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Why	quarkonium?	

The	usual	introduc>on:	Debye	screening	λD(T)	
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Sorry,	but	the	nice	picture	is	over…		



	

•  Produc>on	of	the	heavy-quark	pair,	QQ:	
perturba>ve	

	

•  Evolu>on	of	the	QQ		pair	into	the	physical	
quarkonium	state:	non-perturba>ve	

	
	
	
	

	

Quarkonium	produc>on	schemes	in	pp	

_	

Basic production mechanism 

!  QCD factorization is likely to be valid for producing the pairs: 

" Momentum exchange is much larger than 1/fm 

"  Spectators from colliding beams are “frozen” during the hard collision 
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in pp collisions at
p

s = 7 TeV. The measurements are shown as a function of pT and in several bins of rapidity. Cal-
culations from POWHEG [152] (matched to PYTHIA [151]) and MC@NLO [47, 153] (matched to HERWIG [46]),
are found to reproduce the data. Measurements from both lifetime- and lepton-based tagging methods are shown.

2.2.4. Prompt charmonium
In this section, we show and discuss a selection of experimental measurements of prompt charmonium production

at RHIC and LHC energies. We thus focus here on the production channels which do not involve beauty decays; these
were discussed in the Section 2.2.3.

Historically, promptly produced J/ and  (2S) have always been studied in the dilepton channels. Except for the
PHENIX, STAR and ALICE experiments, the recent studies in fact only consider dimuons which o↵er a better signal-
over-background ratio and a purer triggering. There are many recent experimental studies. In Figure 9, we show
only two of these. First we show d�/dpT for prompt J/ at

p
s = 7 GeV as measured by LHCb compared to a few

predictions for the prompt yield from the CEM and from NRQCD at NLO9 as well as the direct yield10 compared to
a NNLO? CS evaluation. Our point here is to emphasise the precision of the data and to illustrate that at low and mid
pT –which is the region where heavy-ion studies are carried out– none of the models can simply be ruled out owing to
their theoretical uncertainties (heavy-quark mass, scales, non-perturbative parameters, unknown QCD and relativistic
corrections, ...). Second, we show the fraction of J/ from b decay for y close to 0 at

p
s = 7 TeV as function of

pT as measured by ALICE [108], ATLAS [170] and CMS [171]. At low pT, the di↵erence between the inclusive
and prompt yield should not exceed 10% – from the determination of the �bb, it is expected to be a few percent at
RHIC energies [111]. It however steadily grows with pT. At the highest pT reached at the LHC, the majority of the
inclusive J/ is from b decays. At pT ' 10 GeV, which could be reached in future quarkonium measurements in
Pb–Pb collisions, it is already 3 times higher than at low pT: 1 J/ out of 3 comes from b decays.

(a)

)c (GeV/
t

p1 10

Bf

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

=7 TeVspp,   |<0.9
ψJ/

ALICE, |y

|<0.75
ψJ/

ATLAS, |y

|<0.9
ψJ/

CMS, |y

(b)

Figure 9: (a) Prompt J/ yield as measured by LHCb [172] at
p

s = 7 TeV compared to di↵erent theory predictions referred to as “prompt NLO
NRQCD”[173], ”DirectNLO CS”[57, 58], “Direct NNLO? CS” [61, 62] and “Prompt NLO CEM” [174]. (b) Fraction of J/ from B as measured
by ALICE[108], ATLAS [170] and CMS [171] at

p
s = 7 TeV in the central rapidity region.

For excited states, there is an interesting alternative to the sole dilepton channel, namely J/ + ⇡⇡. This is particu-
larly relevant since more than 50% of the  (2S) decay in this channel. The decay chain  (2S)! J/ +⇡⇡! µ+µ�+⇡⇡
is four times more likely than  (2S)! µ+µ�. The final state J/ + ⇡⇡ is also the one via which the X(3872) was first
seen at pp colliders [175, 181]. ATLAS released [136] the most precise study to date of  (2S) production up to pT of

9Let us stress that the NRQCD band in Figure 9(a) is not drawn for pT lower than 5 GeV because such a NLO NRQCD fit overshoots the data
in this region and since data at low pT are in fact not used in this fit. For a complete discussion of NLO CSM/NRQCD results for the pT-integrated
yields, see [67]. As regards the CEM curves, an uncertainty band should also be drawn (see for instance [169]).

10 The expected di↵erence between prompt and direct is discussed later on.
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Figure 16: Polarisation parameter �✓ for prompt J/ [229] (a) and  (2S) [230] (b) from LHCb compared to di↵erent model predictions: direct
NLO CSM [80] and three NLO NRQCD calculations [80–82], at 2.5 < y < 4.0 in the helicity frame.
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•  CSM	s>ll	in	the	game:	Large	NLO	and	NNLO*	correc>ons	in	pT;	need	a	full	NNLO	
•  NRQCD:	COM	helps	in	describing	the	pT	spectrum	
																						Yet,	fits	differ	in	their	conclusions	owing	to	their	assump>ons		

	 	 	 	 	 	 	 	 	 						(data	set,	pT	cut,	polariza>on	fihed	or	not)	
At	low	and	mid	pT	–region	where	quarkonium	heavy-ion	studies	are	mainly	carried	
out–	none	of	the	models	can	simply	be	ruled	out	due	to	theore>cal	uncertain>es	

Produc>on	models:	state	of	the	art	for	the	J/ψ
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In	other	words,	all	work	



Quarkonium	in	proton-nucleus:	Mo>va>ons	and	expected	effects	
	In	such	reac>ons,	many	physics	effects	of	specific	interest	are	involved:	
	

•  Modifica>on	of	the	gluon	flux 			iniGal-state	effect	
			 	 	 	 								w Modifica>on	of	PDF	in	nuclei 						nPDF	shadowing	
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Fig. 12: Rapidity dependence of the nuclear modificatin factor RpPb of prompt J/y production in pPb col-
lisions at

p
sNN = 5.02 TeV, where the uncertainty bands represent the nuclear PDF uncertainty only. The

comparison between our results and the measurements by LHCb [21], ALICE [24, 22] and ATLAS [28] are
given.
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•  Data	is	
compa>ble	
with	strong	
shadowing	

•  The	precision	
of	the	current	
data	is	already	
much	beher	
than	the	nPDF	
uncertain>es	

•  It	may	offer	
hints	for	
constraining	
the	gluon	
density	in	Pb	
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Fig. 14: Rapidity dependence of the nuclear modificatin factor RpPb of inclusive ° (1S) production in pPb
collisions at

p
sNN = 5.02 TeV, where the uncertainty bands represent the nuclear PDF uncertainty only. The

comparison between our results and the measurements by LHCb [26], ALICE [27] and ATLAS [25] are given.

•  Several	nPDF	sets	available	(using	various	data,	LO/NLO,	etc)	 	 	 		
•  Nuclear	break-up	neglected	at	LHC	energies	

Lansberg	&	Shao	(2016)	

J/ψ J/ψ

Υ Υ
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•  Do	data	show	
energy	increase	
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•  More	precise	
data	needed	
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CGC computations: not just gluon saturation
H. Fujii, K. Watanabe,NPA 915 (2013) 1
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(i) CEM with improved geometry : closer to data; grey band in the plot)
(ii) NRQCD : results depend on the dominant CO channel; not shown

Overall, CGC predictions very much widespread
The J/y suppression at forward rapidities in pA collisions at the LHC is

not quite the expected CGC smoking gun signal before the LHC start-up
. . .
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Improved postdictions B. Ducloué, et al., PRD 91 114005, Y.Q Ma, et al.arXiv:1503.07772 [hep-ph]

(i) CEM with improved geometry : closer to data; grey band in the plot)
(ii) NRQCD : results depend on the dominant CO channel; not shown

Overall, CGC predictions very much widespread
The J/y suppression at forward rapidities in pA collisions at the LHC is

not quite the expected CGC smoking gun signal before the LHC start-up
. . .

J.P. Lansberg (IPNO) Quarkonium production in pA collisions July 8, 2015 20 / 31

CGC computations: not just gluon saturation
H. Fujii, K. Watanabe,NPA 915 (2013) 1

RJ/y
pPb

slightly lower, although at slightly higher scales and x than D’s

 0

 0.2

 0.4

 0.6

 0.8

 1

 0  0.5  1  1.5  2  2.5  3  3.5  4  4.5

CGC
CGC (Fujii et al.)
ALICE
LHCb

⇥

J/y suppression predicted by Fujii and Watanabe within CEM
significantly below the data
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•  	J/ψ	suppression	predicted	by	Fujii	and	Watanabe	within	CEM	significantly	
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•  Improved	postdic>ons:	
						w CEM	with	improved	geometry		Ducloue,	Lappi,	Mäntysaari	(2015)	
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CGC	computa>ons:	not	just	gluon	satura>on	
•  	J/ψ	suppression	predicted	by	Fujii	and	Watanabe	within	CEM	significantly	

below	the	data:	

•  Improved	postdic>ons:	
						w CEM	with	improved	geometry		Ducloue,	Lappi,	Mäntysaari	(2015)	
	

						w NRQCD	:	results	depend	on	the	CO	channel	mix		Ma,	Venugopalan,	Zhang	(2015)	
	 	 									contribu>on	of	CS	channel	rela>vely	small		10%	in	pp,	15-20%	in	pA	at	low	pT	

4

0.4
0.5
0.6
0.7
0.8
0.9

1
1.1
1.2

0 1 2 3 4 5 6 7 8 9 10

ALICE data for Inclusive J/ψ

3S1
1

1S0
8

3S1
8

3PJ
8

√s
-
=5.02TeV        2.0<y<3.5

p⊥ (GeV)

R
p

A

0.2
0.3

0.4
0.5
0.6

0.7
0.8

0.9

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

3S1
1

1S0
8

3S1
8

3PJ
8

ALICE data

LHCb data

√s
-
=5.02TeV       p⊥<14GeV

y
R

p
A

FIG. 3: RpA as a function of p⊥ (upper) and rapidity (lower)
at LHC. The experimental data are taken from Refs. [31, 32,
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contributing to J/Ψ production. The band spanned by
different channels should be able to bracket the RpA value
for J/ψ production. With this method, the bounded
value of RpA extracted for J/ψ production is independent
of the LDMEs and their statistical uncertainties. This
is especially noteworthy since independent extractions of
the LDMEs from present data are not feasible; their mag-
nitudes, especially between the various CO channels, can
vary significantly. Finally, since the CEM is a special
case of NRQCD with the choice of certain LDMEs [46],
our calculation of RpA will also cover the range of CEM
predictions. In this sense, the range of theoretical esti-
mates of RpA for J/ψ production are independent of the
J/ψ hadronization model and are directly sensitive to the
short distance physics.
We will employ here the principal channels for J/ψ

production given by NRQCD power counting–these cor-

respond to the 3S[1]
1 , 1S[8]

0 , 3S[8]
1 and 3P [8]

J channels. Our
results for RpA as a function of p⊥ and rapidity, com-
pared to data from the LHC and RHIC, respectively, are
presented in Figs. 3 and 4, where a 5% systematical error
is assumed for each channel to account for the approx-
imation in Eq. (6). The RpA of all CO channels ap-
proaches 1 at high p⊥, confirming that condition Eq. (6)
indeed is satisfied by the full theoretical calculation. On

the contrary, RpA of the CS channel 3S[1]
1 increases to

be larger than 1 at high p⊥. Since forming a color sin-
glet requires two gluons from the target, the additional
gluon exchange from the nucleus, at high p⊥, is enhanced
relative to that from a proton (by an amount that is pro-
portional asymptotically to the ratio of their saturation
scales at the rapidity of interest). Nevertheless, as we
find the contribution of the CS channel is small relative
to the CO terms in both p+p and p+A collisions, it does
not affect our estimate of RpA. Thus the band represent-
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ing the RpA spanned by the CO channels corresponds to
our result for RpA of J/ψ production.
The p⊥ and rapidity RpA data from both RHIC and

LHC lie within our uncertainty bands. At the LHC, the
3S[8]

1 state lies closest to the central values of the data,

while at RHIC, the 1S[8]
0 and 3P [8]

J channels are closest
to the data. Our results suggest that the RpA data, in
a future global analysis within the CGC/NLO+NRQCD
framework, can help constrain the LDMEs more strin-
gently, thereby providing a further test of NRQCD.
To summarize, we have shown here that J/ψ spectra

in p+A collisions both at RHIC and the LHC are well
described by our CGC+NRQCD computations. The two
free non-perturbative parameters are related by Eq. (6);
further, the value of the initial nuclear saturation scale
Qs0,A is consistent with the values that best describe
fixed target e+A DIS data. The fact that the RpA p⊥
data lie within the bands spanned by our computations
for the different color octet channels is a strong evidence
for the robustness of our framework since these curves are
insensitive to details of how heavy quark pairs hadronize
to form the J/ψ. The results in this paper, when com-
bined with those in [35], provide the first comprehensive
description of J/ψ production in both p+p and p+A col-
lisions at collider energies.
Several outstanding questions remain. Firstly, the

NLO CGC computation needs to be performed to confirm
that the framework established is solid. Secondly, other
quarkonium states remain to be studied; these come with
unique challenges. For instance, for Υ production, Su-
dakov type double logs in M/P⊥ are important and need
to be resummed [48–50]. A systematic computation of
ψ(2S) production in p+A collisions, may require that we
include relativistic contributions in the computation of
the heavy quark matrix elements. All these questions
can be explored in the framework discussed here.
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CGC	computa>ons:	not	just	gluon	satura>on	
•  	J/ψ	suppression	predicted	by	Fujii	and	Watanabe	within	CEM	significantly	

below	the	data:	

•  Improved	postdic>ons:	
						w CEM	with	improved	geometry		Ducloue,	Lappi,	Mäntysaari	(2015)	
	

						w NRQCD	:	results	depend	on	the	CO	channel	mix		Ma,	Venugopalan,	Zhang	(2015)	
	 	 									contribu>on	of	CS	channel	rela>vely	small		10%	in	pp,	15-20%	in	pA	at	low	pT	
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is especially noteworthy since independent extractions of
the LDMEs from present data are not feasible; their mag-
nitudes, especially between the various CO channels, can
vary significantly. Finally, since the CEM is a special
case of NRQCD with the choice of certain LDMEs [46],
our calculation of RpA will also cover the range of CEM
predictions. In this sense, the range of theoretical esti-
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ing the RpA spanned by the CO channels corresponds to
our result for RpA of J/ψ production.
The p⊥ and rapidity RpA data from both RHIC and

LHC lie within our uncertainty bands. At the LHC, the
3S[8]

1 state lies closest to the central values of the data,

while at RHIC, the 1S[8]
0 and 3P [8]

J channels are closest
to the data. Our results suggest that the RpA data, in
a future global analysis within the CGC/NLO+NRQCD
framework, can help constrain the LDMEs more strin-
gently, thereby providing a further test of NRQCD.
To summarize, we have shown here that J/ψ spectra

in p+A collisions both at RHIC and the LHC are well
described by our CGC+NRQCD computations. The two
free non-perturbative parameters are related by Eq. (6);
further, the value of the initial nuclear saturation scale
Qs0,A is consistent with the values that best describe
fixed target e+A DIS data. The fact that the RpA p⊥
data lie within the bands spanned by our computations
for the different color octet channels is a strong evidence
for the robustness of our framework since these curves are
insensitive to details of how heavy quark pairs hadronize
to form the J/ψ. The results in this paper, when com-
bined with those in [35], provide the first comprehensive
description of J/ψ production in both p+p and p+A col-
lisions at collider energies.
Several outstanding questions remain. Firstly, the

NLO CGC computation needs to be performed to confirm
that the framework established is solid. Secondly, other
quarkonium states remain to be studied; these come with
unique challenges. For instance, for Υ production, Su-
dakov type double logs in M/P⊥ are important and need
to be resummed [48–50]. A systematic computation of
ψ(2S) production in p+A collisions, may require that we
include relativistic contributions in the computation of
the heavy quark matrix elements. All these questions
can be explored in the framework discussed here.

•  Issue:	CGC	results	very	much	widespread	(as	those	from	nPDFs)	
•  Note:	CGC	on	J/ψ	suppression	applies	at	forward	y	(not	backward)	
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					The	facts:	data	from	RHIC	&	LHC	
•  PHENIX:												rela>ve	ψ(2S)/J/ψ			suppression	in	dAu	collisions	@	200	GeV	
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Excited	states:	An	intriguing	rela>ve	suppression	in	pA	

E.	G.	Ferreiro	LLR	&	USC																																																												Quarkonium:	theory	overview																									 											 	QGP	France,	4/7/2018	



Excited	states:	Comover	interac>on	

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. . .

J.P. Lansberg (IPNO) Quarkonium production in pA collisions July 8, 2015 28 / 31

•  In	a	comover	model:	suppression	from	scaherings	of	the	nascent	ψ	with	comoving	
medium	of	partonic/hadronic	origin		 	Gavin,	Vogt,	Capella,	Armesto,	EGF,	Tywoniuk…		

•  Stronger	comover	suppression	where	the	comover	densi>es	are	larger.	For	
asymmetric	collisions	as	proton-nucleus,	stronger	in	the	nucleus-going	direc>on		

•  Rate	equa>on	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))

Sco
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 dNpp
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	fihed	from	SPS	data	

EGF	(2014)	
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•  In	a	comover	model:	suppression	from	scaherings	of	the	nascent	ψ	with	comoving	
medium	of	partonic/hadronic	origin		 	Gavin,	Vogt,	Capella,	Armesto,	EGF,	Tywoniuk…		

•  Stronger	comover	suppression	where	the	comover	densi>es	are	larger.	For	
asymmetric	collisions	as	proton-nucleus,	stronger	in	the	nucleus-going	direc>on		

•  Rate	equa>on	governing		
						the	charmonium	density:		

•  New:	 	 	can	be	parametrized:	n	&	Teff		

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))

Sco
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 dNpp
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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EGF	&	Lansberg	(2018)	

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)

Υ(nS) Υ(�S) pPb
Υ(nS) Υ(�S) pp

CIM CMS
Υ �.�� �.�� �.�� st. �.�� sy.
Υ �.�� �.�� �.�� st. �.�� sy.

Binding
Energy
[MeV]

Radius
r

bb̄
[fm] σ co bb̄ [mb]

Υ ���� �.�� �.��
χb ��� �.�� �.��
Υ ��� �.�� �.�
χb ��� �.�� �.�
Υ ��� �.�� �.�
χb �� �.�� (?) �.�

To Do: analyse why the �t seems to allow for di�erent couples of n, Eco
J.P. Lansberg (IPNO) Bottomonium prod. in AA and pA collisions September ��, ���� �� / ��

EGF	(2014)	

2

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

averaged	over	comover	
phase-space	distribu>on	

Comovers	&	nCTEQ15	
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that the comover cross sections from AA data at SPS were re-used, this is
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EGF	&	Lansberg	(2018)	EGF	(2014)	

Comovers	&	nCTEQ15	

ψ(2S) production in p-Pb

àNew results on ψ(2S) 
confirm stronger 
suppression w.r.t. to J/ψ in 
the Pb-going direction.

àFinal state effects are 
needed to reproduce the 
ψ(2S) suppression. 

àStill problems for a 
quantitative description of 
the data.

41

B. Paul, Wed 16:50

Remarks on  (2S) production

p+p p+A

[Ma, Venugopalan, Zhang, KW, PRC97,014909(2018)]

SCEs between cc̄ and partonic comovers can a�ect
greatly  (2S) production.
Factorization breaking at ⇤ = O(�E (2S) ) (Very
Soft!). ! Model dependent. cf. [Ferreiro, PLB749, 98 (2015)]

The comover e�ect could bring complications for
 (2S) production in high multiplicity events.
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So]	color	exchanges	between	cc	&	co-
movers	at	later	stage	=>	effect	on	ψ(2S)	

CGC	+	ICEM	

Transport	model	with	final	interac>ons	
“similar	in	spirit	to	comover	suppression”	
	

	Ma,	Venugopalan,	Zhang,	Watanabe	(2018)	

EGF	(2014)	
Du	&	Rapp	(2015) 			

QM18	QM18	

E.	G.	Ferreiro	LLR	&	USC																																																												Quarkonium:	theory	overview																									 											 	QGP	France,	4/7/2018	



•  Matsui	and	Satz:	suppression	of	quarkonium	as	a	signature	of	the	QGP	
						 	 	Debye	screened	poten>al	above	the	deconfinement	temperature	
	

•  Time-independent	no>on	of	the	mel>ng	process,	purely	real	model	poten>als					
						 	 	Popular	candidates:	free	energies	F1(r)	&/or	internal	energies	U1(r)				 	Sta\c	
	

•  An	essen>al	step:	heavy	quark	poten>al	not	only	shows	Debye	screening	but	
						also	features	an	imaginary	part		 	Laine et al. (2007) 
							 	 	Intui>ve	idea:	Re[V]	captures	the	screened	QQ	interac>on 	 	 										Dynamic	

	 	 	 	 	Im[V]	captures	dissocia>on	by	Landau	damping	&	singlet	ó	octet		
																																																																																					
	
	

Think	big:	quarkonium	in	nucleus-nucleus	collisions	
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REALISTIC IN-MEDIUM HEAVY-QUARK POTENTIAL FROM HIGH STATISTICS LATTICE QCD

Tentative extraction of Im[V]

Extraction*using*BR*method,*since*Pade shown*to*severely*underestimate*Im[V]*

around*Tc compatible*with*zero,
finite*values*at*T>=173MeV
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Current	efforts:		
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medium	HQ		
poten>al	
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 Re[V]:  
 smooth transition Cornell➞Debye 
 agrees with F(1) within uncertainty 

•  understand	the	origin	and	physics	implica>ons	of	Im[V]	

QM18	
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•  To	formalize	the	idea	of	decoherence	in	the	language	of	QM	and	to	see	how	the	
imaginary	part	arises	from	the	thermal	fluctua>ons	in	the	medium:	 	 		
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ω

γ ↔ Im[V]

ω0 ↔Re[V]

ρ ☐
(r,
ω
)

Effective Field Theory

FIG. 4. (left) Reinterpreting the spectral features in the Wilson loop spectrum. Instead of assigning the width to an imaginary
part of the potential as done in the EFT approach, the open quantum systems approach works with a purely real potential
which is perturbed by the thermal medium. It is the strength of the thermal noise �(r, r) which is then characterized by
the width. (right) Schematic view of the di↵erence between a description on the level of the full system with a hermitian
Hamiltonian H = HQQ̄ +Hmed +Hint and a stochastic potential description of the QQ̄ system after tracing out the medium
degrees of freedom.

to order m�1
Q

in Eq.(2). While the overall strength of the correlations is reduced by Debye screening in the presence of
deconfined partons, it is scattering with the light quarks and gluons, which actually leads to a decrease in correlations
over time. Such a loss of correlation in turn manifests itself as an imaginary part in the Schroedinger equation for
D>. This goes so far that after some time, changes in one particle do not influence the state of the other. At this
point the notion of a bound state becomes devoid of meaning, the heavy quarkonium has melted.

To formalize this idea of decoherence in the language of quantum mechanics and to see how the imaginary part arises
from the thermal fluctuations in the medium surrounding the QQ̄, we turn to a description based on the theory of
open quantum systems.(Recent work in this direction can be found in Refs. [43–47]) This well established framework
provides the conceptual tools to describe the influence of a medium onto a small subsystem, a topic thoroughly
investigated in condensed matter theory[48]. Assume that both the medium and the QQ̄ can be described quantum
mechanically, so that the overall Hamiltonian Hfull = H†

full is hermitian

Hfull = Hmed ⌦ I
QQ̄

+ Imed ⌦H
QQ̄

+Hint,
d

dt
�(t) = �i[Hfull,�(t)], (18)

i.e. states evolve unitarily and the density matrix of states �(t) follows the von Neumann equation. If we now wish
to describe the system solely in terms of the heavy Q and Q̄, as we have done in our attempt to derive an e↵ective
Schrödinger equation, we have to trace out all other degrees of freedom in the system. Their influence on the evolution
of the subsystem manifests itself in the appearance of a stochastic element, such as noise, both in the master equation
of the density matrix[49] as well as in the evolution equation of the wavefunction.

Since a Schrödinger equation does not possess a notion of thermal fluctuations, one necessarily goes over to an
ensemble of wavefunctions  

QQ̄

so that the corresponding density matrix of states in the subsystem can be expressed
as
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By definition, decoherence in this context represents the phenomenon that the interactions with the surroundings select
a certain basis of states in the QQ̄ system in which the density matrix �

QQ̄

becomes diagonal after the decoherence
time tdc has passed. To make as close contact as possible with the potential extracted from lattice QCD, we will
however study the influence of the interaction with the thermal medium directly on the level of the wavefunction.

In Sec.II B we connected the spectral features of the Wilson loop to a complex potential. Here we take a di↵erent
route[46] as indicated in Fig.4. The intuitive idea is that the thermal fluctuations, i.e. light quarks and gluons in
the QGP, will perturb the potential acting between the heavy Q and Q̄ at each step in the time evolution. The
average of this purely real potential V

QQ̄

(r) corresponds to what was previously called Re[V ], while its variance is to
be connected to the width of the spectral features. Based on this paradigm, let us set out to construct a fully unitary
time evolution operator[46] for each microscopic realization of the wavefunction  
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For the sake of simplicity we restrict ourselves to a Markovian noise term h⇥(r, t)i = 0, which however carries a
non-trivial spatial correlation structure h⇥(r, t)⇥(r0, t0)i = 1
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•  Stochas>c	term	=	thermal	noise	
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							Borghini,	Duua,	Gombeaud;		
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							Blaizot;	De	Boni	
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FIG. 4. (left) Reinterpreting the spectral features in the Wilson loop spectrum. Instead of assigning the width to an imaginary
part of the potential as done in the EFT approach, the open quantum systems approach works with a purely real potential
which is perturbed by the thermal medium. It is the strength of the thermal noise �(r, r) which is then characterized by
the width. (right) Schematic view of the di↵erence between a description on the level of the full system with a hermitian
Hamiltonian H = HQQ̄ +Hmed +Hint and a stochastic potential description of the QQ̄ system after tracing out the medium
degrees of freedom.
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The	real	and	imaginay	parts	of	the	in-medium		
HQ	poten>al	can	be	related	to	the	stochas>c		
evolu>on	of	the	in-medium	wave	func>on	which	
is	perturbed	by	the	thermal	medium:	
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30-40% centrality 40-50% centrality 50-70% centrality

RAA(1S)
RAA(2S)
RAA(1S) RAA(1S)

RAA(2S)
RAA(1S) RAA(1S)

RAA(2S)
RAA(1S)

0.20+0.10
−0.06 0.25+0.11

−0.09 0.27+0.11
−0.13 0.21 ± 0.08 0.47+0.10

−0.08 0.10+0.04
−0.01

TABLE II. Results for RAA(1S) and RAA(2S) for κ/T
3 in the range (76), γ = 0 and δ = 1 in the bottomonium case.

case discussed in the previous section. The choice δ = 1 assumes the initial ratio of octets over singlets to be just
1/αs(M).
In Tab. II we show our predictions for the centrality bins studied CMS at 2.76 TeV in [41]. Results in this table

are corrected for feed-down effects using the method of [42] with the updated feed-down fractions from [43]. The
reason why feed-down is taken into account in the table and not in the time evolution plots is that it takes place after
freeze-out. In order to be on the safe side regarding the condition 1/a0 ≫ T ∼ mD ≫ E we focus only on centralities
between 30% and 70%. All our determinations are summarized and compared with the CMS data in Fig. 7. The
theoretical error band accounts only for the lattice uncertainty in κ.
Υ suppression in heavy-ion collisions has also been studied by the Alice collaboration [44]. They have only considered

the centrality bins 0− 20% and 20− 90%. The initial temperature for the 0 − 20% centrality bin is too high for our
present study. Regarding the centrality bin 20− 90%, the average initial temperature happens to be very similar to
the one in the centrality bin 50 − 70% and, therefore, our prediction is approximately the same. Analyses for LHC
data at 5.02 TeV are under way [45].

FIG. 7. RAA as obtained from Tab. II (dots) compared with the CMS data of [41] (triangles). Upper (red) entries refer to the
Υ(1S), lower (green) entries to the Υ(2S). The vertical dashed lines highlight the window in which we expect the approximation
1/a0 ≫ T ∼ mD ≫ E to be valid.

Many effects that have not been considered in the present analysis or considered in a simplified form (e.g., the
hydrodynamical evolution) have the potential to quantitatively impact the nuclear modification factor calculated
here. Inside the framework presented here, the results depend on the initial conditions and on just the parameters κ
and γ. The impact of a value of κ outside the range in (76) or of a positive value of γ is shown for two illustrative
examples in Fig. 8. The result suggests that there may exist values of κ, γ and δ that reproduce the present data.
The fact that a value of κ lower than the lattice prediction is needed may be explained if most of the quark-antiquark
pairs are moving with respect to the plasma [46, 47], at least in the weak-coupling case. As mentioned before, the
lattice results of [39] also seem to point to a lower value of kappa at higher temperatures. Note finally that a positive
value of γ means that the medium is very different from a weakly-coupled quark-gluon plasma, since the latter has a
negative gamma. This reinforces the need for a lattice evaluation of γ.

VI. CONCLUSIONS AND OUTLOOK

In the paper we present a systematic description in an effective field theory framework (pNRQCD) of heavy quark-
antiquark systems as open quantum systems interacting with an environment made of light quarks and gluons, the

Time	evolu>on	of	HQ	states	in	an	expanding	hot	
QCD	medium	by	implemen>ng	EFT	–pNRQCD-	in	
the	framework	of	open	quantum	systems		
=>	Lindblad	equa>on	
•  non-Abelian	nature	of	QCD:	color	transi>ons		
•  conserves	the	total	number	of	heavy	quarks	
•  avoids	classical	approxima>ons	
	

Strongly	
coupled	
plasma	w	
Bjorken	
evolu>on			

	Brambilla,	Escobedo,	Soto	&	Vairo	(2017)	

		 Υ(1S)			
			Υ(2S)	
�	CMS	2.76	TeV	

In	the	same	line:	equa>ons	for	the	>me	evolu>on	of	the	HQ	reduced-density	matrix	
in	a	non-Abelian	QGP	
•  treat	the	rela>ve	mo>on	of	the	heavy	quarks	semi-classically		
•  take	into	account	the	color	transi>ons	within	2	strategies:	

•  instantaneusly,	perturba>on	theory	=>		Langevin	equa>on,	analogous	to	QED	
•  as	collisions	=>	Botzman	equa>on	

	Blaizot	&	Escobedo	(2017)	

De	Boni	(2017)	

Recent	developments	on	open	quantum	systems	for	quarkonia	

Also:	Schrödinger-Langevin	equa>on	
•  interes>ng	framework	but	not	derived	from	first	QCD	principles	
•  QCD	features	enter	in	the	parameters	(similarly	to	Langevin	dynamics	in	HF	physics)	

	Gossiaux	&	Katz	(2016)	
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la{ceQCD		 effec>ve	field	theory	

Be	aware:	theory	elements	on	quarkonia	in	a	QGP			

open	quantum	system	

sta>c	framework	 dynamical	framework	

spectral		
func>ons	

sta>c	real		
poten>al	

sta>c	complex		
poten>al	

master	equa>on		
from	stochas>c	process	

evolving	medium	

color	screening		 color	screening,	Landau	damping	&	singlet	ó	octet	
eventual	recombina>on			

Caveat	I:	we	need	firm	theore>cal	understanding	of	quarkonium	produc>on	in	pp	collisions	

Caveat	II:	how	to	extrapolate	pA	effects	–ini>al	&	final-	to	AA?	Factoriza>on?	
																			If	yes…	nature	of	the	medium	in	pA?	

_	
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An	example:	apply	comover	model	to	pPb	and	PbPb				
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LHCb, ϒ(1S) 
ALICE, ϒ(1S) 

c.m.s.

p Pb 5.02 TeV

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)

Υ(nS) Υ(�S) pPb
Υ(nS) Υ(�S) pp

CIM CMS
Υ �.�� �.�� �.�� st. �.�� sy.
Υ �.�� �.�� �.�� st. �.�� sy.
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To Do: analyse why the �t seems to allow for di�erent couples of n, Eco
J.P. Lansberg (IPNO) Bottomonium prod. in AA and pA collisions September ��, ���� �� / ��

2

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

averaged	over	comover	
phase-space	distribu>on	

•  We	take:	

�  Using	pPb	CMS	and	ATLAS	data	
on	rela>ve	Υ(nS)/Υ(1S)		at	5.02	
TeV	–only	comovers	at	play-	we	
fit	Teff	&	n:		n=1,	T=250	±	50	MeV	

•  We	check	consistency	with	RpPbΥ(1S)	

Comovers	&	nCTEQ15	
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An	example:	apply	comover	model	to	pPb	and	PbPb				
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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
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, 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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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

averaged	over	comover	
phase-space	distribu>on	

•  We	take:	

�  Using	pPb	CMS	and	ATLAS	data	
on	rela>ve	Υ(nS)/Υ(1S)		at	5.02	
TeV	–only	comovers	at	play-	we	
fit	Teff	&	n:		n=1,	T=250	±	50	MeV	

•  We	check	consistency	with	RpPbΥ(1S)	

Comovers	&	nCTEQ15	
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•  We	calculate	RPbPb	for	Υ(1S),	Υ(2S)	and	
Υ(3S)	@	5.02	TeV	
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•  The	magnitude	of	suppression	in	
PbPb	-is	well	reproduced	without	the	
need	to	invoke	any	other	phenomena	

Comovers	&	nCTEQ15	
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Physical	interpreta>on:	what	the	nature	of	the	comovers	is		

•  Case	I:		The	medium	is	hadronic	in	pPb	collisions,	while	it	is	gluonic	in	PbPb	
•  The	 most	 common	 expecta>on:	 The	 relevant	 d.o.f.	 are	 hadrons	 in	 pPb	

collisions	 where	 the	 QGP	 is	 not	 produced	 whereas	 the	 gluons	 become	
relevant	in	the	hoher	PbPb	environment	with	the	presence	of	QGP	

•  Case	II:	 	Both	in	pPb	and	PbPb	collisions,	the	medium	is	made	of	hadrons,	i.e.		
the	comovers	can	be	iden>fied	with	pions	
•  Both	in	pA	and	AA	collisions,	Υ	not	affected	by	the	hot	(deconfined)	medium		
•  Possible	 interpreta>on:	mel>ng	 temperature	 of	 the	Υ(1S)	 and	Υ(2S)	 is	 too	

high	to	be	observed	and	the	Υ(3S)	is	fragile	enough	to	be	en>rely	broken	by	
hadrons.	Bohomonia		unaffected	by	the	presence	of	a	possible	QGP	

	

•  Case	III:		Both	in	pPb	and	PbPb	collisions,	the	medium	is	made	of	partons,	i.e.		
the	comovers	can	be	iden>fied	with	gluons	
•  Comovers	are	to	be	considered	as	partons	in	a	(deconfined?)	medium	
•  A	QGP-like	medium	is	formed	following	pPb	collisions	at	LHC	energies	
•  CIM:	effec>ve	modelling	of	bohomonium	dissocia>on	in	the	QGP		
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