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Ø Quarkonium production:	from	puzzles	to	understanding
Ø NRQCD	vs.	LHC	data: remarkably	simple	and	universal	patterns
Ø Production	in	pp	and	suppression	in	Pb-Pb:	a	binding	energy	matter



The “quarkonium polarization puzzle”
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In	the	early	90’s,	CDF	measured	J/ψ and	ψ(2S)	pT -differential	cross	sections	
50	times	larger	than	expected	in	the	color	singlet	model
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In	the	early	90’s,	CDF	measured	J/ψ and	ψ(2S)	pT -differential	cross	sections	
50	times	larger	than	expected	in	the	color	singlet	model

Bodwin,	Braaten and	Lepage developed	the	NRQCD	approach,	which	adds	a	series	of	
color	octet	terms,	with	free	normalizations	(LDMEs);	the	ds/dpT could	be	described



The “quarkonium polarization puzzle”

NRQCD
Braaten,	Kniehl	&	Lee,	PRD	62,	094005	(2000)

CDF	Run	II
CDF	Coll.,	PRL	99,	132001	(2007)

direct J/ψ

direct	J/ψ +	
J/ψ from χc decays

J/ψ √s =	1.96	TeV HX	frame
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In	the	early	90’s,	CDF	measured	J/ψ and	ψ(2S)	pT -differential	cross	sections	
50	times	larger	than	expected	in	the	color	singlet	model

Bodwin,	Braaten and	Lepage developed	the	NRQCD	approach,	which	adds	a	series	of	
color	octet	terms,	with	free	normalizations	(LDMEs);	the	ds/dpT could	be	described

The	fitted	LDMEs	implied transverse	polarization	at	high	pT,	not	seen	in	the	data



In	the	early	90’s,	CDF	measured	J/ψ and	ψ(2S)	pT -differential	cross	sections	
50	times	larger	than	expected	in	the	color	singlet	model

Bodwin,	Braaten and	Lepage developed	the	NRQCD	approach,	which	adds	a	series	of	
color	octet	terms,	with	free	normalizations	(LDMEs);	the	ds/dpT could	be	described

The	fitted	LDMEs	implied transverse	polarization	at	high	pT,	not	seen	in	the	data

But	the	Tevatron results	mutually	excluded	each	other...		

The “quarkonium polarization puzzle”
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Vastly	improved	measurement	techniques*	lead	to	robust	polarization	experiments

PRL	110	(2013)	081802
PRL	108	(2012)	151802

PLB	727	(2013)	381
EPJC	73	(2013)	2631
PRL	108	(2012)	082001

Charmonia Bottomonia

No	strong	transverse	polarizations	seen,	up	to	the	highest	probed	pT values

® the	polarization	puzzle was	not	caused	by	problems	in	the	Tevatron data

*	P.	Faccioli	et	al.,	EPJC	69	(2010)	657;	PRL	105	(2010)	061601;	PRD	81	(2010)	111502

Polarization measurements at the LHC 6



Quarkonium production in the NRQCD approach
In	NRQCD	several	production	mechanisms	are	foreseen	for	each	quarkonium state

What	is	produced	in	the	hard	scattering	(and	determines	kinematics	and	polarization)	
is	a	pre-resonance QQ state	with	specific	quantum	properties

quarkonium
(Q )

2)	The	quantum	numbers	change in	
the	long-distance evolution	to	the	
observed	(neutral)	bound	state

ψ, ¡ [3S1	]
χc1 , χb1 [3P1 ] χc2 , χb2 [3P2 ]

ηc		, ηb [1S0	]
χc0 , χb0 [3P0 ]

_

3S1

1S0
3P0

1P1

1D2 3D3

1S0 3S1 1P1
3P1

3P2
3D2 3D1 3P1

3P2

1)	short-distance	partonic process
produces	neutral or	coloured QQ
of any	 2S+1LJ quantum	numbers

_

2)	long-distance	matrix	elements (LDMEs):
constant,	fitted	from	data

σ(A +	B®Q +	X)	=		Σ
S,	L,	C

S{A +	B® (QQ)C [2S+1LJ] +	X}
_

×L{(QQ)C [2S+1LJ]®Q }
_

1)	short-distance	coefficients (SDCs):
pT -dependent	partonic cross	sections

7
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Approximations	(heavy-quark	limit)	and	calculations	
induce	hierarchies	and	links	between	pre-resonance	contributions

1)	Small	quark	velocities	v in	the	bound	state	® “v-scaling”	rules	for	LDMEs

J/ψ,	ψ(2S)

¡(1S),	¡(2S),	¡(3S)
[3S1	]

[3P1	] χc1 , χb1

[3P2	] χc2 , χb2

[1S0	] ηc		, ηb

3S11S0 3P0|1|2

3S13P1

3S13P2

3S1 1S0

2)	Perturbative calculations® some	SDCs	are	negligible:

3)	Heavy-quark	spin	symmetry	® relations	between	LDMEs	of	different	states
3S1® χb2
3S1® χb1

= 5
3 1S0®¡=3S1® ηb

3S1® χc2
3S1® χc1

=
1S0® J/ψ=3S1® ηc, ,		etc.

NRQCD hierarchies 8



J/ψ,	ψ(2S)

¡(1S),	¡(2S),	¡(3S)

χc1 , χb1

χc2 , χb2

3S11S0 3P0|1|2

3S13P1

3S13P2

3S1

1S0 - 3P0|1|2
- 3P2
- 3P1

Curves	from	H.-S. Shao et al.,
PRL	108,	242004;	112,	182003;
Comput.	Phys.	Comm.	198,	238

NRQCD	@	NLO

Mixture	of	different	pre-resonance	contributions,	
with	rather	diversified kinematics	and	characteristic	polarizations
® by	fitting	the	measured	pT distributions,	one	determines	the	LDMEs	of	each	term

and	consequently	predict	the	polarizations

negative	P-wave	contributions,
with	large	unphysical	polarizations,
require	proper	cancellations
to	recover	physical	result

…	a	very	delicate	procedure	!

Dominant short-distance cross section contributions 9



J/ψ

octet 3PJ

The	fit	freely	adjusts	the	normalizations	(LDMEs)	of	the 1S0,	3S1 and	3PJ colour-octet	terms

The	fit	result	is	that,	at	high	pT,
the	transversely	polarized	3S1 and	3PJ octet	terms	dominate,
and	the	unpolarized	1S0 term	is	only	a	“correction”

A pedagogical look at past fits

What	does	this	imply	
for	the	polarization	?

Notes:
The	fit	starts	at	pT =	3	GeV
SDC	functions	at	NLO	by	
M.	Butenschön and	B.	Kniehl
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Quarkonium	polarization	is	characterized	by	lq :
Ø measured as	the	polar	anisotropy	of	the	decay	dilepton angular	distribution
Ø calculated from	the	transverse	and	longitudinal	cross	sections:	(sT - sL)	/	(sT + sL)

Each	color singlet	and	octet	term	has	a	specific	polarization	associated	:

1S0 ® λθ =	0 at	LO,	NLO,	etc;	isotropic	wave	function
3S1 ® λθ =	+1 at	LO,	NLO,	etc,	at	high	pT,	where	the	fragmenting	gluon	is	“real”
3PJ ® λθ >>	+1 at	NLO	and	high	pT (“hyper-transverse”);	it	is	0	at	LO...
3S1 ® λθ ~	-0.9 at	NLO	and	high	pT ;	it	is	≈	+1	at	LO	(has	a	small	impact)

Dominance	of	the	3S1 and	3PJ octets
® λθ ≈	+1	for	high-pT S-wave	quarkonia

® NRQCD	“predicts”	
transverse	polarization	at	high	pT

Note:	the	3PJ octet	has	negative	cross	sections...	and	λθ >>	+1

The polarization dimension
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At	low	pT the	octet 1S0 contribution	is	steeper	
than	the	measured	cross	section;
it	is	unpolarized

Reminder:
Color-octet	contributions	
have	fixed	shape	but	
adjustable	normalizations	
(the	LDMEs)

Let’s	consider	how	the	individual	contributions	compare	to	the	data	

A pedagogical look at past fits

J/ψ

12



The	octet 3S1 contribution	is	flatter	
than	the	measured	cross	section;
it	is	transversely	polarized	

J/ψ

Let’s	consider	how	the	individual	contributions	compare	to	the	data	

A pedagogical look at past fits 13



The	high-statistics	low-pT points	drive	the	fit
The	data	points	are	poorly	fitted…

All	together	now...

A pedagogical look at past fits

J/ψ

Reminder:
the	fit	starts	at	pT =	3	GeV

14



Let’s	look	at	the	high-pT behaviours,	by	normalizing	the	curves	to	the	data	for	pT /M >	3

The	unpolarized 1S0 octet	has	the	shape
most	similar	to	the	data,
becoming	the	dominating	term

The	low	pT shapes	of	the	SDCs	
are	unreliable
(as	often	happens	with	
fixed-order	pQCD calculations)

The	transverse	polarization	expectation	
was	not	a	“first	principles	NRQCD	prediction”	
but	rather	the	result	of	misleading	fits

A closer look at past fits 15



Data-driven global fit of LHC quarkonium measurements
Cross	sections	and	polarizations	are	simultaneously	used	in	the	fit

In	each	step,	the	probed	LDMEs	are	used	to	compute	the	theoretical	λθ(pT) and	ds/dpT,	and	
the	measured	ds/dpT spectra,	recalculating	the	acceptance	for	the	polarization	under	test

All	other	analyses	fit	the	unpolarized ds/dpT spectra	
ignoring	that	the	detection	acceptance	depends	on	the	assumed	polarization

Point-to-point	and	global	(luminosity)	experimental	uncertainties	are	properly	considered

The	analysis	is	restricted	to	the	ψ(2S)	and	¡(3S)	data,	to	minimise	the	feed-down

To	get	more	stable	results,	the	initial	fits	are	made	without	the	3PJ[8] octet
When	we	include	it,	the	fit	quality	does	not	improve	and	the	results	are	not	affected

Takes	into	account	the	low-pT limitations of	the	calculated	SDCs

16



1.8E-37P(χ2)

Illustration of a ψ(2S) fit, starting from pT = 3 GeV

• 3S1[8] dominates
• 1S0[8] small	(and	negative)

17



1.6E-17P(χ2)
• 1S0[8] is	more	important	than	3S1[8]

• polarization	gets	closer	to	the	data

Illustration of a ψ(2S) fit, starting from pT = 7 GeV 18



10%P(χ2)
• 1S0[8] dominates
• polarization	agrees	with	the	data

Illustration of a ψ(2S) fit, starting from pT = 12 GeV 19



All data are equal but some are more equal than others 20

The	fit	quality	improves	dramatically	
if	we	do	not	include	low	pT /M cross	sections

For	pT /M >	3	the	fit	results	are	stable

The	polarization	data	and	
the	pT /M >	3	cross	section	data	
imply	1S0[8]	octet	dominance
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The solution of the quarkonium polarization puzzle 21

The	ψ(2S)	and	¡(3S)	cross	sections	and	polarizations
can	be	simultaneously	and	consistently	described as	a	
superposition	of	singlet	and	octet	SDCs	for pT /M	>	3



PLB 780 (2018) 251

All	quarkonia have	identical	pT /M-differential	cross	section	shapes,	
for	pT /M	>	2,	at	mid-rapidity,	independently	of	mass	and	quantum	numbers

Unexpectedly simple data patterns 22



Scaling	all	data	to	match	the	J/ψ normalization

PLB 780 (2018) 251

23



Identical	pT /M	cross	section	
shapes	for	S- and	P-wave	states
Þ no	sign	of	dependence	of	

the	production	dynamics
on	the	quantum	numbers	!

CMS,	pp	@7	TeV
HX	frame

¡(1S): » 40%	from	χb

ψ(2S):	feed-down	free
J/ψ:	» 25%	from	χc

PLB 727 (2013) 382
PRL 110 (2013) 081802

Small	polar	decay	anisotropies,	
with	no	pT dependences,	
for	all	S-wave	states,	
despite	very	different
P-wave	feed-down	contributions

Same production dynamics for S- and P-wave states 24
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[a
.u
.]

pT/M pT/M pT/M

J/ψ & ψ(2S)	- data
calc.	NLO	1S0[8]

χc1 - data
calc.	NLO	3S1[8]+3P1[1]

χc2 - data
calc.	NLO	3S1[8]+3P2[1]

NRQCD	@	NLO

results	of	a	fully	
data-driven	fit	
of	charmonium	data

Unpolarized	1S0
term	dominates

The	variety	of	kinematic	behaviours
predicted	in	NRQCD	
seems	redundant with	respect	to	
the	measured	universal	pT /M scaling	
and	lack	of	polarization

Þ Fine-tuned	cancellations
are	needed	to	reproduce	the	data

and	they	actually	happen	!

A “surprising” agreement with NRQCD
J/ψ,	ψ(2S)
¡(1,2,3S)
χc1 , χb1
χc2 , χb2

3S11S0 3P0|1|2

3S13P1
3S13P2

25



The	seeming	success	of	NRQCD	uncovers	a	strong	prediction:
the	unmeasured	χc1 and χc2 polarizations must	be	very	different	from	one	another

Cross	section	ratio	χc2 /	χc1 :	ATLAS	and	CMS	data	
agree	better	with	each	other	and	with	theory	fit	
if	their	polarizations	are	different
(acceptance	correction	depends	on	lq)

Potentially	striking	exception	to	the	uniform	
picture	of	mid-rapidity	quarkonium production	!

χc1 + χc2 ® J/ψ :	weak	polarization

» as	observed	in	prompt	J/ψ data!

|	Δλθ |	» 1

at	the	barycentre	of
current	CMS	χc data

Striking coincidence or trigger to improve NRQCD? 26



dσ/dpT (¡(1S))
dσ/dpT (J/ψ)

=
-αmb

mc

6.6	± 0.1
6.5	± 0.1

7	TeV
13	TeVα	=	

The	quarkonium cross	section	
scales	from	J/ψ to	¡(1S)	as

dσ/dM (M2)
dσ/dM (M1)

=
- (3	+	β)M2

M1

(Ös/M) β is	a	parton-luminosity	factor
common	to	all	processes

The	quarkonium cross	section	scales	as	mQ
-(6.0 ± 0.1)

Long-distance scaling: another universal pattern?

JHEP	06	(2014)	112
JHEP	12	(2013)	030
EPJ	C	75	(2015)	147

Drell–Yan	

The	Drell–Yan	cross	section	scales	with	mass	as

β =	0.63	± 0.03

27



Inclusive	quarkonium	production	cross	section	from	pure	dimensional	analysis:

Li and	Fi are	generic functions	of	the	variables	mQ ,	M,	pT /M,	y,	Ös/M
No	a	priori	assumption	about	factorization	into	QQ	creation	´ bound-state	formation

_

ATLAS	and	CMS	data	at	|y|				2	and pT /M 2	tell	us	that:< >

pT /M and	{mQ ,	M}	do	not	mix:
we	can	write	L ´F as

L (mQ ,	M,	Ös/M)	´ F (pT /M,	y,	Ös/M)

experimental	evidence	that	
short- and	long-distance	effects	“factorize”

further	specification	of	the	“LDME”:
L = L (M/mQ)

independent	of	mQ and	Ös

dσ
dpT

= Li
mQ

3mQ
-3 ´ Fi

Ös
M

β
´´Σi

Implications of the observed scaling patterns

from	charmonium to	bottomonium
the	partonic-level	(PDF-undressed)	

cross	section	scales	like	mQ
-6,

with	no	observed	dependence	on	Ös

the	pT /M dependence	is	the	same,
irrespectively	of	mQ andM

28



Refined	determination	of	the	mass	scaling,	using	all	S	states
and	adopting	the	short	´ long-distance	“factorized”	point	of	view	:

initial	assumption	(iteratively	improved):	fDIR =	(50|60|70	± 10)%	for	Y(1|2|3S)
inspired	by	data	including	LHCb’s forward-rapidity	χb [EPJ	C	74,	3092]

two	sections	of	same	curve “within	each	quarkonium family”7	TeV

Using:	
2mQ =	Mηc(1S)|Mηb(1S)

dσ/dpT (M®2mb)

dσ/dpT (M®2mc)

.

.

dσ/dpT (M®2mb)
dσ/dpT (M®2mc)

=
-(6.63	± 0.08)mb

mc

“from	charmonium to	bottomonium”
(dependence	on	mQ )	:

dσ/dpT (M	=	Mψ|¡)
dσ/dpT (M®2mc|b)

=
-(9.7	± 0.3)Mψ|¡

2mc|b

one	common	slope	parameter
fits	well	both	ψ and	¡ states

(M/mQ )-dependent	“LDME”	:

Mass scaling of S-wave cross sections 29
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Further	experimental	evidence	that
the	dependence	on	bound-state	mass	
is	a	“factorizable” long-distance	effect

(independent	of	lab	momentum	dependence)

® an	experimental	validation	of	the	
“factorization”	ansatz	of	NRQCD

The	QQ	® bound-state	“transition	probabilities”	(“LDMEs”)	
show	a	clear	correlation	with	binding	energy
1) common	to	charmonium	and	bottomonium
2)	identical	at	7	and	13	TeV

Long-distance scaling: a universal pattern? 
µ Eb

σψ|¡
σQQ

δ

dσ/dpT [quarkonium]

dσ/dpT [2mQ]

evaluated	by	extrapolating
dσ/dpT (M)	to	2mQ =	Mηc(1S) or	Mηb(1S)

measured
δ =	0.63	± 0.02

δ =	0.63	± 0.04

30

_

0.63	just	as	β:	
confusing	coincidence



Assuming	that	the	“universal”	Eb dependence	
hypothesis	can	be	extended	to	the	P-wave	states

Feed-down fractions in pp (%):
-----------------------------
Jpsi tot             31.9 +- 1.6

from chic0      0.762 +- 0.059
from chic1      15.61 +- 0.99
from chic2      7.83 +- 0.53
from psi2S      7.67 +- 0.88
from Y1S        (5.57 +- 0.69) E-5
from Y2S        (2.2  +- 2.2) E-5

chic0     tot             2.09 +- 0.26
from psi2S      2.09 +- 0.26
from Y1S        (3.4 +- 3.4) E-5
from Y2S        (1.5 +- 1.5) E-5

chic1     tot             2.61 +- 0.33
from psi2S      2.61 +- 0.33
from Y1S        (4.26 +- 0.89) E-5
from Y2S        (2.10 +- 0.55) E-5

chic2     tot             2.81 +- 0.35
from psi2S      2.81 +- 0.35
from Y1S        (7.1 +- 2.) E-5
from Y2S        (2.48 +- 0.92) E-5

psi2S     tot             (1.36 +- 0.43) E-4
from Y1S        (1.01 +- 0.22) E-4
from Y2S        (0.35 +- 0.35) E-4

Y1S       tot             59.0 +- 4.9
from chib0_1P   1.22 +- 0.29
from chib1_1P   21.7 +- 3.6
from chib2_1P   11.5 +- 2.1
from Y2S        11.3 +- 1.6
from chib0_2P   0.167 +- 0.082
from chib1_2P   5.1 +- 1.1
from chib2_2P   3.40 +- 0.74
from Y3S        1.51 +- 0.28
from chib0_3P   0.018 +- 0.016
from chib1_3P   1.59 +- 0.52
from chib2_3P   1.35 +- 0.52

chib0_1P  tot             2.67 +- 0.62
from Y2S        2.58 +- 0.61
from Y3S        0.099 +- 0.028

chib1_1P  tot             4.8 +- 1.0
from Y2S        4.7 +- 1.0
from Y3S        0.033 +- 0.020

chib2_1P  tot             5.3 +- 1.1
from Y2S        5.0 +- 1.1
from Y3S        0.372 +- 0.099

Y2S       tot             45.0 +- 5.7
from chib0_2P   1.42 +- 0.43
from chib1_2P   19.0 +- 3.8
from chib2_2P   9.2 +- 2.1
from Y3S        5.7 +- 1.2
from chib0_3P   0.15 +- 0.12
from chib1_3P   5.9 +- 1.7
from chib2_3P   3.7 +- 1.3

chib0_2P  tot             3.09 +- 0.79
from Y3S        3.09 +- 0.79

chib1_2P  tot             6.5 +- 1.6
from Y3S        6.5 +- 1.6

chib2_2P  tot             6.8 +- 1.7
from Y3S        6.8 +- 1.7

Y3S       tot             25.9 +- 5.5
from chib0_3P   1.02 +- 0.61
from chib1_3P   17.0 +- 4.5
from chib2_3P   7.8 +- 2.4

χc data	come	to	constrain	the	χb(1-2-3P) cross	sections	
and,	using	BFs	from	PDG,	the	feed-down	structure	of	
quarkonium	production	can	be	fully	predicted

µ Eb
σχ
σQQ

0.63	± 0.02

The “missing pieces” of quarkonium feed-down 31



1. shapes	of	the	pT distributions

2. cross-section	scaling	with	mass

The	mid-rapidity	charmonium and	bottomonium pp	data	are	well	described	by	a	simple	
parametrization	reflecting	a	universal	(state-independent)	scaling with	two	variables:

This	parametrization	mirrors	well	the	general	idea	of	factorization

® pT /M

® Eb

Long-lasting	experimental	and	theoretical	polarization	puzzles	have	been	solved:
NRQCD	describes	very	well	the	cross	section	and polarization	measurements.
However,	the	presently	existing	SDCs	are	not	good	in	the	pT /M <	3	domain.

Summary: 1) NRQCD vs. LHC 32



Can	we	describe	the	Pb-Pb data	
assuming	a	minimal	modification	of	the
universal	Ebinding-scaling	found	for	pp	data	?

Can	we	find	evidence	of	the	conjectured
quarkonium sequential	suppression	?

The	ψ(2S)	is	strongly	suppressed
already	in	the	most	peripheral	
events	probed	by	experiments

The	ψ(2S)	has	a	very	small	
binding	energy

threshold	effect
in	binding	energy	?

Quarkonium suppression in Pb-Pb collisions 33



Basic	hypothesis: the	“universal	bound-state	transition	function”	is	modified	by
the	hot	nuclear	medium	effects	through	a	penalty	in	the	binding	energy

where	e is	assumed	to	follow	a	Gaussian	distribution,	of	average	<e>	and	width	σe.

34

where	<e> and	σe are	the	same	for	all	states.

The	suppression	ratio	for	inclusive quarkonium production	depends	on	the	feed-down:

Quarkonium suppression as a penalty in binding energy2 Pietro Faccioli, Carlos Lourenço: The fate of quarkonia in heavy-ion collisions at LHC energies

tion between the charmonium and bottomonium fami-
lies, nor between states of di↵erent masses and spins. The
model is used to fit the nuclear modification factors, RAA,
measured by CMS and ATLAS at

p
s = 5.02TeV, in bins

of collision centrality defined using the number of par-
ticipant nucleons, Npart. The result of this global fit, us-
ing the most detailed and precise measurements currently
available, is that a simple hierarchy in binding energy can
explain the observed quarkonium suppression patterns. In
other words, the presently available data provide a clear
signature of the sequential suppression conjecture, accord-
ing to which the more strongly-bound states are progres-
sively suppressed as the temperature of the medium ex-
ceeds certain thresholds.

2 Quarkonium suppression patterns

At the current level of experimental precision, the pT-
di↵erential charmonium and bottomonium production
cross sections measured in 7 and 13TeV pp collisions
at mid-rapidity [5–10] are well reproduced by a simple
parametrization reflecting a universal (state-independent)
energy-momentum scaling [4]. In this description, the
shape of the mass-rescaled transverse momentum (pT/M)
distribution is independent of the quarkonium state, while
its normalization (at any chosen pT/M value) shows a
clear correlation with the binding energy, calculated as
the di↵erence between the open-flavour threshold and
the quarkonium mass, Eb = 2M(D0) � M( (nS)) or
2M(B0)�M(⌥ (nS)). The observed correlation, shown in
Fig. 1, is seemingly identical for the charmonium and bot-
tomonium families, and for the two collision energies.

The linear correlation seen in the log-log representa-
tion of Fig. 1 suggests that we can faithfully parametrize

/M
 =

 7
T

)  
fo

r  
p

Q
(2

m
σ

) /
ϒ|

ψ(
σ

0.2

1 7 TeV

50 100 1000200 500
Binding energy [MeV]

13 TeV

ψJ/

(2S)ψ

(1S)Υ

(2S)Υ

(3S)Υ

ψJ/

(2S)ψ

(1S)Υ

(2S)Υ

(3S)Υ

0.2

1

0.1

0.5

0.5

Fig. 1. Direct production cross sections of quarkonia in pp
collisions (normalized to the extrapolated cross section of a
state of mass 2mQ), shown as a function of Eb at 7 and 13TeV.

the Eb dependence of the S-wave direct-production cross
sections using a power-law function:

f /⌥pp (Eb) ⌘
✓
�dir( /⌥ )

�(2mQ)

◆

pp

=

✓
Eb

E0

◆�
. (1)

Here, �(2mQ) is the extrapolation (at fixed pT/M) of
the cross section to twice the relevant heavy quark mass,
computed from the mass of the lightest quarkonium state:
2mc = M(⌘c) and 2mb = M(⌘b) [11]. One single expo-
nent parameter � is used for both quarkonium families,
so as to minimize the number of free parameters in the
model, especially in view of the uncertainties of some ex-
perimental measurements. Independent fits at the two col-
lision energies give the values � = 0.63 ± 0.02 at 7TeV
and 0.63± 0.04 at 13TeV [4]. The equation defines a uni-

versal “bound-state transition function”, f /⌥pp (Eb), pro-
portional to the probability that the QQ pre-resonance
evolves to a given  /⌥ state. The transition process in-
volves long-distance interactions between the quark and
the antiquark, for which no theory calculations exist.

Given the current lack of P-wave cross section data,
we assume that the direct production of �c and �b is
described by an analogous bound-state transition func-
tion, with identical dependence on the binding energy
(same � value as for the S-wave states), but an inde-
pendent E0 value (reflecting the di↵erent angular mo-
mentum and wave-function shape). Complementing this
long-distance scaling with the short-distance production
ratio �(2mb)/�(2mc) = (mb/mc)�6.63±0.08 [4], we ob-
tain a complete parametrization of the direct production
cross sections for all states of the charmonium and bot-
tomonium families. Together with the relevant feed-down
branching fractions [11], this provides a full picture of in-
clusive quarkonium production in pp collisions, including
the detailed contributions of the feed-down decays from
heavier to lighter states, as reported in Ref. [4]. This data-
driven model is used in the present study as a baseline for
the interpretation of the Pb-Pb data.

Our hypothesis on how the pp baseline is modified in
Pb-Pb collisions is guided by the experimental observation
that the  (2S) and J/ exhibit very di↵erent suppres-
sion patterns in Pb-Pb collisions as a function of collision
centrality [12], as shown in Fig. 2-top. The RAA of the
 (2S) shows a significant departure from unity already in
the most peripheral bin probed by the experiments, cor-
responding to an average number of colliding nucleons of
Npart = 22, and then seems to be almost independent of
Npart up to the most central Pb-Pb collisions. Instead, the
RAA of the J/ shows a more gradual decrease from pe-
ripheral to central collisions, being relatively close to unity
in the most peripheral bins. We can also see in Fig. 2-top
that the ⌥ (1S) and ⌥ (2S) suppression patterns [13] are
very similar to those of the J/ and  (2S), respectively.

The di↵erent suppression patterns of the 2S and 1S
states can also be appreciated through the double sup-
pression ratios (RAA(2S)/RAA(1S)) measured by CMS,
as shown in Fig. 2-bottom for the two quarkonium fami-
lies. The charmonium double ratio is significantly smaller
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Fig. 2. Top: Nuclear modification factor as a function of cen-
trality for the (inclusive) J/ ,  (2S), ⌥ (1S), ⌥ (2S) and ⌥ (3S)
quarkonia, as measured by CMS comparing pp and Pb-Pb data
at 5.02TeV [12,13]. Bottom: Corresponding double ratio of the
2S and 1S nuclear modification factors.

than unity already in the most peripheral collisions, con-
firming that the  (2S) is strongly suppressed even in the
most “pp-like” nuclear collisions. The J/ and  (2S) sup-
pression patterns reported by ATLAS [14] show similar
features.

The apparent fragility of the  (2S) can be attributed
to its binding energy, 44MeV, very small with respect
to both its mass and the open charm mass threshold,
2M(D0). A fluctuation of around 1% in the invariant
mass of the pre-resonance QQ or in the threshold energy
above which open charm production becomes possible is
su�cient to inhibit the formation of this weakly-bound
quarkonium state. This concept can be formalized through
a minimal modification of the pp production baseline, in
which the short-distance partonic production of the QQ
state is assumed to remain unchanged, while the long-
distance bound-state transition function (Eq. 1) becomes

f /⌥PbPb(Eb, ✏) ⌘
✓
�dir( /⌥ )

�(2mQ)

◆

PbPb

=

✓
Eb � ✏

E0

◆�
(2)

for Eb � ✏ > 0 and vanishes for Eb � ✏ < 0. Here, ✏ repre-
sents a shift in the di↵erence between the di-meson thresh-
old energy and theQQmass. The magnitude of ✏measures
the strength of the observable nuclear suppression e↵ects:
as ✏ increases it becomes progressively less probable to
form the bound state and once ✏ exceeds Eb the QQ pair
never binds into a quarkonium state.

This empirical parametrization implicitly reflects dif-
ferent possible physics e↵ects. For example, multiple scat-

tering e↵ects may increase on average the relative mo-
mentum and invariant mass of the unbound quark and
antiquark [15], pushing such pairs towards or beyond the
di-meson threshold. Alternatively, or simultaneously, a
screening of the attractive interaction between the quark
and the antiquark may disfavour the formation of a bound
state, tending to separate the two objects and ultimately
leading to two independent hadronizations. Both exam-
ples can be described in this model, assuming ✏ > 0.

We indicate with h✏i and �✏ the average and width
of the ✏ distribution characterizing a given experimental
condition, mainly defined by the collision energy and the
centrality-distribution of the events. Correspondingly, we
define the event-averaged bound-state transition function

F /⌥PbPb(Eb, h✏i,�✏) =
R Eb

0 [(Eb � ✏)/E0]� G(✏; h✏i,�✏) d✏
R Eb

0 G(✏; h✏i,�✏) d✏
,

(3)
where ✏ is distributed following a function G, assumed, for
simplicity, to be Gaussian.

The resulting nuclear suppression ratio for direct
quarkonium production is calculated in this model as
the ratio between the long-distance bound-state transition
functions of the Pb-Pb and pp cases:

Rdir
AA(Eb, h✏i,�✏) = F /⌥PbPb(Eb, h✏i,�✏) / f /⌥pp (Eb) . (4)

In principle, the energy-shift e↵ect, and therefore h✏i
and �✏, may depend on the identity of the quarkonium
state. However, in line with the seemingly universal prop-
erties of quarkonium production in pp collisions, we will
work under the hypothesis that also the suppression can
be parametrized with a “universal” ✏ distribution, identi-
cal for all quarkonia. Throughout the following discussion
this will remain our central hypothesis, which we want to
test using the J/ ,  (2S), ⌥ (1S) and ⌥ (2S) measurements.

While Rdir
AA is defined continuously for any value of

Eb (including values not corresponding to physical bound
states), the nuclear suppression ratio for inclusive quarko-
nium production depends on the feed-down contributions
specific to each observable state, therefore becoming a dis-
creet set of points. We model the observable suppression
for the quarkonium state  k as

Rinc
AA( k, h✏i,�✏) =P
j R

dir
AA[Eb( j), h✏i,�✏] �dir

pp ( j) B( j !  k)P
j �

dir
pp ( j) B( j !  k)

,
(5)

where, according to the hypothesis that the observed sup-
pression is driven by a state-independent energy-shift ef-
fect, h✏i and �✏ do not depend on j and k. Naturally,
B( j !  k) = 0 if m( k) > m( j) and B( j !  j) = 1.

For �dir
pp ( j) we use the full set of direct production

cross sections determined, as mentioned above, in the
global parametrization of mid-rapidity 7TeV data [4]. The
choice of a specific energy for the pp reference does not
a↵ect Rinc

AA as long as the cross section ratios (as e↵ec-
tively appearing in Eq. 5) do not depend on the pp colli-
sion energy, an hypothesis fully consistent with the scaling
properties discussed in Ref. [4].
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Fig. 2. Top: Nuclear modification factor as a function of cen-
trality for the (inclusive) J/ ,  (2S), ⌥ (1S), ⌥ (2S) and ⌥ (3S)
quarkonia, as measured by CMS comparing pp and Pb-Pb data
at 5.02TeV [12,13]. Bottom: Corresponding double ratio of the
2S and 1S nuclear modification factors.

than unity already in the most peripheral collisions, con-
firming that the  (2S) is strongly suppressed even in the
most “pp-like” nuclear collisions. The J/ and  (2S) sup-
pression patterns reported by ATLAS [14] show similar
features.

The apparent fragility of the  (2S) can be attributed
to its binding energy, 44MeV, very small with respect
to both its mass and the open charm mass threshold,
2M(D0). A fluctuation of around 1% in the invariant
mass of the pre-resonance QQ or in the threshold energy
above which open charm production becomes possible is
su�cient to inhibit the formation of this weakly-bound
quarkonium state. This concept can be formalized through
a minimal modification of the pp production baseline, in
which the short-distance partonic production of the QQ
state is assumed to remain unchanged, while the long-
distance bound-state transition function (Eq. 1) becomes

f /⌥PbPb(Eb, ✏) ⌘
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�dir( /⌥ )
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for Eb � ✏ > 0 and vanishes for Eb � ✏ < 0. Here, ✏ repre-
sents a shift in the di↵erence between the di-meson thresh-
old energy and theQQmass. The magnitude of ✏measures
the strength of the observable nuclear suppression e↵ects:
as ✏ increases it becomes progressively less probable to
form the bound state and once ✏ exceeds Eb the QQ pair
never binds into a quarkonium state.

This empirical parametrization implicitly reflects dif-
ferent possible physics e↵ects. For example, multiple scat-

tering e↵ects may increase on average the relative mo-
mentum and invariant mass of the unbound quark and
antiquark [15], pushing such pairs towards or beyond the
di-meson threshold. Alternatively, or simultaneously, a
screening of the attractive interaction between the quark
and the antiquark may disfavour the formation of a bound
state, tending to separate the two objects and ultimately
leading to two independent hadronizations. Both exam-
ples can be described in this model, assuming ✏ > 0.

We indicate with h✏i and �✏ the average and width
of the ✏ distribution characterizing a given experimental
condition, mainly defined by the collision energy and the
centrality-distribution of the events. Correspondingly, we
define the event-averaged bound-state transition function

F /⌥PbPb(Eb, h✏i,�✏) =
R Eb

0 [(Eb � ✏)/E0]� G(✏; h✏i,�✏) d✏
R Eb

0 G(✏; h✏i,�✏) d✏
,

(3)
where ✏ is distributed following a function G, assumed, for
simplicity, to be Gaussian.

The resulting nuclear suppression ratio for direct
quarkonium production is calculated in this model as
the ratio between the long-distance bound-state transition
functions of the Pb-Pb and pp cases:

Rdir
AA(Eb, h✏i,�✏) = F /⌥PbPb(Eb, h✏i,�✏) / f /⌥pp (Eb) . (4)

In principle, the energy-shift e↵ect, and therefore h✏i
and �✏, may depend on the identity of the quarkonium
state. However, in line with the seemingly universal prop-
erties of quarkonium production in pp collisions, we will
work under the hypothesis that also the suppression can
be parametrized with a “universal” ✏ distribution, identi-
cal for all quarkonia. Throughout the following discussion
this will remain our central hypothesis, which we want to
test using the J/ ,  (2S), ⌥ (1S) and ⌥ (2S) measurements.

While Rdir
AA is defined continuously for any value of

Eb (including values not corresponding to physical bound
states), the nuclear suppression ratio for inclusive quarko-
nium production depends on the feed-down contributions
specific to each observable state, therefore becoming a dis-
creet set of points. We model the observable suppression
for the quarkonium state  k as

Rinc
AA( k, h✏i,�✏) =P
j R

dir
AA[Eb( j), h✏i,�✏] �dir

pp ( j) B( j !  k)P
j �

dir
pp ( j) B( j !  k)

,
(5)

where, according to the hypothesis that the observed sup-
pression is driven by a state-independent energy-shift ef-
fect, h✏i and �✏ do not depend on j and k. Naturally,
B( j !  k) = 0 if m( k) > m( j) and B( j !  j) = 1.

For �dir
pp ( j) we use the full set of direct production

cross sections determined, as mentioned above, in the
global parametrization of mid-rapidity 7TeV data [4]. The
choice of a specific energy for the pp reference does not
a↵ect Rinc

AA as long as the cross section ratios (as e↵ec-
tively appearing in Eq. 5) do not depend on the pp colli-
sion energy, an hypothesis fully consistent with the scaling
properties discussed in Ref. [4].
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Fig. 2. Top: Nuclear modification factor as a function of cen-
trality for the (inclusive) J/ ,  (2S), ⌥ (1S), ⌥ (2S) and ⌥ (3S)
quarkonia, as measured by CMS comparing pp and Pb-Pb data
at 5.02TeV [12,13]. Bottom: Corresponding double ratio of the
2S and 1S nuclear modification factors.

than unity already in the most peripheral collisions, con-
firming that the  (2S) is strongly suppressed even in the
most “pp-like” nuclear collisions. The J/ and  (2S) sup-
pression patterns reported by ATLAS [14] show similar
features.

The apparent fragility of the  (2S) can be attributed
to its binding energy, 44MeV, very small with respect
to both its mass and the open charm mass threshold,
2M(D0). A fluctuation of around 1% in the invariant
mass of the pre-resonance QQ or in the threshold energy
above which open charm production becomes possible is
su�cient to inhibit the formation of this weakly-bound
quarkonium state. This concept can be formalized through
a minimal modification of the pp production baseline, in
which the short-distance partonic production of the QQ
state is assumed to remain unchanged, while the long-
distance bound-state transition function (Eq. 1) becomes
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for Eb � ✏ > 0 and vanishes for Eb � ✏ < 0. Here, ✏ repre-
sents a shift in the di↵erence between the di-meson thresh-
old energy and theQQmass. The magnitude of ✏measures
the strength of the observable nuclear suppression e↵ects:
as ✏ increases it becomes progressively less probable to
form the bound state and once ✏ exceeds Eb the QQ pair
never binds into a quarkonium state.

This empirical parametrization implicitly reflects dif-
ferent possible physics e↵ects. For example, multiple scat-

tering e↵ects may increase on average the relative mo-
mentum and invariant mass of the unbound quark and
antiquark [15], pushing such pairs towards or beyond the
di-meson threshold. Alternatively, or simultaneously, a
screening of the attractive interaction between the quark
and the antiquark may disfavour the formation of a bound
state, tending to separate the two objects and ultimately
leading to two independent hadronizations. Both exam-
ples can be described in this model, assuming ✏ > 0.

We indicate with h✏i and �✏ the average and width
of the ✏ distribution characterizing a given experimental
condition, mainly defined by the collision energy and the
centrality-distribution of the events. Correspondingly, we
define the event-averaged bound-state transition function

F /⌥PbPb(Eb, h✏i,�✏) =
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where ✏ is distributed following a function G, assumed, for
simplicity, to be Gaussian.

The resulting nuclear suppression ratio for direct
quarkonium production is calculated in this model as
the ratio between the long-distance bound-state transition
functions of the Pb-Pb and pp cases:

Rdir
AA(Eb, h✏i,�✏) = F /⌥PbPb(Eb, h✏i,�✏) / f /⌥pp (Eb) . (4)

In principle, the energy-shift e↵ect, and therefore h✏i
and �✏, may depend on the identity of the quarkonium
state. However, in line with the seemingly universal prop-
erties of quarkonium production in pp collisions, we will
work under the hypothesis that also the suppression can
be parametrized with a “universal” ✏ distribution, identi-
cal for all quarkonia. Throughout the following discussion
this will remain our central hypothesis, which we want to
test using the J/ ,  (2S), ⌥ (1S) and ⌥ (2S) measurements.

While Rdir
AA is defined continuously for any value of

Eb (including values not corresponding to physical bound
states), the nuclear suppression ratio for inclusive quarko-
nium production depends on the feed-down contributions
specific to each observable state, therefore becoming a dis-
creet set of points. We model the observable suppression
for the quarkonium state  k as

Rinc
AA( k, h✏i,�✏) =P
j R

dir
AA[Eb( j), h✏i,�✏] �dir

pp ( j) B( j !  k)P
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,
(5)

where, according to the hypothesis that the observed sup-
pression is driven by a state-independent energy-shift ef-
fect, h✏i and �✏ do not depend on j and k. Naturally,
B( j !  k) = 0 if m( k) > m( j) and B( j !  j) = 1.

For �dir
pp ( j) we use the full set of direct production

cross sections determined, as mentioned above, in the
global parametrization of mid-rapidity 7TeV data [4]. The
choice of a specific energy for the pp reference does not
a↵ect Rinc

AA as long as the cross section ratios (as e↵ec-
tively appearing in Eq. 5) do not depend on the pp colli-
sion energy, an hypothesis fully consistent with the scaling
properties discussed in Ref. [4].
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Fig. 2. Top: Nuclear modification factor as a function of cen-
trality for the (inclusive) J/ ,  (2S), ⌥ (1S), ⌥ (2S) and ⌥ (3S)
quarkonia, as measured by CMS comparing pp and Pb-Pb data
at 5.02TeV [12,13]. Bottom: Corresponding double ratio of the
2S and 1S nuclear modification factors.

than unity already in the most peripheral collisions, con-
firming that the  (2S) is strongly suppressed even in the
most “pp-like” nuclear collisions. The J/ and  (2S) sup-
pression patterns reported by ATLAS [14] show similar
features.

The apparent fragility of the  (2S) can be attributed
to its binding energy, 44MeV, very small with respect
to both its mass and the open charm mass threshold,
2M(D0). A fluctuation of around 1% in the invariant
mass of the pre-resonance QQ or in the threshold energy
above which open charm production becomes possible is
su�cient to inhibit the formation of this weakly-bound
quarkonium state. This concept can be formalized through
a minimal modification of the pp production baseline, in
which the short-distance partonic production of the QQ
state is assumed to remain unchanged, while the long-
distance bound-state transition function (Eq. 1) becomes
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for Eb � ✏ > 0 and vanishes for Eb � ✏ < 0. Here, ✏ repre-
sents a shift in the di↵erence between the di-meson thresh-
old energy and theQQmass. The magnitude of ✏measures
the strength of the observable nuclear suppression e↵ects:
as ✏ increases it becomes progressively less probable to
form the bound state and once ✏ exceeds Eb the QQ pair
never binds into a quarkonium state.

This empirical parametrization implicitly reflects dif-
ferent possible physics e↵ects. For example, multiple scat-

tering e↵ects may increase on average the relative mo-
mentum and invariant mass of the unbound quark and
antiquark [15], pushing such pairs towards or beyond the
di-meson threshold. Alternatively, or simultaneously, a
screening of the attractive interaction between the quark
and the antiquark may disfavour the formation of a bound
state, tending to separate the two objects and ultimately
leading to two independent hadronizations. Both exam-
ples can be described in this model, assuming ✏ > 0.

We indicate with h✏i and �✏ the average and width
of the ✏ distribution characterizing a given experimental
condition, mainly defined by the collision energy and the
centrality-distribution of the events. Correspondingly, we
define the event-averaged bound-state transition function
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where ✏ is distributed following a function G, assumed, for
simplicity, to be Gaussian.

The resulting nuclear suppression ratio for direct
quarkonium production is calculated in this model as
the ratio between the long-distance bound-state transition
functions of the Pb-Pb and pp cases:

Rdir
AA(Eb, h✏i,�✏) = F /⌥PbPb(Eb, h✏i,�✏) / f /⌥pp (Eb) . (4)

In principle, the energy-shift e↵ect, and therefore h✏i
and �✏, may depend on the identity of the quarkonium
state. However, in line with the seemingly universal prop-
erties of quarkonium production in pp collisions, we will
work under the hypothesis that also the suppression can
be parametrized with a “universal” ✏ distribution, identi-
cal for all quarkonia. Throughout the following discussion
this will remain our central hypothesis, which we want to
test using the J/ ,  (2S), ⌥ (1S) and ⌥ (2S) measurements.

While Rdir
AA is defined continuously for any value of

Eb (including values not corresponding to physical bound
states), the nuclear suppression ratio for inclusive quarko-
nium production depends on the feed-down contributions
specific to each observable state, therefore becoming a dis-
creet set of points. We model the observable suppression
for the quarkonium state  k as

Rinc
AA( k, h✏i,�✏) =P
j R

dir
AA[Eb( j), h✏i,�✏] �dir

pp ( j) B( j !  k)P
j �

dir
pp ( j) B( j !  k)

,
(5)

where, according to the hypothesis that the observed sup-
pression is driven by a state-independent energy-shift ef-
fect, h✏i and �✏ do not depend on j and k. Naturally,
B( j !  k) = 0 if m( k) > m( j) and B( j !  j) = 1.

For �dir
pp ( j) we use the full set of direct production

cross sections determined, as mentioned above, in the
global parametrization of mid-rapidity 7TeV data [4]. The
choice of a specific energy for the pp reference does not
a↵ect Rinc

AA as long as the cross section ratios (as e↵ec-
tively appearing in Eq. 5) do not depend on the pp colli-
sion energy, an hypothesis fully consistent with the scaling
properties discussed in Ref. [4].

With	increasing	e it	becomes	less	and	less	probable	to	form	the	bound	state
and	for	Eb – e <	0	the	quarkonium state	is	no	longer	produced.

The	nuclear	suppression	ratio	for	direct production	of	the	quarkonium state	ψk is



Curves:	suppression	of	direct	production
Points:	suppression	of	inclusive	production,	with	feed-down	effects	specific	to	each	state
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δ =	0.63	± 0.04	
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- 37	data	points
- 3	free	parameters
- 70	nuisance	parameters
(BFs,	pp	cross	sections,
global	uncertainties)

Good	fit	quality
P(χ2)	=	22%
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37Global fit of RAA data 
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38Global fit of RAA data vs. binding energy

CMS	&	ATLAS
5.02	TeV

Experimental	evidence	of
sequential	nuclear	
suppression,	
increasingly	penalizing	
the	more	weakly	bound	
states

as	foreseen	in	the	case	of
quark	gluon	plasma	
screening

gray:	direct	production
coloured:	inclusive



1. shapes	of	the	pT distributions

2. cross-section	scaling	with	mass

3. centrality	dependence

The	mid-rapidity	charmonium and	bottomonium pp	data	are	well	described	by	a	simple	
parametrization	reflecting	a	universal	(state-independent)	scaling with	two	variables:

This	parametrization	mirrors	well	the	general	idea	of	factorization

Also	the	Pb-Pb data	(for	S-wave	states)	show	a	surprisingly	simple	pattern:
RAA can	be	parametrized	assuming	a	shift	of	the	binding-energy,	
equal	in	magnitude	for	all	charmonia and	bottomonia (at	least	in	first	approximation)

® pT /M

® Eb

Long-lasting	experimental	and	theoretical	polarization	puzzles	have	been	solved:
NRQCD	describes	very	well	the	cross	section	and polarization	measurements.
However,	the	presently	existing	SDCs	are	not	good	in	the	pT /M <	3	domain.

Summary: 1) NRQCD vs. LHC ; 2) Pb-Pb vs. pp 39

® Eb- e
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Higher	energy,	broader	distribution

PLB 780 (2018) 251



4343

Distribution	of	pulls	(7	TeV fit)
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quarkonium,	7	TeV:

Drell-Yan	at	7|8	TeV for	M	<	MZ:

JHEP	06	(2014)	112
JHEP	12	(2013)	030
EPJ	C	75	(2015)	147

dσ/dM (M2)
dσ/dM (M1)

=
-(3.63	± 0.03)M2

M1

From	dimensional	analysis:

dσDY
dM µM - (3	+	β)

including	parton-luminosity	factor	»(Ös/M)β,	common	to	all	processes

Þ β =	0.63	± 0.03

Þ the	“PDF-undressed”	quarkonium	cross	section	goes	like	mQ
-(6.0 ± 0.1)

the	difference seems	to	be	just	the	[mQ
3]-dimensional	bound-state	wave	function!		

dσ/dpT(¡(1S))
dσ/dpT(J/ψ)

=
-(6.6 ± 0.1)mb

mc

dσDY
dM µM - 3

at	partonic	level	

quarkonium:	mQ
-6 DY:	M-3
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