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Mo<va<ons	
Quarkonium	producJon	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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•  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	maNer		 		
	 	 	 	 	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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Produc<on	model:	state	of	the	art	for	the	J/Ψ

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.
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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.

27

NRQCD(1)	Butenschoen	&	Kniehl	
NRQCD(2)	Gong	et	al.	
NRQCD(3)	Chao	et	al.	Sapore	Gravis	Review	arXiv:1506.03981	

•  CSM	s<ll	in	the	game:	Large	NLO	and	NNLO;	need	a	full	NNLO	
•  NRQCD:	COM	helps	in	describing	the	pT	spectrum.	Yet,	the	COM	fits	differ	in	their	

conclusions	owing	to	their	assump<ons	(data	set,	pT	cut,	polariza<on	fiNed	or	not)	
•  kT	factoriza<on	and	CGC	can	address	low	pT,	different	mix	of	LDMEs	
•  New	recent	developments	on	CEM	may	be	helpful	

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	
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•  None	of	the	models	can	simply	be	ruled	
out	due	to	their	theore<cal	uncertain<es	

•  Rapidity	dependence	of	the	Υ(1S)	in	line	
with	the	CS	expecta<ons	-no	evidence	of	
CO	contribu<ons	nor	excluded-	

•  In	general,	LHC	data	are	much	more	
precise	than	theory	

Produc<on	model:	state	of	the	art	for	the	Υ
•  Larger	mass,	higher	scale	and	slower	velocity	could	make	Υ	a	beNer	candidate	for	NRQCD	

Larger mass, higher scale (smaller coupling) and slower velocity could 
Make Υ a better candidate for NRQCD  

Υ  production also allows for more free parameters to allow a description of 
both production and polarization – only Υ(3S) has little wiggle room 
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Figure 12: (a): ⌥(1S) rapidity di↵erential cross section as measured by ATLAS, CMS and LHCb [197, 198]. (b) Transverse momentum dependence
of the ⌥(1S) states as measured by CMS [198]. (c) Transverse momentum dependence of the ⌥ states ratio as measured by ATLAS [197].

mechanism for mid and high pT is a challenge. Figure 12(b) shows a typical comparison with five theory bands.
In general, LHC data are much more precise than theory. It is not clear that pushing the measurement to higher pT
would provide striking evidences in favour of one or another mechanism – associated-production channels, which
we discuss in Section 2.4, are probably more promising. Figure 12(c) shows ratios of di↵erent S -wave bottomonium
yields. These are clearly not constant as one might anticipate following the idea of the CEM. Simple mass e↵ects
through feed-down decays can induce an increase of these ratios [74, 199], but these are likely not su�cient to explain
the observed trend if all the direct yields have the same pT dependence. The �b feed-down, which we discuss in the
following, can also a↵ect these ratios.

Since the discovery of the �b(3P) by ATLAS [200], we know that the three n = 1, 2, 3 families likely completely
lie under the open-beauty threshold. This means, for instance, that we should not only care about mS ! nS and
nP ! nS + � transitions but also of mP ! nS + � ones. Obviously, the n = 1 family is the better known of the
three. Figure 13(a) shows the ratio of the production cross section of �b2(1P) over that of �b1(1P) measured by CMS
and LHCb. Although the experimental uncertainties are significant, one does not observe the same trend as the LO
NRQCD, i. e. an increase at low pT due to the Landau-Yang theorem. Besides, the ratio is close to unity which also
seems to be in contradiction to the simple spin-state counting.

Recently, LHCb performed a thorough analysis [203] of all the possible mP ! nS + � transitions in the bot-
tomonium system. These new measurements along with the precise measurements of ⌥(2S) and ⌥(3S) pT-di↵erential
cross section show that the feed-down structure is quite di↵erent than that commonly accepted ten years ago based
on the CDF measurement [209]. The latter, made for pT > 8 GeV/c [209], suggested that the �(nP) ! ⌥(1S ) + �
feed-down could be as large as 40% (without excluding values of the order of 25%) and that only 50% of the ⌥(1S)
were direct. Based on the LHC results, one should rather say that, at low pT, where heavy-ion measurements are
mostly carried out, 70% of the ⌥(1S) are direct; the second largest source is from �b(1P) – approximately two thirds
from �b1(1P) and one third from �b2(1P) [201, 202]. At larger pT (above 20 GeV/c, say), the current picture is similar
to the old one, i. e. less than half of the ⌥(1S) are direct and each of the feed-down is nearly doubled. For the ⌥(2S),
there is no �b(2P) ! ⌥(2S ) + � measurement at pT lower than 20 GeV/c. Above, it is measured to be about 30%
with an uncertainty of 10%. The feed-down from �b(3P) is slightly lower than from ⌥(3S). Taken together they may
account for 10 to 15% of the ⌥(2S) yield. For the ⌥(3S), the only existing measurement [203] is at large pT and also
shows (see Figure 13(c)) a feed-down fraction of 40% with a significant uncertainty (up to 15%). The situation is
schematically summarised on Figure 14.
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CNM	baseline:	nPDFs	&	nuclear	absorp<on	in	collinear	pQCD	framework	
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•  Parton	densi<es	in	nuclei	are	modified	
						Nuclear	PDF	assumed	to	be	factorizable	in	terms	of	the	nucleon	PDFs	:	
	
	

						 	 	 	 	 	 	 											In	presence	of	nuclear	effects: 	 												≠1						
						
	

	

	
	

CNM	baseline:	nPDFs	&	nuclear	absorp<on	in	collinear	pQCD	framework	

Baseline: absorption and nPDFs in a collinear pQCD framework
See e.g. E.G. Ferreiro, F. Fleuret, J.P.L., A. Rakotozafindrabe, PLB 680 (2009) 50

Parton densities in nuclei are modified (EMC effect);
Mesons may scatter inelastically with nucleons in the nuclear matter;
If the meson is formed, this should be described by s
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Typical	gluon	nuclear	PDFs		
Several	nPDF	sets	available	(differ	in	data,	LO/NLO,	etc)	

Typical	gluon	nPDFs:	4	regions	
•  x	≤	10-2:	shadowing	
•  x		≈	10-1:	an<-shadowing	
•  0.3	≤	x	≤	0.7:	EMC	effect	
•  x	≥	0.7:	Fermi	mo<on	

Gluons for Q=10 GeV 
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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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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.

Υ

•  Ground	state	data	is	compa<ble	with	strong	shadowing	

•  The	precision	
of	the	current	
data	is	already	
much	beNer	
than	the	nPDF	
uncertain<es	
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Other	effects	
can	be		at	play:	

	

•  Ini<al:	
Satura<on	
CGC	

	

•  Final:	
Comovers	

J/ψ



•  ALICE&CMS	found	out	a	rela<ve	ψ(2S)/J/ψ	suppression	in	pPb	collisions	at	5.02	TeV	

•  Another	hint	came	from	PHENIX	with	a	rela<ve	ψ(2S)/J/ψ	suppression	in	dAu	
collisions	at	200	GeV	increasing	with	centrality	

	

•  Moreover,	an	unexpected	rela<ve	suppression	of	Υ(2S,3S)	w.r.t.	Υ(1S)	has	been	
found	by	CMS	in	pPb	collisions	at	5	TeV	

Excited	states:	An	intriguing	rela<ve	suppression	

Motivations II CMS PRL 109 222301 (2012), JHEP04(2014)103

)2 (GeV/c-µ+µm
7 8 9 10 11 12 13 14

 )2
Ev

en
ts

 / 
( 0

.0
5 

G
eV

/c

0

100

200

300

400

500

600

700

800
 = 2.76 TeVsCMS pp 

-1L = 5.4 pb

data
total fit
background

| < 1.93µ

CM
η|

 > 4 GeV/cµ

T
p

]2) [GeV/c-µ+µMass(

7 8 9 10 11 12 13 14

 )
2

E
v
e
n

ts
 /

 (
 0

.1
 G

e
V

/c

0

100

200

300

400

500

600

700

800

 = 2.76 TeVNNsCMS PbPb 

Cent. 0-100%, |y| < 2.4

 > 4 GeV/c
µ

T
p

-1bµ = 150 intL

data

total fit

background

)2 (GeV/c-µ+µm
7 8 9 10 11 12 13 14

 )2
Ev

en
ts

 / 
( 0

.0
5 

G
eV

/c

0

200

400

600

800

1000

1200

1400  = 5.02 TeVNNsCMS pPb 
-1L = 31 nb

data
total fit
background

| < 1.93
CM
µη|
 > 4 GeV/cµ

T
p

In addition to QGP formation, differences between quarkonium production yields in
PbPb and pp collisions can also arise from cold-nuclear-matter effects [21].
However, such effects should have a small impact on the double ratios reported
here. Initial-state nuclear effects are expected to affect similarly each of the three U
states, thereby canceling out in the ratio. Final-state “nuclear absorption” becomes
weaker with increasing energy [22] and is expected to be negligible at the LHC [23].

[U(nS)/U(1S)]ij
[U(nS)/U(1S)]pp

2S 3S

PbPb 0.21 ± 0.07 (stat.)± 0.02 (syst.) 0.06 ± 0.06 (stat.)± 0.06 (syst.)
pPb 0.83 ± 0.05 (stat.)± 0.05 (syst.) 0.71 ± 0.08 (stat.)± 0.09 (syst.)

If the effects responsible for the relative nS/1S suppression in pPb collisions
factorise, they could be responsible for half of the PbPb relative suppression !!!

J.P. Lansberg (IPNO) Quarkonium production in pA collisions July 8, 2015 4 / 31
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•  ALICE&CMS	found	out	a	rela<ve	ψ(2S)/J/ψ	suppression	in	pPb	collisions	at	5.02	TeV	

•  Another	hint	came	from	PHENIX	with	a	rela<ve	ψ(2S)/J/ψ	suppression	in	dAu	
collisions	at	200	GeV	increasing	with	centrality	

	

•  Moreover,	an	unexpected	rela<ve	suppression	of	Υ(2S,3S)	w.r.t.	Υ(1S)	has	been	
found	by	CMS	in	pPb	collisions	at	5	TeV	

	
•  At	low	energies,	the	rela<ve	suppression	paNern	ψ(2S)/J/ψ	could	easily	be	

explained		by	the	nuclear	absorp<on	σ breakup	α	r2meson						 	tf	≤	R	

•  At	high	energies	this	is	irrelevant:	too	long	forma<on	<mes					tf	=	γ τf				=>		
								 	 	 	 	 	 	 	 	 	the	quantum	state	should	not	maNer	
	
•  Moreover,	iniJal-state	effects	–modifica<on	of	nPDFs/	parton	E	loss-	are	idenJcal	
	

•  A	natural	explana<on	would	be	a	final-state	effect	ac<ng	over	sufficiently	long	<me	
in	order	to	impact	different	states	with	a	different	magnitude=>		
	 	 	 	 	 	 	 	 	 	 	comover	interacJon	model?	

Excited	states:	An	intriguing	rela<ve	suppression	

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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Excited	states:	Comover	interac<on	model	
•  In	a	comover	model:	suppression	from	scaNerings	of	the	nascent	ψ	with	comoving	

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

•  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		

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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Ferreiro	PLB749	(2015)	98	

shadowing	

J/ψ	comover+shadowing		
ψ(2S)	comover+shadowing		

Ferreiro	PLB749	(2015)	98	



Excited	states:	Comover	interac<on	model	

CIM result vs. data
Theory: E.G. Ferreiro arXiv:1411.0549; Plot from the SGNR review:
arXiv:1506.03981; PHENIX PRL 111, 202301 (2013); ALICE JHEP 02 (2014) 072
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Given that all the other models discussed so far predict no difference and
that the comover cross sections from AA data at SPS were re-used, this is
encouraging. . .
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Lansberg	HP2016	

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 ��, ���� �� / ��

Ferreiro	(2015)	

E.	G.	Ferreiro	USC 																																	 	Quarkonia	in	HI	collisions 	 																							 													EPS	2017,	July	6th	



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	

•  Coherent	Eloss	mechanism	can	also	reproduce	ground	state	data	

	
		

Summarizing	on	proton-nucleus	collisions:	

Possibility	to	
dis<nguish	
bewteen	them?	

Arleo	(2016)	
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Burkhard Schmidt Hard Probes 2016, Wuhan, September 23-27 21
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•  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	

•  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 Dissociation of Quarkonium

18

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

17

PHENIX: arXiv:1609.06550

Approximate comover density:  𝝆𝒄𝒐 ∝ 𝒅𝑵
𝒅𝒚 / 𝑺𝑻

from AMPT

transverse size 
from Glauber MC

Arleo	(2016)	

Drees	HP2016	
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Just	a	glimpse	on	nucleus-nucleus	collisions:	

E.	G.	Ferreiro	USC 																																	 	Quarkonia	in	HI	collisions 	 																							 													EPS	2017,	July	6th	

•	Sta<s<cal	hadroniza<on,	transport	
model	&	comovers	can	describe	J/ψ 
data	taking	into	account	regenera<on	

•  The	situa<on	is	far	from	clear	for	ψ(2S)		

Concerning	Υ:
	

•	All	3	states	are	
suppressed	with	
increasing	centrality	
	
RAA[Υ(1S)]	>	RAA[Υ(2S)]	
>	RAA[Υ(3S)]	→	
Sequen<al	mel<ng	
	
•	Hydrodynamic	
model,	transport	
model	and	comovers	
overlaid	
	
•	No	signal	of	
regenera<on	



Summarizing:	A	puzzle	of	many	pieces	
Strickland	QM2017	
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