onal	to			 	 			 	 	 	 	 			=		0.45	to	0.7	mb	
	 	 	 	+	

•  nCTEQ15	shadowing	included			

quark production, given by eq. (3). Eq. (7) becomes

Sco(b, s, y) = exp

(

��co
h
N co(b, s, y)� C(y)n(b, s)Ssh

HQ(b, s)
i
ln

"
N co(b, s, y)

Npp(0)

#)

(10)

where

C(y) =

⇣
dN c

pp/dy
⌘ ⇣

dN c̄
pp/dy

⌘

dNJ/ 
pp /dy

=

⇣
dN cc̄

pp/dy
⌘2

dNJ/ 
pp /dy

=

⇣
d�cc̄pp/dy

⌘2

�pp d�
J/ 
pp /dy

. (11)

The quantities in the rightmost term in eq. (11) are all related to pp collisions at the corresponding

energy. The value for d�J/ pp /dy can be taken from experimental data [36] or from a model for

extrapolation of the experimental results [37]. The cc̄ pairs are mostly in charmed mesons, such as

D and D⇤ and the corresponding values could be extracted from the experiment [38], leading to an

estimation of d�cc̄pp/dy, as we will discuss below. For �pp we use the non-di↵ractive value �pp=54 mb

[26] at
p
sNN = 2.76 TeV.

With �co fixed from experiments at low energy, where recombination e↵ects are negligible, the

model, formulated above, should be self-consistent at high energies. Note, however, that �co could

change when the energy increases. We do not expect this e↵ect to be important and, since we are

unable to evaluate the magnitude of this eventual change, we have used the same value �co = 0.65 mb

at all energies.

3 Results

Our results for the centrality dependence of the J/ nuclear modification factor in PbPb collisions at

2.76 TeV are presented in Fig. 2 compared to ALICE experimental data [39, 40, 41, 42] at mid and for-

ward rapidities. The di↵erent contributions to J/ suppression are shown. Note that the initial-state

e↵ect is just the shadowing, which can induce a suppression of RAA = 0.6 for the more central colli-

sions [28]. The combined e↵ect of shadowing and comover dissociation gives a too strong suppression

compared to experimental data. We therefore proceed to estimate the e↵ect of recombination.

For the charmonium cross section pp measurements around mid-rapidity are available from ALICE

[36] at 2.76 TeV which corresponds to
d�

J/ 

pp

dy = 3.73 µb. We consider that realistic values of C(y) at

mid-rapidity at 2.76 TeV are in the range of a minimum value of 2 up to a maximal value of 3 which

corresponds to a cross section
d�cc̄

pp

dy ⇡ 0.6÷ 0.8 mb. This agrees with the estimated values in [43], and

corresponds to a �totcc̄ around 5 mb, which agrees well with experimental data [38]. These values are

higher than the ones reported in [44], where data is also reproduced. Note nevertheless that there

is no contradiction, since in [44] the initial-state shadowing is not considered. This shadowing, that

a↵ects also heavy flavors, would imply an extra suppression leading naturally to the choice of higher
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quark production, given by eq. (3). Eq. (7) becomes

Sco(b, s, y) = exp

(

��co
h
N co(b, s, y)� C(y)n(b, s)Ssh

HQ(b, s)
i
ln

"
N co(b, s, y)

Npp(0)

#)

(10)

where

C(y) =

⇣
dN c

pp/dy
⌘ ⇣

dN c̄
pp/dy

⌘

dNJ/ 
pp /dy

=

⇣
dN cc̄

pp/dy
⌘2

dNJ/ 
pp /dy

=

⇣
d�cc̄pp/dy

⌘2

�pp d�
J/ 
pp /dy

. (11)

The quantities in the rightmost term in eq. (11) are all related to pp collisions at the corresponding

energy. The value for d�J/ pp /dy can be taken from experimental data [36] or from a model for

extrapolation of the experimental results [37]. The cc̄ pairs are mostly in charmed mesons, such as

D and D⇤ and the corresponding values could be extracted from the experiment [38], leading to an

estimation of d�cc̄pp/dy, as we will discuss below. For �pp we use the non-di↵ractive value �pp=54 mb

[26] at
p
sNN = 2.76 TeV.

With �co fixed from experiments at low energy, where recombination e↵ects are negligible, the

model, formulated above, should be self-consistent at high energies. Note, however, that �co could

change when the energy increases. We do not expect this e↵ect to be important and, since we are

unable to evaluate the magnitude of this eventual change, we have used the same value �co = 0.65 mb

at all energies.

3 Results

Our results for the centrality dependence of the J/ nuclear modification factor in PbPb collisions at

2.76 TeV are presented in Fig. 2 compared to ALICE experimental data [39, 40, 41, 42] at mid and for-

ward rapidities. The di↵erent contributions to J/ suppression are shown. Note that the initial-state

e↵ect is just the shadowing, which can induce a suppression of RAA = 0.6 for the more central colli-

sions [28]. The combined e↵ect of shadowing and comover dissociation gives a too strong suppression

compared to experimental data. We therefore proceed to estimate the e↵ect of recombination.

For the charmonium cross section pp measurements around mid-rapidity are available from ALICE

[36] at 2.76 TeV which corresponds to
d�

J/ 

pp

dy = 3.73 µb. We consider that realistic values of C(y) at

mid-rapidity at 2.76 TeV are in the range of a minimum value of 2 up to a maximal value of 3 which

corresponds to a cross section
d�cc̄

pp

dy ⇡ 0.6÷ 0.8 mb. This agrees with the estimated values in [43], and

corresponds to a �totcc̄ around 5 mb, which agrees well with experimental data [38]. These values are

higher than the ones reported in [44], where data is also reproduced. Note nevertheless that there

is no contradiction, since in [44] the initial-state shadowing is not considered. This shadowing, that

a↵ects also heavy flavors, would imply an extra suppression leading naturally to the choice of higher
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