
	XXVI	Interna*onal	Workshop	on	Deep	Inelas*c	Sca5ering	and	Related	Subjects 		
16-20	April	2018,	Kobe,	Japan	

Global	descrip.on	of	bo1omonium	suppression	in	
proton-nucleus	and	nucleus-nucleus	collisions	at	

LHC	energies	

Elena	G.	Ferreiro	
	

LLR,	École	polytechnique,	France	
Universidade	de	San:ago	de	Compostela,	Spain	

	
In	collabora.on	with	Jean-Philippe	Lansberg	

	
arXiv:1804.04474	

E.	G.	Ferreiro	LLR	&	USC 																															Global	descrip*on	of	bo5omonium	in	pA	&	AA						1/15 	 									DIS2008		18/4/2018	



Mo.va.on:	the	cold	nuclear	ma1er	effects	
Quarkonium	produc*on	in	nucleus-nucleus:		
•  Since	the	80’s,	quarkonium	suppression	is	considered	to	be	a	signature	of	QGP	
•  Different	states	sequen.ally	melt	at	different	T	due	to	different	binding	E	
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	Quarkonium	produc*on	in	proton-nucleus:		
	 	 	 	no	QGP	expected,	but	cold	nuclear	ma1er	effects	are	present	
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•  Modifica.on	of	the	gluon	flux 		 	 	 	 	 	 	ini:al-state	effect	
			 	 	 	 								w Modifica.on	of	PDF	in	nuclei 							
																																								w Gluon	satura.on	at	low	x			 	 		
	

•  Parton	propaga.on	in	medium				 	 	 	 	 	 	ini:al/final	effect	 		
	 	 	 	 								w Energy	loss,	Cronin	effect	

•  Quarkonium-hadron	interac.on			 	 	 	 	 	 		final-state	effect	

	 	 	 	 	w Break	up	in	the	nuclear	ma1er		 		
	 	 	 	 	w Break	up	by	comoving	medium	 		
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Obviously	relevant	if	one	wishes	to	use	quarkonia	
as	a	probe	of	the	QGP	=>	baseline	
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•  PHENIX	found	out	a	rela.ve	ψ(2S)/J/ψ	suppression	in	dAu	collisions	@	200	GeV	
•  ALICE	also	found	a	rela.ve	ψ(2S)/J/ψ	suppression	in	pPb	collisions	@	2.76	TeV	

•  CMS	reported	rela.ve	suppression	of	Υ(2S,3S)	w.r.t.	Υ(1S)	in	pPb	@	2.76	and	5	TeV	
	

Mo.va.on:	the	intriguing	suppression	of	excited	states	in	pA	
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•  Ini.al-state	effects	–modifica.on	of	nPDFs	/	parton	E	loss-	iden.cal	for	the	family	
•  Any	difference	among	the	states	should	be	due	to	final-state	effects	
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Generalities on the break-up cross section

As aforementionned: s
break�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 = E

beam,cms

/mN ' 107 ! [= cosh(y
beam

) = 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 = E

beam,cms

/mN ' 2660 ! [= cosh(y
beam

) = 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: s
break�up

' p/m2
Q ? ' 0.5 mb for charmonia ?
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•  Ini.al-state	effects	–modifica.on	of	nPDFs	/	parton	E	loss-	iden.cal	for	the	family	
•  Any	difference	among	the	states	should	be	due	to	final-state	effects	

•  At	low		E:	the	rela.ve	suppression	can	be	explained		by	nuclear	abs.		σbreakup	

•  At	high	E:	too	long	forma.on	.mes	

 τfonia	≈	0.4	fm	(meson	rest	frame)					=>				tf	=	γ τf		(target	rest	frame)		
	
	
	

								 	 	 	 	 		
	

	

Mo.va.on:	the	intriguing	suppression	of	excited	states	in	pA	

			γLHC=2660		(at	y=0)		=>					tf	>	1000	fm/c	@	LHC		
	

	
	

Time	for	a	quarkonium	to	form	and	be	dis*nguishable	from	its	excited	states:	tf	>>	R		
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Time	for	a	quarkonium	to	form	and	be	dis*nguishable	from	its	excited	states:	tf	>>	R		

	Consensus:	σbreakup		is	geing	small	at	high	energies	and		
may	be	the	same	for	ground	and	excited	states	
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A	natural	explana.on	would	be	a	final-state	effect	ac.ng	over	sufficiently	long	.me		
=>	interac*on	with	a	comoving	medium	
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Comover-interac.on	model	CIM	
•  In	a	comover	model:	suppression	from	sca1erings	of	the	nascent Q with	comoving	

medium	of	partonic/hadronic	origin		 	 	Gavin,	Vogt,	Capella,	Armesto,	Ferreiro	…	(1997)	

•  Stronger	suppression	where	the	comover	densi.es	(mul.plici.es)	are	larger	

•  Rate	equa.on	governing		
						the	quarkonium	density:	

	

		
cross	sec.on	of	quarkonium	dissocia.on	due	to	interac.ons	with	comoving	medium	
				

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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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	fi1ed		
from	SPS	data	

CIM	ψ	results	@LHC:	

E.G.	F.	PLB	749	(2015)	
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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	fi1ed		
from	SPS	data	

CIM	ψ	results	@LHC:	

Our	aim:		
•  to	inves.gate	if	the	rela.ve	

suppression	for	Υ	states	can						
be	explained	by	CIM	

•  to	apply	CIM	to	pPb	and	PbPb	
•  to	inves.gate	the	nature	of	the	

comovers	E.G.	F.	PLB	749	(2015)	
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Upsilon	CMS	suppression	in	pPb			
	At	the	.me	of	the	CMS	Υ	PbPb	analysis,	no	nuclear	effects	were	expected	to	apply	
differently	to	different	states,	in	par.cular	nuclear	breakup	Motivations

CMS PRL ��� ������ (����), JHEP��(����)���

Observation of Sequential ! Suppression in PbPb Collisions

S. Chatrchyan et al.*

(CMS Collaboration)

PRL 109, 222301 (2012)

Selected for a Viewpoint in Physics
PHY S I CA L R EV I EW LE T T E R S

week ending
30 NOVEMBER 2012

In addition to QGP formation, di�erences between quarkonium production yields in PbPb and
pp collisions can also arise from cold-nuclear-matter e�ects [��]. However, such e�ects should
have a small impact on the double ratios reported here. Initial-state nuclear e�ects are expected
to a�ect similarly each of the three Υ states, thereby canceling out in the ratio. Final-state
“nuclear absorption” becomes weaker with increasing energy [��] and is expected to be negligible
at the LHC [��].

Υ(nS) Υ(�S) ij
Υ(nS) Υ(�S) pp

�S �S
PbPb �.�� �.�� stat. �.�� syst. �.�� �.�� stat. �.�� syst.

pPb �.�� �.�� stat. �.�� syst. �.�� �.�� stat. �.�� syst.

Our aim is to investigate if this relative suppression can be explained by
the comover model and what could the impact on the PbPb data be
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In addition to QGP formation, di�erences between quarkonium production yields in PbPb and
pp collisions can also arise from cold-nuclear-matter e�ects [��]. However, such e�ects should
have a small impact on the double ratios reported here. Initial-state nuclear e�ects are expected
to a�ect similarly each of the three Υ states, thereby canceling out in the ratio. Final-state
“nuclear absorption” becomes weaker with increasing energy [��] and is expected to be negligible
at the LHC [��].
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In addition to QGP formation, di�erences between quarkonium production yields in PbPb and
pp collisions can also arise from cold-nuclear-matter e�ects [��]. However, such e�ects should
have a small impact on the double ratios reported here. Initial-state nuclear e�ects are expected
to a�ect similarly each of the three Υ states, thereby canceling out in the ratio. Final-state
“nuclear absorption” becomes weaker with increasing energy [��] and is expected to be negligible
at the LHC [��].
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•  CMS	assump.on	contradicted		by	their	pPb	data	 	 	CMS	JHEP04(2014)103	

•  If	this	rela.ve	suppression	can	be	a1ributed	to	comover	effects,	how	does	that	
translate	to	PbPb	collisions?		[comover	suppression	is	related	to	the	mul.plicity]	

E.	G.	Ferreiro	LLR	&	USC 																															Global	descrip*on	of	bo5omonium	in	pA	&	AA						5/15 	 									DIS2008		18/4/2018	



A	closer	look	into	the	Υ	family	and	its	feed	down	structure	
•  The	bo1omonium	family	is	much	richer	than	the	charmonium	one	

•  χb’’	first	par.cle	discovered	at	the	LHC		 	 	 	 	ATLAS	PRL	108	(2012)	152001	

•  It	allows	for	a	much	finer	studies	with	3	Υ	states	(decaying	into	dimuons)	
•  It	comprises	excited	states	which	are	not	too	fragile	[as	opposed	to	e.g.	the	ψ’]	

E.	G.	Ferreiro	LLR	&	USC 																															Global	descrip*on	of	bo5omonium	in	pA	&	AA						6/15 	 									DIS2008		18/4/2018	



(a) Ratio of �b states,
p

s = 8 TeV (b) Fraction of feed-down of �b(1, 2, 3P) to ⌥,p
s = 7 and 8 TeV

(c) Fraction of feed-down of �b(3P) to ⌥(3S),p
s = 7 and 8 TeV

Figure 13: (a) Ratio of the production cross section of �b2 and �b1 in pp collisions at
p

s = 8 TeV [201, 202]. (b) and (c) : Fractions of �b to
⌥(1S) as function of ⌥ pT [203]. For better visualization the data points are slightly displaced from the bin centres. The inner error bars represent
statistical uncertainties, while the outer error bars indicate statistical and systematic uncertainties added in quadrature.
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Figure 14: Typical sources of ⌥(nS ) at low and high pT. These numbers are mostly derived from LHC measurements [197–199, 203–208]
assuming an absence of a significant rapidity dependence.

2.2.6. Bc and multiple-charm baryons
After a discovery phase during which the measurement of the mass and the lifetime of the Bc was the priority, the

first measurement of the pT and y spectra of promptly produced B+c was carried out by the LHCb Collaboration [210].
Unfortunately, as for now, the branching B+c ! J/ ⇡+ is not yet known. This precludes the extraction of �pp!B+c +X
and the comparison with the existing theoretical predictions [213–220]. Aside from this normalisation issue, the pT
and y spectra are well reproduced by the theory (see a comparison in Figure 15 with BCVEGPY [211, 212], which is
based on NRQCD where the CS contribution is dominant).

Searches for doubly-charmed baryons are being carried out (see e. g. [221]) on the existing data sample collected
in pp collisions at 7 and 8 TeV. As for now, no analysis could confirm the signals seen by the fixed-target experiment
SELEX at Fermilab [222, 223].

2.3. Quarkonium polarization studies
Measurements of quarkonium polarisation can shed more light on the long-standing puzzle of the quarkonium

hadroproduction. Various models of the quarkonium production, described in the previous Section 2.1.2, are in
reasonable agreement with the cross section measurements but they usually fail to describe the measured polarisation.
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•  Υ(3S)	is	far	from	being	100%	direct	
•  In	the	region	of	the	Υ	PbPb	and	pPb	data,	the	Υ(1S)		is	not	50%	direct	

•  The	bo1omonium	family	is	much	richer	than	the	charmonium	one	

•  χb’’	first	par.cle	discovered	at	the	LHC		 	 	 	 	ATLAS	PRL	108	(2012)	152001	

•  It	allows	for	a	much	finer	studies	with	3	Υ	states	(decaying	into	dimuons)	
•  It	comprises	excited	states	which	are	not	too	fragile	[as	opposed	to	e.g.	the	ψ’]	

Feed-down	structure	at	low	pT	is	quite	different	than	CDF	measurement	at	pT>8GeV	
Sapore	Gravis	Review	arXiv:1506.03981	from	LHCb	data	

E.	G.	Ferreiro	LLR	&	USC 																															Global	descrip*on	of	bo5omonium	in	pA	&	AA						6/15 	 									DIS2008		18/4/2018	



Seing	the	scene	for	the	bo1omonium	family	
	

•  The	rela.ve	suppression	of	the	excited	Υ	is	probably	the	cleanest	observable	to	fix	
the	comover	suppression	magnitude	[without	interference	with	other	nuclear	effect]	

E.	G.	Ferreiro	LLR	&	USC 																															Global	descrip*on	of	bo5omonium	in	pA	&	AA						7/15 	 									DIS2008		18/4/2018	
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•  The	rela.ve	suppression	of	the	excited	Υ	is	probably	the	cleanest	observable	to	fix	
the	comover	suppression	magnitude	[without	interference	with	other	nuclear	effect]	

•  However,	not	enough	data	to	fit	all	the	6	

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 ��, ���� �� / ��

	[the	feed-downs	discussed	above	
	were	used]	
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•  We	need	to	develop	a	new	strategy	by	going	to	a		 	 	 	 										
microscopic	level	accoun.ng	for	the	momentum	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
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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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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

⌧
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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].
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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
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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:
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tion with an energetic particle is commonly assumed to con-
verge to the geometrical cross section �Q
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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
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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.
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ATLAS [9] data on relative ⌥ suppression from pPb colli-
sions to fit our dissociation cross-sections. The feed-downs
discussed above were used. As mentioned above, in our first
fit we have considered that the medium is constitued by pions.
By varying our exponent in eq. 3 from n = 0.5 to 2, we obtain
temperatures within the range 200 to 300 MeV. Varying the
feed-down fractions for 2 limiting cases, 80% of direct ⌥(1S)
and 50% of direct ⌥(3S) on the one hand, and 60% of direct
⌥(1S) and 70% of direct ⌥(3S) on the other hand, does not
change the results of our fit.

At this stage, it is fair to wonder if the medium can safely
be considered as completely hadronic. We have then repeated
our fit considering this time a gluonic nature for the comovers,
i.e. taking them as massless. The results are similar to the pre-
vious case, as can be seen in Figure 1 where the obtained tem-
peratures and their n dependence are shown for the hadronic
and partonic case. Also remarkable, the obtained dissociation

FIG. 1: (Color online) The obtained temperatures and their uncer-
tainty versus the exponent n of eq. 3 taking into account a hadronic
(blue) and gluonic (green) nature of the medium.

cross-sections show high stability in the mentioned tempera-
ture and n ranges, as can be seen in Figure 2, where the mean
values of the dissociation cross-sections of the ⌥ family are
shown for the above values of T and n in the hadronic and
gluonic case.

FIG. 2: (Color online) The mean values for the dissociation cross-
sections for the bottomonium family in a comover medium made of
pions (continuous line) or gluons (discontinuous line). From down
to up: 1S, 1P, 2S, 2P, 3S, 3P.

For an exponent n = 1, and taking into account the uncer-
tainty in the temperature, Te f f = 250±50 MeV, the values for
the cross-sections of the ⌥ family are the following:
�co�⌥(1S) = 0.02+0.020

�0.010 mb, �co�⌥(2S) = 0.61+0.33
�0.28 mb and

TABLE I:

EBinding rQbb̄
�co�Qbb̄

⌥(1S) 1100 MeV 0.14 fm 0.02+0.020
�0.010 mb

�B1 670 MeV 0.22 fm 0.230.14
�0.12 mb

⌥(2S) 540 MeV 0.28 fm 0.61+0.33
�0.28 mb

�B2 300 MeV 0.34 fm 2.44+0.76
�0.79 mb

⌥(3S) 200 MeV 0.39 fm 4.92+1.11
�1.29 mb

�B3 50 MeV 0.45 fm 12.55+1.53
�1.88 mb

TABLE II: ⌥ pPb at 5.02 TeV

CIM Exp
�1.93 < y < 1.93 CMS data

⌥(2S)/ ⌥(1S) 0.91 ± 0.03 0.83 ± 0.05 (stat.) ± 0.05 (syst.)
⌥(3S)/ ⌥(1S) 0.72 ± 0.02 0.71 ± 0.08 (stat.) ± 0.09 (syst.)

�2.0 < y < 1.5 ATLAS data
⌥(2S)/ ⌥(1S) 0.90 ± 0.03 0.76 ± 0.07 (stat.) ± 0.05 (syst.)
⌥(3S)/ ⌥(1S) 0.71 ± 0.02 0.64 ± 0.14 (stat.) ± 0.06 (syst.)

�co�⌥(3S) = 4.92+1.11
�1.29 mb. For the �B1, �B2 and �B3 we

use �co��B1 = 0.230.14
�0.12 mb, �co��B2 = 2.44+0.76

�0.79 mb and
�co��B3 = 12.55+1.53

�1.88.
Our results for the relative suppression of the excited bot-

tomonium states as compared to their ground state in proton-
nucleus collisions are presented in Table II and compared to
the CMS [1] and ATLAS [9] experimental data. The un-
certainty corresponds to the values of the dissociation cross-
sections as mentioned above.

We need to check the consistency of our choice of the dis-
sociation cross-sections with the absolute suppression of the
⌥. The suppression of the individual ⌥(1S) state in pPb col-
lisions with respect to their yields in pp data has been mea-
sured. Note that other nuclear e↵ects which cancel in the dou-
ble ratio, do not cancel anymore.

At LHC energies, the e↵ect that plays a role in quarkonium
nuclear production is the initial shadowing of the heavy pairs
due to the modification of the gluon parton distribution func-
tions in the nucleus. It can be calculated using any of the
available parametrizations for the nuclear parton distribution
functions. This e↵ect is to be taken identical for the ground
and the excited states [31]. In order to include the shadowing,
the set nCTEQ15 has been used [32]3.

Figure 3 shows the nuclear modification factor –the ratio
of the ⌥ yield in proton-nucleus collisions to the ⌥ yield in
proton-proton collisions multiplied by the average number of
binary nucleon-nucleon collisions– RpPb as a function of ra-
pidity for the ⌥(1S) production in pPb collisions at

p
s = 5.02

TeV compared to available experimental data [33–35]. The ef-
fect of the nuclear modification of the PDFs within nCTEQ15
is taken into account. One can see that the comovers damp

3 Also remarkable, the central value of nCTEQ15 analysis agrees well with
the one of EPS09LO [5] previously used in [21].

For	n=1	and	T=250	±	50	MeV:	
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⌥(3S) 200 MeV 0.39 fm 4.92+1.11
�1.29 mb

�B3 50 MeV 0.45 fm 12.55+1.53
�1.88 mb

TABLE II: ⌥ pPb at 5.02 TeV

CIM Exp
�1.93 < y < 1.93 CMS data

⌥(2S)/ ⌥(1S) 0.91 ± 0.03 0.83 ± 0.05 (stat.) ± 0.05 (syst.)
⌥(3S)/ ⌥(1S) 0.72 ± 0.02 0.71 ± 0.08 (stat.) ± 0.09 (syst.)

�2.0 < y < 1.5 ATLAS data
⌥(2S)/ ⌥(1S) 0.90 ± 0.03 0.76 ± 0.07 (stat.) ± 0.05 (syst.)
⌥(3S)/ ⌥(1S) 0.71 ± 0.02 0.64 ± 0.14 (stat.) ± 0.06 (syst.)

�co�⌥(3S) = 4.92+1.11
�1.29 mb. For the �B1, �B2 and �B3 we

use �co��B1 = 0.230.14
�0.12 mb, �co��B2 = 2.44+0.76

�0.79 mb and
�co��B3 = 12.55+1.53

�1.88.
Our results for the relative suppression of the excited bot-

tomonium states as compared to their ground state in proton-
nucleus collisions are presented in Table II and compared to
the CMS [1] and ATLAS [9] experimental data. The un-
certainty corresponds to the values of the dissociation cross-
sections as mentioned above.

We need to check the consistency of our choice of the dis-
sociation cross-sections with the absolute suppression of the
⌥. The suppression of the individual ⌥(1S) state in pPb col-
lisions with respect to their yields in pp data has been mea-
sured. Note that other nuclear e↵ects which cancel in the dou-
ble ratio, do not cancel anymore.

At LHC energies, the e↵ect that plays a role in quarkonium
nuclear production is the initial shadowing of the heavy pairs
due to the modification of the gluon parton distribution func-
tions in the nucleus. It can be calculated using any of the
available parametrizations for the nuclear parton distribution
functions. This e↵ect is to be taken identical for the ground
and the excited states [31]. In order to include the shadowing,
the set nCTEQ15 has been used [32]3.

Figure 3 shows the nuclear modification factor –the ratio
of the ⌥ yield in proton-nucleus collisions to the ⌥ yield in
proton-proton collisions multiplied by the average number of
binary nucleon-nucleon collisions– RpPb as a function of ra-
pidity for the ⌥(1S) production in pPb collisions at

p
s = 5.02

TeV compared to available experimental data [33–35]. The ef-
fect of the nuclear modification of the PDFs within nCTEQ15
is taken into account. One can see that the comovers damp

3 Also remarkable, the central value of nCTEQ15 analysis agrees well with
the one of EPS09LO [5] previously used in [21].
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3

ATLAS [9] data on relative ⌥ suppression from pPb colli-
sions to fit our dissociation cross-sections. The feed-downs
discussed above were used. As mentioned above, in our first
fit we have considered that the medium is constitued by pions.
By varying our exponent in eq. 3 from n = 0.5 to 2, we obtain
temperatures within the range 200 to 300 MeV. Varying the
feed-down fractions for 2 limiting cases, 80% of direct ⌥(1S)
and 50% of direct ⌥(3S) on the one hand, and 60% of direct
⌥(1S) and 70% of direct ⌥(3S) on the other hand, does not
change the results of our fit.

At this stage, it is fair to wonder if the medium can safely
be considered as completely hadronic. We have then repeated
our fit considering this time a gluonic nature for the comovers,
i.e. taking them as massless. The results are similar to the pre-
vious case, as can be seen in Figure 1 where the obtained tem-
peratures and their n dependence are shown for the hadronic
and partonic case. Also remarkable, the obtained dissociation

FIG. 1: (Color online) The obtained temperatures and their uncer-
tainty versus the exponent n of eq. 3 taking into account a hadronic
(blue) and gluonic (green) nature of the medium.

cross-sections show high stability in the mentioned tempera-
ture and n ranges, as can be seen in Figure 2, where the mean
values of the dissociation cross-sections of the ⌥ family are
shown for the above values of T and n in the hadronic and
gluonic case.

FIG. 2: (Color online) The mean values for the dissociation cross-
sections for the bottomonium family in a comover medium made of
pions (continuous line) or gluons (discontinuous line). From down
to up: 1S, 1P, 2S, 2P, 3S, 3P.

For an exponent n = 1, and taking into account the uncer-
tainty in the temperature, Te f f = 250±50 MeV, the values for
the cross-sections of the ⌥ family are the following:
�co�⌥(1S) = 0.02+0.020

�0.010 mb, �co�⌥(2S) = 0.61+0.33
�0.28 mb and

TABLE I:

EBinding rQbb̄
�co�Qbb̄

⌥(1S) 1100 MeV 0.14 fm 0.02+0.020
�0.010 mb

�B1 670 MeV 0.22 fm 0.230.14
�0.12 mb

⌥(2S) 540 MeV 0.28 fm 0.61+0.33
�0.28 mb

�B2 300 MeV 0.34 fm 2.44+0.76
�0.79 mb

⌥(3S) 200 MeV 0.39 fm 4.92+1.11
�1.29 mb

�B3 50 MeV 0.45 fm 12.55+1.53
�1.88 mb

TABLE II: ⌥ pPb at 5.02 TeV

CIM Exp
�1.93 < y < 1.93 CMS data

⌥(2S)/ ⌥(1S) 0.91 ± 0.03 0.83 ± 0.05 (stat.) ± 0.05 (syst.)
⌥(3S)/ ⌥(1S) 0.72 ± 0.02 0.71 ± 0.08 (stat.) ± 0.09 (syst.)

�2.0 < y < 1.5 ATLAS data
⌥(2S)/ ⌥(1S) 0.90 ± 0.03 0.76 ± 0.07 (stat.) ± 0.05 (syst.)
⌥(3S)/ ⌥(1S) 0.71 ± 0.02 0.64 ± 0.14 (stat.) ± 0.06 (syst.)

�co�⌥(3S) = 4.92+1.11
�1.29 mb. For the �B1, �B2 and �B3 we

use �co��B1 = 0.230.14
�0.12 mb, �co��B2 = 2.44+0.76

�0.79 mb and
�co��B3 = 12.55+1.53

�1.88.
Our results for the relative suppression of the excited bot-

tomonium states as compared to their ground state in proton-
nucleus collisions are presented in Table II and compared to
the CMS [1] and ATLAS [9] experimental data. The un-
certainty corresponds to the values of the dissociation cross-
sections as mentioned above.

We need to check the consistency of our choice of the dis-
sociation cross-sections with the absolute suppression of the
⌥. The suppression of the individual ⌥(1S) state in pPb col-
lisions with respect to their yields in pp data has been mea-
sured. Note that other nuclear e↵ects which cancel in the dou-
ble ratio, do not cancel anymore.

At LHC energies, the e↵ect that plays a role in quarkonium
nuclear production is the initial shadowing of the heavy pairs
due to the modification of the gluon parton distribution func-
tions in the nucleus. It can be calculated using any of the
available parametrizations for the nuclear parton distribution
functions. This e↵ect is to be taken identical for the ground
and the excited states [31]. In order to include the shadowing,
the set nCTEQ15 has been used [32]3.

Figure 3 shows the nuclear modification factor –the ratio
of the ⌥ yield in proton-nucleus collisions to the ⌥ yield in
proton-proton collisions multiplied by the average number of
binary nucleon-nucleon collisions– RpPb as a function of ra-
pidity for the ⌥(1S) production in pPb collisions at

p
s = 5.02

TeV compared to available experimental data [33–35]. The ef-
fect of the nuclear modification of the PDFs within nCTEQ15
is taken into account. One can see that the comovers damp

3 Also remarkable, the central value of nCTEQ15 analysis agrees well with
the one of EPS09LO [5] previously used in [21].

For	n=1	and	T=250	±	50	MeV:	

3

ATLAS [9] data on relative ⌥ suppression from pPb colli-
sions to fit our dissociation cross-sections. The feed-downs
discussed above were used. As mentioned above, in our first
fit we have considered that the medium is constitued by pions.
By varying our exponent in eq. 3 from n = 0.5 to 2, we obtain
temperatures within the range 200 to 300 MeV. Varying the
feed-down fractions for 2 limiting cases, 80% of direct ⌥(1S)
and 50% of direct ⌥(3S) on the one hand, and 60% of direct
⌥(1S) and 70% of direct ⌥(3S) on the other hand, does not
change the results of our fit.

At this stage, it is fair to wonder if the medium can safely
be considered as completely hadronic. We have then repeated
our fit considering this time a gluonic nature for the comovers,
i.e. taking them as massless. The results are similar to the pre-
vious case, as can be seen in Figure 1 where the obtained tem-
peratures and their n dependence are shown for the hadronic
and partonic case. Also remarkable, the obtained dissociation

FIG. 1: (Color online) The obtained temperatures and their uncer-
tainty versus the exponent n of eq. 3 taking into account a hadronic
(blue) and gluonic (green) nature of the medium.

cross-sections show high stability in the mentioned tempera-
ture and n ranges, as can be seen in Figure 2, where the mean
values of the dissociation cross-sections of the ⌥ family are
shown for the above values of T and n in the hadronic and
gluonic case.

FIG. 2: (Color online) The mean values for the dissociation cross-
sections for the bottomonium family in a comover medium made of
pions (continuous line) or gluons (discontinuous line). From down
to up: 1S, 1P, 2S, 2P, 3S, 3P.

For an exponent n = 1, and taking into account the uncer-
tainty in the temperature, Te f f = 250±50 MeV, the values for
the cross-sections of the ⌥ family are the following:
�co�⌥(1S) = 0.02+0.020

�0.010 mb, �co�⌥(2S) = 0.61+0.33
�0.28 mb and

TABLE I:

EBinding rQbb̄
�co�Qbb̄

⌥(1S) 1100 MeV 0.14 fm 0.02+0.020
�0.010 mb

�B1 670 MeV 0.22 fm 0.230.14
�0.12 mb

⌥(2S) 540 MeV 0.28 fm 0.61+0.33
�0.28 mb

�B2 300 MeV 0.34 fm 2.44+0.76
�0.79 mb

⌥(3S) 200 MeV 0.39 fm 4.92+1.11
�1.29 mb

�B3 50 MeV 0.45 fm 12.55+1.53
�1.88 mb

TABLE II: ⌥ pPb at 5.02 TeV

CIM Exp
�1.93 < y < 1.93 CMS data

⌥(2S)/ ⌥(1S) 0.91 ± 0.03 0.83 ± 0.05 (stat.) ± 0.05 (syst.)
⌥(3S)/ ⌥(1S) 0.72 ± 0.02 0.71 ± 0.08 (stat.) ± 0.09 (syst.)

�2.0 < y < 1.5 ATLAS data
⌥(2S)/ ⌥(1S) 0.90 ± 0.03 0.76 ± 0.07 (stat.) ± 0.05 (syst.)
⌥(3S)/ ⌥(1S) 0.71 ± 0.02 0.64 ± 0.14 (stat.) ± 0.06 (syst.)

�co�⌥(3S) = 4.92+1.11
�1.29 mb. For the �B1, �B2 and �B3 we

use �co��B1 = 0.230.14
�0.12 mb, �co��B2 = 2.44+0.76

�0.79 mb and
�co��B3 = 12.55+1.53

�1.88.
Our results for the relative suppression of the excited bot-

tomonium states as compared to their ground state in proton-
nucleus collisions are presented in Table II and compared to
the CMS [1] and ATLAS [9] experimental data. The un-
certainty corresponds to the values of the dissociation cross-
sections as mentioned above.

We need to check the consistency of our choice of the dis-
sociation cross-sections with the absolute suppression of the
⌥. The suppression of the individual ⌥(1S) state in pPb col-
lisions with respect to their yields in pp data has been mea-
sured. Note that other nuclear e↵ects which cancel in the dou-
ble ratio, do not cancel anymore.

At LHC energies, the e↵ect that plays a role in quarkonium
nuclear production is the initial shadowing of the heavy pairs
due to the modification of the gluon parton distribution func-
tions in the nucleus. It can be calculated using any of the
available parametrizations for the nuclear parton distribution
functions. This e↵ect is to be taken identical for the ground
and the excited states [31]. In order to include the shadowing,
the set nCTEQ15 has been used [32]3.

Figure 3 shows the nuclear modification factor –the ratio
of the ⌥ yield in proton-nucleus collisions to the ⌥ yield in
proton-proton collisions multiplied by the average number of
binary nucleon-nucleon collisions– RpPb as a function of ra-
pidity for the ⌥(1S) production in pPb collisions at

p
s = 5.02

TeV compared to available experimental data [33–35]. The ef-
fect of the nuclear modification of the PDFs within nCTEQ15
is taken into account. One can see that the comovers damp

3 Also remarkable, the central value of nCTEQ15 analysis agrees well with
the one of EPS09LO [5] previously used in [21].

Υ(nS)/Υ(1S)	well	reproduced	in	PbPb	collisions	without	any	other	phenomena	needed	
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Consistency	check:	Υ(1S)	nuclear	modifica.on	factor	in	pPb	

•  Now	that	the	 										are	fixed,	we	need	to	check	the	consistency	with	the	
absolute	suppression	of	Υ(1S)	

	
•  Other	nuclear	effects		which	cancel	in	the	double	ra.o,	do	not	cancel	anymore,	

i.e.	shadowing	
	
•  We	take	into	account		
					 	 	 					nCTEQ15	
	
•  Comovers	damp	down		
						the	an.shadowing	peak	
	=>	be1er	agreement		
							with	ALICE	

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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CIM CMS
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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 ��, ���� �� / ��

E.	G.	F.,	J.P.	Lansberg,	
arXiv:1804.04474	
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Consistency	check:	Υ(1S)	nuclear	modifica.on	factor	in	pPb	

•  Now	that	the	 										are	fixed,	we	need	to	check	the	consistency	with	the	
absolute	suppression	of	Υ(1S)	

	
•  Other	nuclear	effects		which	cancel	in	the	double	ra.o,	do	not	cancel	anymore,	

i.e.	shadowing	
	
•  We	take	into	account		
					 	 	 					nCTEQ15	
	
•  Comovers	damp	down		
						the	an.shadowing	peak	
	=>	be1er	agreement		
							with	ALICE	

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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Consistency	check:	RPbPb	for	Υ(1S)	and	Υ(2S)	@	2.76	TeV	
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The	magnitude	of	suppression	-taking	into	account	nCTEQ15-		
is	well	reproduced	without	the		need	to	invoke	any	other	phenomena	

•  We	take	into	account	
nCTEQ15	(as	for	RpPb)		

•  We	do	show	the	
signicant	uncertainty	
of	the	barely	known	
gluon	nPDFs	
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Consistency	check:	RPbPb	for	Υ(1S),	Υ(2S)	and	Υ(3S)	@	5.02	TeV	

•  We	take	into	account	
nCTEQ15	(as	for	RpPb)		

•  We	do	show	the	
signicant	uncertainty	
of	the	barely	known	
gluon	nPDFs	

partN
0 50 100 150 200 250 300 350 400

AA
R

0

0.2

0.4

0.6

0.8

1

1.2

(1S)Υ

(2S)Υ

(3S) 68% CLΥ

(3S) 95% CLΥ

Cent.
0-100%

The	magnitude	of	suppression	-taking	into	account	nCTEQ15-		
is	well	reproduced	without	the		need	to	invoke	any	other	phenomena	
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Predic.ons:	RpPb	for	Υ(1S),	Υ(2S)	and	Υ(3S)	@	8.16	TeV	
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Conclusions	
•  We	 have	 updated	 our	 understanding	 of	 the	 feed-down	 pa1ern	 within	 the	

bo1omium	family	close	to	<pT>	where	it	ma1ers	for	heavy-ion	studies	

•  In	 the	 absence	 of	 any	 other	 explana.on	 for	 the	 rela.ve	 suppression	 of	 excited	
quarkonia	 in	pA	 collisions	 (and	 its	 rapidity	dependence),	we	have	assumed	 that	
the	reinterac.on	with	comovers	explains	it	all	

•  This	 allowed	 us	 to	 fit	 all	 the	 comover-bo1omonium-interac.on	 cross	 sec.ons		
from	the	CMS	and	ATLAS	pPb	double	ra.os	in	a	coherent	way	

•  A	fit	to	the	CMS	PbPb	double	ra.os		at	2.76	and	5.02	TeV	gives	similar	results	

•  We	have	checked	that	it	yields	a	consistent	magnitude	for	the	Υ	suppression	 	as	
mesured	 by	 ATLAS,	 ALICE	 and	 LHCb	 in	 pPb	 collisions	 when	 combined	 with	
nCTEQ15	shadowing		(which	does	not	affect	the	double	ra.o)	

•  Both	 the	double	 ra.os	of	Υ(2S)/Υ(1S)	&	Υ(3S)/Υ(1S)	 (insensi.ve	 to	 shadowing)	
and	the	magnitude	of	the	suppression	(with	nCTEQ15)	of	Υ(1S)	&	Υ(2S)	are	well	
reproduced	in	PbPb	collisions		without	the	need	to	invoke	any	other	phenomena	

E.	G.	Ferreiro	LLR	&	USC 																															Global	descrip*on	of	bo5omonium	in	pA	&	AA					14/15	 									DIS2008		18/4/2018	



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	ho1er	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.	Bo1omonia		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	bo1omonium	dissocia.on	in	the	QGP		
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¾ Quarkonium production data so far not 
precise enough to distinguish between 
various CNM models

¾ Double ratio has been proposed as a 
powerful measurement to disentangle 
between shadowing and e-loss models

¾ LHCb is ideal for this measurement:
¾ Optimal acceptance

¾ VELO detector capabilities permit to decrease 
significantly the background  from bb production

¾ Many systematic effects cancel in the 
ratio Æ higher precision

¾ Projections with 20/nb : 
Æ 1000 Drell-Yan candidates

Burkhard Schmidt Hard Probes 2016, Wuhan, September 23-27 21

[F. Arleo, S. Peigné arXiv:1512.01794]

•  Ini.al-state	effects	are	required	to	explain	pA	data	from	RHIC	and	LHC						=>	
Modifica.on	of	the	gluon	flux,	either	by	modified	nPDF	or	CGC,	needs	to	be	
taken	into	account	

							

	Issues:	
w  	Huge	incertainty	of	nPDFS	
w Widespread	CGC	results	

•  Coherent	Eloss	mechanism	can	also	reproduce	ground	state	data	

	
		

•  Final-state	effects	as	comover	interac.on,		
						are	good	candidates	to	reproduce	excited		
						to	ground	state	data.		
						Comover	interac.on	similar	to	transport	model	
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PHENIX: arXiv:1609.06550

Approximate comover density:  𝝆𝒄𝒐 ∝ 𝒅𝑵
𝒅𝒚 / 𝑺𝑻

from AMPT

transverse size 
from Glauber MC

RHIC and LHC data 
from small systems 

consistent with comover 
interpretation

Summarizing	on	proton-nucleus	collisions:	

Possibility	to	
dis.nguish	
bewteen	them?	

Comover Dissociation of Quarkonium
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PHENIX: arXiv:1609.06550

Approximate comover density:  𝝆𝒄𝒐 ∝ 𝒅𝑵
𝒅𝒚 / 𝑺𝑻

from AMPT

transverse size 
from Glauber MC

Arleo	(2016)	

Drees	HP2016	

E.	G.	Ferreiro	USC 																																				Quarkonium	produc*on	in	pp	and	pA	(theory) 																							 													HP2016,	26/9/2016	



Rela_ve#Modifica_on#of#
#ψ(2s)/ψ(1s)#–#par_cle#density#

Ma%!Durham!P!Quark!Ma%er!2014! 16!

Rela_ve#modifica_on#in#all#
systems#follows#common#
trend#with#increasing#
produced#par_cle#density.#

Co=mover#(or#medium?)#
density#seems#to#be#the#
relevant#quan_ty.##

PRL#111,#202301#(2013)#

M.	Durham	QM2014	

E.	G.	Ferreiro 	 	 	 	 	 	 	 	 	 	 	 	 												INT	Workshop,	Sea5le,	10/1/2014	


