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The mysterious c
c1(3872)

jana.crkovska@cern.ch Multiplicity dependent production of c
c1 (3872) LHCP2020 2 / 13

The c
c1(3872) exotic hadron was first observed in 2003 by Belle in decays of

B ! J/yp+p�. Belle, PRL 91 (2003) 262001

Quantum numbers of c
c1(3872) were determined as J

PC = 1++.
”This result rules out the explanation of the X(3872) meson as a conventional h

c2(11
D2) state. Among the

remaining possibilities are the c
c1(23

P1) charmonium, disfavored by the value of the X(3872) mass, and

unconventional explanations such as a D

⇤0
D̄

0
molecule, tetraquark state or a charmonium-molecule mix.”

LHCb, PRL 110 (2013) 222001

Courtesy of Matt Durham
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c
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Mo9va9on:	the	nature	of	the	X(3872)	
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•  Mo9va9on:	recent	LHCb	results	on	X(3872)	versus	mul9plicity	
	

Χ/ψ(2S)	



The	nature	of	the	X(3872):	comparison	with Υ(nS)/Υ(1S)	

5.1 Excited-to-ground state cross section ratios: U(nS)/U(1S) 7
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Figure 3: Single cross section ratios U(2S)/U(1S) and U(3S)/U(1S) for |yCM| < 1.93 versus trans-
verse energy measured in 4.0 < |h| < 5.2 (left) and number of charged tracks measured
in |h| < 2.4 (right), for pp collisions at

p
s = 2.76 TeV (open symbols) and pPb collisions atpsNN = 5.02 TeV (closed symbols). In both figures, the error bars indicate the statistical uncer-

tainties, and the boxes represent the point-to-point systematic uncertainties. The global uncer-
tainties on the pp results are 7% and 8% for U(2S)/U(1S) and U(3S)/U(1S), respectively, while in
the pPb results they amount to 8% and 9%, respectively. The results are available in tabulated
form in Table 4, with binning information provided in Table 3.

pp to pPb to PbPb systems, as a function of event multiplicity.

The impact of additional underlying particles on the decreasing trend of the U(2S)/U(1S) and
U(3S)/U(1S) versus N|h|<2.4

tracks in pp and pPb collisions is studied in more detail. The pp sample
contains on average two extra charged tracks in the U(1S) events when compared to the U(2S)
and U(3S) events, consistent with the pPb sample, though the average number of charged par-
ticles rises from 13 (pp) to 50 (pPb). The trend shown in the right panel of Fig. 3 is found to
weaken (or even reverse) if one artificially lowers the number of charged particles in the U(1S)
sample by two or three tracks for every event. In contrast, the number of extra charged particles
does not vary when lowering the pT threshold down to 200 MeV/c in the N|h|<2.4

tracks computation,
or when removing particles located in a cone of radius DR =

p
(Df)2 + (Dh)2 = 0.3 or 0.5

around the U momentum direction. Extra charged particles are indeed expected in the U(1S)
sample because of feed-down from higher-mass states, such as U(2S) ! U(1S)p+p�, but decay
kinematics [24], with typically assumed feed-down fractions [4], do not lead to a significant rise
of the number of charged particles with pT > 400 MeV/c. While most feed-down contributions
should come from the decays of P-wave states, such as cb ! U(1S)g, the probability for a pho-
ton to convert in the detector material and produce at least one electron with pT > 400 MeV/c,
that is further reconstructed and selected, is very low (<0.2%). This makes the number of re-
constructed electrons not sufficient to produce the measured trend. Therefore, it is concluded
that feed-down contributions cannot solely account for the observed features in the measured
ratios. It is noted also that if the three U states are produced from the same initial partons,
the mass difference between the U(1S) and the U(2S) (>500 MeV), or the U(1S) and the U(3S)
(>800 MeV), could be found not only in the momentum of the U(1S), but also in extra particles
created together with the U(1S).
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•  In	fact,	the	effect	found	by	LHCb	is	similar	to	the	one	previously	found	for	Υ	by	CMS	
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The	nature	of	the	X(3872):	comparison	with	ψ(2S)/J/ψ	

5.1 Excited-to-ground state cross section ratios: U(nS)/U(1S) 7
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Figure 3: Single cross section ratios U(2S)/U(1S) and U(3S)/U(1S) for |yCM| < 1.93 versus trans-
verse energy measured in 4.0 < |h| < 5.2 (left) and number of charged tracks measured
in |h| < 2.4 (right), for pp collisions at

p
s = 2.76 TeV (open symbols) and pPb collisions atpsNN = 5.02 TeV (closed symbols). In both figures, the error bars indicate the statistical uncer-

tainties, and the boxes represent the point-to-point systematic uncertainties. The global uncer-
tainties on the pp results are 7% and 8% for U(2S)/U(1S) and U(3S)/U(1S), respectively, while in
the pPb results they amount to 8% and 9%, respectively. The results are available in tabulated
form in Table 4, with binning information provided in Table 3.

pp to pPb to PbPb systems, as a function of event multiplicity.

The impact of additional underlying particles on the decreasing trend of the U(2S)/U(1S) and
U(3S)/U(1S) versus N|h|<2.4

tracks in pp and pPb collisions is studied in more detail. The pp sample
contains on average two extra charged tracks in the U(1S) events when compared to the U(2S)
and U(3S) events, consistent with the pPb sample, though the average number of charged par-
ticles rises from 13 (pp) to 50 (pPb). The trend shown in the right panel of Fig. 3 is found to
weaken (or even reverse) if one artificially lowers the number of charged particles in the U(1S)
sample by two or three tracks for every event. In contrast, the number of extra charged particles
does not vary when lowering the pT threshold down to 200 MeV/c in the N|h|<2.4

tracks computation,
or when removing particles located in a cone of radius DR =

p
(Df)2 + (Dh)2 = 0.3 or 0.5

around the U momentum direction. Extra charged particles are indeed expected in the U(1S)
sample because of feed-down from higher-mass states, such as U(2S) ! U(1S)p+p�, but decay
kinematics [24], with typically assumed feed-down fractions [4], do not lead to a significant rise
of the number of charged particles with pT > 400 MeV/c. While most feed-down contributions
should come from the decays of P-wave states, such as cb ! U(1S)g, the probability for a pho-
ton to convert in the detector material and produce at least one electron with pT > 400 MeV/c,
that is further reconstructed and selected, is very low (<0.2%). This makes the number of re-
constructed electrons not sufficient to produce the measured trend. Therefore, it is concluded
that feed-down contributions cannot solely account for the observed features in the measured
ratios. It is noted also that if the three U states are produced from the same initial partons,
the mass difference between the U(1S) and the U(2S) (>500 MeV), or the U(1S) and the U(3S)
(>800 MeV), could be found not only in the momentum of the U(1S), but also in extra particles
created together with the U(1S).

15

J/ψ and ψ(2S) vs. multiplicity
in pp collisions at       = 13 TeV√ s

● Forward rapidity:
● J/ψ yield shows slower increase than at mid-rapidity

→Possible bias due to auto-correlation for J/ψ at multiplicity in same acceptance?
● Ratio of ψ(2S) to J/ψ yields hints that J/ψ production might increase faster with

multiplicity

25/05/2020    Alena Gromada 15
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Figure 3: Single cross section ratios U(2S)/U(1S) and U(3S)/U(1S) for |yCM| < 1.93 versus trans-
verse energy measured in 4.0 < |h| < 5.2 (left) and number of charged tracks measured
in |h| < 2.4 (right), for pp collisions at

p
s = 2.76 TeV (open symbols) and pPb collisions atpsNN = 5.02 TeV (closed symbols). In both figures, the error bars indicate the statistical uncer-

tainties, and the boxes represent the point-to-point systematic uncertainties. The global uncer-
tainties on the pp results are 7% and 8% for U(2S)/U(1S) and U(3S)/U(1S), respectively, while in
the pPb results they amount to 8% and 9%, respectively. The results are available in tabulated
form in Table 4, with binning information provided in Table 3.

pp to pPb to PbPb systems, as a function of event multiplicity.

The impact of additional underlying particles on the decreasing trend of the U(2S)/U(1S) and
U(3S)/U(1S) versus N|h|<2.4

tracks in pp and pPb collisions is studied in more detail. The pp sample
contains on average two extra charged tracks in the U(1S) events when compared to the U(2S)
and U(3S) events, consistent with the pPb sample, though the average number of charged par-
ticles rises from 13 (pp) to 50 (pPb). The trend shown in the right panel of Fig. 3 is found to
weaken (or even reverse) if one artificially lowers the number of charged particles in the U(1S)
sample by two or three tracks for every event. In contrast, the number of extra charged particles
does not vary when lowering the pT threshold down to 200 MeV/c in the N|h|<2.4

tracks computation,
or when removing particles located in a cone of radius DR =

p
(Df)2 + (Dh)2 = 0.3 or 0.5

around the U momentum direction. Extra charged particles are indeed expected in the U(1S)
sample because of feed-down from higher-mass states, such as U(2S) ! U(1S)p+p�, but decay
kinematics [24], with typically assumed feed-down fractions [4], do not lead to a significant rise
of the number of charged particles with pT > 400 MeV/c. While most feed-down contributions
should come from the decays of P-wave states, such as cb ! U(1S)g, the probability for a pho-
ton to convert in the detector material and produce at least one electron with pT > 400 MeV/c,
that is further reconstructed and selected, is very low (<0.2%). This makes the number of re-
constructed electrons not sufficient to produce the measured trend. Therefore, it is concluded
that feed-down contributions cannot solely account for the observed features in the measured
ratios. It is noted also that if the three U states are produced from the same initial partons,
the mass difference between the U(1S) and the U(2S) (>500 MeV), or the U(1S) and the U(3S)
(>800 MeV), could be found not only in the momentum of the U(1S), but also in extra particles
created together with the U(1S).

15

J/ψ and ψ(2S) vs. multiplicity
in pp collisions at       = 13 TeV√ s

● Forward rapidity:
● J/ψ yield shows slower increase than at mid-rapidity

→Possible bias due to auto-correlation for J/ψ at multiplicity in same acceptance?
● Ratio of ψ(2S) to J/ψ yields hints that J/ψ production might increase faster with

multiplicity
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In	other	words,	it	seems	to	be	a	common	effect,	affec+ng		
excited-over-ground	quarkonium	states	vs	mul+plicity	in	pp	collisions	
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•  In	fact,	the	effect	found	by	LHCb	is	similar	to	the	one	previously	found	for	Υ	by	CMS	
	 	 	 	 						and	maybe	to	the	one	recently	presented	in	HP2020	by	ALICE	



The	intriguing	suppression	of	excited	states	in	pA	
	
	
	

								 	 	 	 	 		
	

	

	
Suppression	of	weakly-bound	quarkonia	states	has	been	studied	for	decades	in	pA:		
	Rela9ve	suppression	ψ(2S)/J/ψ, Υ(nS)/Υ(1S)		in	pA	@	SPS,	dAu	@	RHIC,	pPb	@	LHC	

	

•  Ini+al-state	effects	iden9cal	for	the	family	
•  Any	difference	among	the	states	should	be	due	to	final-state	effects	
	

•  At	low		E:	rela9ve	suppression	explained		by	nuclear	absorp9on	σbreakup	α r2meson	
•  At	high	E:	too	long	forma9on	9mes		tf	=	γ τf	>>	R	

	
A	natural	explana9on	would	be	a	final-state	effect	ac9ng	over	sufficiently	long	9me		

⇒  interac+on	with	a	comoving	medium	
	

	Consensus:	nuclear	σbreakup		is	ge[ng	small	at	high	energies	and	is	
the	same	for	ground	and	excited	states	

E.	G.	Ferreiro	USC 	 	Probing	X(3872)	structure	via	final	state	interac+ons							 																			 														HP2020,	3/6/2020	4	



Comover-interac9on	model	CIM	
•  In	a	comover	model:	suppression	from	sca]erings	of	the	nascent Q with	comoving	

medium	cons9tuted	by	par9cles	with	similar	rapidi9es		Gavin,	Vogt,	Capella,	Armesto,	Ferreiro	…	(1997)	

•  Stronger	suppression	where	the	comover	densi9es	(mul9plici9es)	are	large	
						For	asymmetric	collisions	as	p-nucleus,	stronger	in	the	nucleus-going	direc9on	

•  Boltzman	equa9on	governing		
						the	quarkonium	density:	

	

		
	

•  Survival	probability	from		
						integra9on	over	9me:		

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 ��, ���� �� / ��

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 )
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J.P. Lansberg (IPNO) Bottomonium prod. in AA and pA collisions September ��, ���� �� / ��

		:	cross	sec9on	of	quarkonium	dissocia9on	due	to	interac9ons	with	comoving	medium	
				

E.	G.	Ferreiro	USC 	 	Probing	X(3872)	structure	via	final	state	interac+ons							 																			 														HP2020,	3/6/2020	5	



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
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Conventional charmonia in nuclear medium

jana.crkovska@cern.ch Multiplicity dependent production of c
c1 (3872) LHCP2020 4 / 13

Production of quarkonia is modified in nuclear collisions
compared to that in pp.
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pPb =
1
A

s
pPb(�pT,�y

⇤)

s
pp

(�pT,�y
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Higher excited states are more suppressed, as they are
increasingly weakly bound.

LHCb, JHEP 1603 (2016) 133
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Such difference in suppression of states
with the same quark content can be

explained with final-state effects.

	

•  Rela9ve	suppression	of	excited	Υ:	cleanest	observable	to	fix	the	comover	suppression	
•  Caveat:	not	enough	data	to	fit	all	the	6	
•  New	strategy:	going	to	a	microscopic	level 	 	 	 	 		
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In fact, the CIM was never applied to bottomonia
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comover suppression magnitude [without interference with other nuclear e�ect]

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

We use : σ co bb̄ σgeom � EBinding
Eco

n where Eco and n are �t

σgeom πr�
bb̄

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

Eco : the average energy of the comovers in the quarkonium rest frame
a �t to the CMS data gives Eco � GeV and n �.� (see below)
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To do so we assumed that:

(i) the thresholds, EQ
thr, approximately follow from the mass differences between the

quarkonium, Q, and the lightest open beauty hadron pair, taking into account the

comover mass;

(ii) away from the thresholds, the cross section should scale like the geometrical cross

section, σQgeo ≃ πr2Q, where rQ is the quarkonium Bohr radius. It can be evaluated

by solving the Schrödinger equation with a well-choosen potential reproducing the

quarkonium spectroscopy [30].

Our parametrisation of the energy dependence thus simply amounts to interpolating

from σco−Q(Eco = EQ
thr) = 0 at threshold up to σco−Q(Eco ≫ EQ

thr) = σQgeo away from

threshold but with the same dependence for all the states. It reads

σco−Q(Eco) = σQgeo ×
(
1−

EQ
thr

Eco

)n

(2.4)

where EQ
thr = MQ + mco − 2MB is the threshold energy to break the quarkonium bound

state and Eco =
√
p2 +m2

co is the energy of the comover in the quarkonium rest frame.

In the case of a hadronic medium (made of pions), mco = 0.140GeV, while it is zero for

gluons. The geometrical cross sections σQgeo which we used are shown in table 1, together

with the threshold energies EQ
thr and the bottomonium radii. The first free parameter of

our modeling, n, characterises how quickly the cross section approaches the geometrical

cross section. Attempts to compute this energy dependence, using the multipole expansion

in perturbative QCD at LO [30–32], would suggest that n is close to 4 for pion comovers

by making the strong assumption that the scattering is initiated by gluons inside these

pions. Hadronic models which take into account non-perturbative effects and thus most

likely provide a better description of the physics at work [33] show a different energy

dependence. It effectively corresponds to smaller n [34]. As such, we will consider n

varying from 0.5 to 2. In fact, the discrepancies existing between the aforementioned LO

QCD results and these hadronic calculations are partly due to large higher order correction

near the threshold [35].

As for the energy distribution of the comovers in the transverse plane, we simply take

a Bose-Einstein distribution

P(Eco;Teff) ∝
1

eEco/Teff − 1
(2.5)

which introduces our second parameters, namely an effective temperature of these co-

movers.

Having P(Eco;Teff) and σco−Q(Eco), we derive the energy-averaged quarkonium-

comover-interaction cross section

⟨σco−Q⟩(Teff , n) =

∫∞
0 dEco P(Eco;Teff)σco−Q(Eco)∫∞

0 dEco P(Eco;Teff)
, (2.6)

from which we can compute the (relative) NMFs. Our fits will thus simply amount to

determine the best value Teff for fixed values of n in the aforementioned ranges reproducing

the selected experimental data.
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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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To do so we assumed that:

(i) the thresholds, EQ
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quarkonium, Q, and the lightest open beauty hadron pair, taking into account the

comover mass;

(ii) away from the thresholds, the cross section should scale like the geometrical cross

section, σQgeo ≃ πr2Q, where rQ is the quarkonium Bohr radius. It can be evaluated

by solving the Schrödinger equation with a well-choosen potential reproducing the

quarkonium spectroscopy [30].

Our parametrisation of the energy dependence thus simply amounts to interpolating

from σco−Q(Eco = EQ
thr) = 0 at threshold up to σco−Q(Eco ≫ EQ

thr) = σQgeo away from

threshold but with the same dependence for all the states. It reads

σco−Q(Eco) = σQgeo ×
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near the threshold [35].
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1
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by solving the Schrödinger equation with a well-choosen potential reproducing the

quarkonium spectroscopy [30].

Our parametrisation of the energy dependence thus simply amounts to interpolating

from σco−Q(Eco = EQ
thr) = 0 at threshold up to σco−Q(Eco ≫ EQ

thr) = σQgeo away from

threshold but with the same dependence for all the states. It reads

σco−Q(Eco) = σQgeo ×
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where EQ
thr = MQ + mco − 2MB is the threshold energy to break the quarkonium bound

state and Eco =
√
p2 +m2

co is the energy of the comover in the quarkonium rest frame.

In the case of a hadronic medium (made of pions), mco = 0.140GeV, while it is zero for

gluons. The geometrical cross sections σQgeo which we used are shown in table 1, together

with the threshold energies EQ
thr and the bottomonium radii. The first free parameter of

our modeling, n, characterises how quickly the cross section approaches the geometrical

cross section. Attempts to compute this energy dependence, using the multipole expansion

in perturbative QCD at LO [30–32], would suggest that n is close to 4 for pion comovers

by making the strong assumption that the scattering is initiated by gluons inside these

pions. Hadronic models which take into account non-perturbative effects and thus most

likely provide a better description of the physics at work [33] show a different energy

dependence. It effectively corresponds to smaller n [34]. As such, we will consider n

varying from 0.5 to 2. In fact, the discrepancies existing between the aforementioned LO

QCD results and these hadronic calculations are partly due to large higher order correction

near the threshold [35].

As for the energy distribution of the comovers in the transverse plane, we simply take

a Bose-Einstein distribution

P(Eco;Teff) ∝
1

eEco/Teff − 1
(2.5)

which introduces our second parameters, namely an effective temperature of these co-

movers.

Having P(Eco;Teff) and σco−Q(Eco), we derive the energy-averaged quarkonium-

comover-interaction cross section

⟨σco−Q⟩(Teff , n) =

∫∞
0 dEco P(Eco;Teff)σco−Q(Eco)∫∞

0 dEco P(Eco;Teff)
, (2.6)

from which we can compute the (relative) NMFs. Our fits will thus simply amount to

determine the best value Teff for fixed values of n in the aforementioned ranges reproducing

the selected experimental data.
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LHCb,	JHEP	11	(2018)	194	•  Succesfully	reproduces	the	
excited-over-ground	rela9ve	
suppression	versus	rapidity	

Stronger	suppression	in	the	nucleus-going	direc9on	



Suppression	by	comovers	increases	with	mul9plicity	in	pA	
•  Double	ra9os	enables	us	to	study	the	effect	of	final	states	alone	
•  The	comover	effect	should	increase	with	mul9plicity:		

	stronger	in	central	collisions	&	in	backward	y	region	
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ψ(2S)/J/ψ 	 ψ(2S)/J/ψ 	
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Comover-interaction model (CIM)
In a comover model, one introduces a suppression from scatterings of the nascent

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

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

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

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

impact parameter b and rapidity y ,

τdρ
dτ

b, s, y σ co ρco b, s, y ρ b, s, y

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

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

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

J.P. Lansberg (IPNO) Bottomonium prod. in AA and pA collisions September ��, ���� �� / ��

n																										n/<n>	

Υ(nS)/Υ(1S)	
•  No	new	parameters	

•  Iden9cal	feed	downs	and	interac9on	
cross	sec9on	as	the	previously	used	in	
pPb	collisions	

•  	Our	results	are	normalized	to	the	
experimental	value	obtained	for	<nch>	
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Suppression	by	comovers	increases	with	mul9plicity	in	pp	
•  In	order	to	measure	the		effects	of	the	comovers	with	increasing	mul9plicity,	we	calculate		

the	rate	nS/1S	vs	n/<n>	being	<n>	the	mean	pp	mul9plicity	

=>	



•  No	new	parameters	

•  Iden9cal	feed	downs	and	interac9on	
cross	sec9on	as	the	previously	used	in	
pPb	collisions	

•  	Our	results	are	normalized	to	the	
experimental	value	obtained	for	<nch>	
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Υ(nS)/Υ(1S)	

Suppression	by	comovers	increases	with	mul9plicity	in	pp	

CMS,	JHEP	04	(2014)	103	
	

	p+p	@	2.76	TeV	
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Rate equation governing the quarkonium density at a given transverse coordinate s,
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dτ
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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 )
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ρpp y

J.P. Lansberg (IPNO) Bottomonium prod. in AA and pA collisions September ��, ���� �� / ��
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•  In	order	to	measure	the		effects	of	the	comovers	with	increasing	mul9plicity,	we	calculate		
the	rate	nS/1S	vs	n/<n>	being	<n>	the	mean	pp	mul9plicity	

=>	



Behaviour	of	X(3872)/ψ(2S)	with	mul9plicity	
•  Let’s	consider	X(3872)	as	a	compact	object	=>	interac9on	cross	sec9ons	can	be	calculated	

3

EQ
thr

sizeQ �Q
geo

�co�Q

 (2S) 50 MeV 0.90 fm 6.36 mb 5.15± 0.84 mb

X(3872) tetraquark 21 MeV 1.3 fm 13.27 mb 11.10± 1.56 mb

X(3872) molecular 0.01 MeV 7 fm 384.84 mb 329.43± 55.39 mb

TABLE I. Fixed values used in our parametrisation of the comover cross sections and the resulting values.

EQ
thr

rQ �Q
geo

�co�Q

 (2S) 50MeV 0.45 fm 6.36 mb 5.15± 0.84 mb

X(3872) tetraquark 200 keV 0.65 fm 13.3 mb 11.61± 1.69 mb

X(3872) molecule 200 keV 5.0 fm 785 mb 687± 98 mb

TABLE II. Fixed values used in our parametrisation of the comover cross sections and the resulting values. By rQ we indicate
the expectation value of the radius of the state, and by �Q

geo

= ⇡r2Q the geometrical cross section. The average over the
comover distribution �co�Q and its uncertainties are described in the text. For the  (2S), the threshold is set at the average
D0D̄0-D+D� mass, which is the lightest OZI-favored mode available. For the tetraquark, the OZI-favored mode ⇤+

c

⇤�
c

[10–12]
is not kinematically allowed at the typical comover energy. We consider the next favored decay is into open charm, D̄0D⇤0 [13].
The PDG average for this binding energy is �16± 200 keV. In our calculations, we use as binding energy the 1� error. The
radius of the tetraquark is taken from [3, 13].

III. RESULTS FOR PROTON-PROTON
COLLISIONS

The relative production rates of promptly produced
X(3872) over  (2S) have been recently presented by
LHCb collaboration for pp collisions at 8TeV in the for-
ward pseudorapidity region, 2 < ⌘ < 5 [4], as a function of
particle multiplicity, given by the total number of charged
particle tracks reconstructed in the VELO detector. This
ratio is found to decrease with increasing multiplicity.
The comover interaction model, which incorporates fi-

nal state e↵ects via interactions with comoving hadrons,
has successfully reproduced the relative suppression of
excited-over-ground quarkonium states in pA collisions,
both for charmonium [5] and bottomonium [9]. We recall
two features of the comover approach. First, the dissocia-
tion a↵ects strongly the larger and less bound particles,
due to the larger interaction cross sections. As a conse-
quence, the excited states are more suppressed that the
ground state. Second, the suppression is stronger where
the comover densities –proportional to the multiplicities–
are larger, i.e. it increases with centrality and, for asym-
metric collisions as proton(deuteron)-nucleus, it will be
stronger in the nucleus-going direction.
Until now, the comover model has never been applied

to proton-proton collisions. In fact, we have always con-
sidered that the e↵ect of the interaction stops when the
comover density approaches the mean value for proton-
proton collisions at a given energy and rapidity. Neverthe-
less, the new experimental results, presented as a function
of multiplicity, introduce the possibility to study the e↵ect
of the comovers also for pp collisions if the multiplicities
involved are higher that the mean one.
Actually, CMS collaboration had reported, already in

2013, the ratios of the excited to the ground state cross
sections, ⌥(nS)/⌥(1S), both in pp and pPb collisions
at 2.76TeV and 5.02TeV. Those ratios were found to
decrease with the charged-particle multiplicity in both
collision systems.
In order to measure the e↵ects of the comovers with

increasing multiplicity in pp collisions, we have proceeded
as follows. First, we have checked that, with the previously
obtained interaction cross sections for the upsilon family,
we can reproduced the CMS data [14]. Our results are
shown in Figure 1. The agreement is extremely good.

FIG. 1. Excited-to-ground state cross ratios ⌥(2S)/⌥(1S)
(top) and ⌥(3S)/⌥(1S) (bottom) for |y

CM

| < 1.93 versus
number of charged particles in |⌘| < 2.4 for pp collisions
at 2.76TeV calculated within the CIM compared do CMS
data [14].

No new parameters neither new fits are involved. The
uncertainly corresponds to the ones of the cross sections,
the feed down and the global normalization. Our results
are normalised to the experimental value obtained for the
mean multiplicity.
Once we have successfully checked the applicability of

For	the	2S:	Satz	0512217	
For	the	X	tetraquark:		
Esposito,Polosa	1807.06040	
Maiani	et	al.		0412098	
For	X	molecular:	Beveren	&	Rupp	

Cross	sec9ons	very	close	to	their	geometrical	value	due	to	small	binding	energies	involved	
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•  Cross	sec9ons	calculated	as	for	Υ

•  Parameters	involved:	size	&	binding	E	

•  Our	results	are	normalized	to	the	
experimental	value	obtained	for	the	
first	bin	
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molecula:	size	5	to	10	fm		

tetraquark:		1	to	1.5	fm	

X(3872)/ψ(2S)	
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•  LHCb	results	strongly	supports	the	idea	
of		X(3872)	of	typical	hadronic	size	

•  A	molecular	state	disappears	very	
quickly	by	interac9on	with	comovers		

•  Our	conclusion:		tetraquark	of	1.3	fm
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molecula:	size	5	to	10	fm		

tetraquark:		1	to	1.5	fm	

X(3872)/ψ(2S)	

Behaviour	of	X(3872)/ψ(2S)	with	mul9plicity	

X(3872)/ψ(2S)	

tetraquark:		1.3	fm	
molecula:	10	fm		
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Coalescence	is	not	the	solu9on	
•  Accoding	to	quarkonium	data,	no	secondary	charmonium	produc9on	has	been	considered	

for	a	X(3872)	of	typical	hadronic	size	
•  In	case	of	a	X(3872)	of	molecular	nature,	coalescence	effects,	similar	to	the	ones	applied	to	

reproduce	d/p	ra9o	in	pp,	can	be	at	play	

4

the CIM to proton-proton data, we can extract informa-
tion on the structure of the X(3872). The main ingredient
will be its interaction cross section with the comovers,
calculated according to Eq. (5). As mentioned above, the
fact that the X(3872) binding energy is very low –this is
clearly the case if X(3872) is considered to be a molecu-
lar state, but this is also true for a X(3872) tetraquark
[3]– makes its interaction cross section very close to the
geometrical value. We will consider di↵erent sizes for the
X(3872), from 1 to 2 fm in the tetraquark case, and from
5 to 10 fm in the molecular case.

In order to measure the e↵ects of the comovers with in-
creasing multiplicity, we have calculated the rate X(3872)

 (2S)

versus n
<n> , being < n > the mean pp multiplicity in

the considered rapidity range. Our results are normal-
ized to the experimental value obtained for the first bin,
X(3872)/ (2S)= 0.102, which also agrees with the ATLAS
obtained value for pp collisions at 8TeV in a large range of
pT . The comovers can a↵ect the quakonia production for
multiplicities higher than the mean value, giving rise to
a suppression that evolves with the increase of comoving
particles.

FIG. 2. R[ X

 (2S)

] vs n

<n>

from the CIM for pp collisions at
8TeV and forward rapidity. The uncertainty from the fit of
�co and from the total multiplicity are taken into account.

Figure 2 shows our results for the two cases, from up
to down: X being a tetraquark of size between 1 and 1.5
fm and X being a molecular state of size between 5 and
10 fm.

In case of X(3872) being a tetraquark of size 1 fm, the

CIM predicts a decrease of 20% for the ratio X(3872)

 (2S)

when
going from the pp mean multiplicity to 4 times the mean
multiplicity. This corresponds to the band between the
two upper lines of the red area of Figure 2. Up to a factor
of 5 of suppression is found for a tetraquark of 2 fm when
increasing 4 times the multiplicity, which corresponds to
the two bottom lines of the red area of Figure 2. We have
checked that our results rest unchanged when the binding
energy for the tetraquark is increase from 20 to 50 MeV,
i.e. it is taken identical to one of the  (2S).

Note that the experimental decrease found by LHCb
when going from the first to the fourth bin, around of
factor of two, can be reproduced by the CIM when con-
sidering a X(3872) tetraquark for 1.3 fm. This decrease is
similar to the one previously obtained by CMS for excited-

to-ground upsilon states in pp collisions at 2.76TeV, hap-
pened to be a factor 1.5 for ⌥(2S)/ ⌥(1S) and a factor of
3 for ⌥(3S)/ ⌥(1S) when going from mean multiplicity
to 4 times the mean multiplicity.

On the other hand, in case of a molecular X(3872) of 5
fm, it will not survive at multiplicities twice the mean one.
If the molecula has a size of 10 fm, the X(3872) would be
destroyed by interactions with the comovers already at
multiplicities of 1.5 the mean one.

In the present implementation of the final state inter-
actions, no secondary charmonium production has been
considered. Coalescence e↵ects, similar to the ones ap-
plied to reproduce the deuteron-to-proton ratio in pp
collisions, could be at play, in particular in case of a
X(3872) of molecular nature. Note however that those
e↵ects predict an increasing trend in the d/p ratio with
charged particle multiplicity, contrary to the behaviour
of the X

 (2S)

ratio.

IV. DESTRUCTION AND RECOMBINATION
FOR HADRON MOLECULES

Recombination e↵ects on compact objects has been ex-
tensively confirmed to be negligible by experimental data.
Conversely, for hadron molecules it has been already advo-
cated that the interaction with comoving particles could
sensibly increase their production [15–19]. Indeed, recent
measurements by the ALICE collaboration have shown
that the number of deuterons produced in pp collisions at
7 and 13TeV increases with multiplicity [20, 21]. Were a
molecular X to behave like that, it would be in striking
contrast with the data presented by LHCb [4].

In [17–19] it has been proposed that the mechanism for
creation/destruction of a molecule in an environment of
comovers, ⇡, is given by the scattering ⇡hh*) ⇡m, where
hh are free molecular constituents and m the molecule
itself. In particular, the constituents are considered to be
bound if their relative momentum is smaller than some
coalescence momentum, ⇤, and free otherwise.

Accounting for these processes, the evolution of the
number of molecules with time can be described by the
Boltzmann equation derived in Appendix A, i.e.

⌧
dNm

d⌧
= hv�im ⇢c N12

�
⇣

hv�im + hv�ihh
⌘

⇢c Nm , (6)

where Nm and N
12

are respectively the number of
molecules and the total number of constituent pairs (taken
to be constant in time), while ⇢c is the comovers’ spatial
density at the time of formation. Finally, hv�im and
hv�ihh are the cross sections for the creation and destruc-
tion of a molecule due to the interaction with a comover.
They are averaged over the initial distributions for the
constituents, molecules and comovers. Eq. (6) has a sim-
ple solution for the number of molecules as a function of

Nm	#	of	molecules		
N12	#	of	cons9tuent	pairs	(constant	in	9me)	
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Coalescence	is	not	the	solu9on	
•  Accoding	to	quarkonium	data,	no	secondary	charmonium	produc9on	has	been	considered	

for	a	X(3872)	of	typical	hadronic	size	
•  In	case	of	a	X(3872)	of	molecular	nature,	coalescence	effects,	similar	to	the	ones	applied	to	

reproduce	d/p	ra9o	in	pp,	can	be	at	play	

Coalesce	predicts	an	increasing	trend	of	the	
ra9o	with	charged	par9cle	mul9plicity	
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the CIM to proton-proton data, we can extract informa-
tion on the structure of the X(3872). The main ingredient
will be its interaction cross section with the comovers,
calculated according to Eq. (5). As mentioned above, the
fact that the X(3872) binding energy is very low –this is
clearly the case if X(3872) is considered to be a molecu-
lar state, but this is also true for a X(3872) tetraquark
[3]– makes its interaction cross section very close to the
geometrical value. We will consider di↵erent sizes for the
X(3872), from 1 to 2 fm in the tetraquark case, and from
5 to 10 fm in the molecular case.

In order to measure the e↵ects of the comovers with in-
creasing multiplicity, we have calculated the rate X(3872)

 (2S)

versus n
<n> , being < n > the mean pp multiplicity in

the considered rapidity range. Our results are normal-
ized to the experimental value obtained for the first bin,
X(3872)/ (2S)= 0.102, which also agrees with the ATLAS
obtained value for pp collisions at 8TeV in a large range of
pT . The comovers can a↵ect the quakonia production for
multiplicities higher than the mean value, giving rise to
a suppression that evolves with the increase of comoving
particles.

FIG. 2. R[ X

 (2S)

] vs n

<n>

from the CIM for pp collisions at
8TeV and forward rapidity. The uncertainty from the fit of
�co and from the total multiplicity are taken into account.

Figure 2 shows our results for the two cases, from up
to down: X being a tetraquark of size between 1 and 1.5
fm and X being a molecular state of size between 5 and
10 fm.

In case of X(3872) being a tetraquark of size 1 fm, the

CIM predicts a decrease of 20% for the ratio X(3872)

 (2S)

when
going from the pp mean multiplicity to 4 times the mean
multiplicity. This corresponds to the band between the
two upper lines of the red area of Figure 2. Up to a factor
of 5 of suppression is found for a tetraquark of 2 fm when
increasing 4 times the multiplicity, which corresponds to
the two bottom lines of the red area of Figure 2. We have
checked that our results rest unchanged when the binding
energy for the tetraquark is increase from 20 to 50 MeV,
i.e. it is taken identical to one of the  (2S).

Note that the experimental decrease found by LHCb
when going from the first to the fourth bin, around of
factor of two, can be reproduced by the CIM when con-
sidering a X(3872) tetraquark for 1.3 fm. This decrease is
similar to the one previously obtained by CMS for excited-

to-ground upsilon states in pp collisions at 2.76TeV, hap-
pened to be a factor 1.5 for ⌥(2S)/ ⌥(1S) and a factor of
3 for ⌥(3S)/ ⌥(1S) when going from mean multiplicity
to 4 times the mean multiplicity.

On the other hand, in case of a molecular X(3872) of 5
fm, it will not survive at multiplicities twice the mean one.
If the molecula has a size of 10 fm, the X(3872) would be
destroyed by interactions with the comovers already at
multiplicities of 1.5 the mean one.

In the present implementation of the final state inter-
actions, no secondary charmonium production has been
considered. Coalescence e↵ects, similar to the ones ap-
plied to reproduce the deuteron-to-proton ratio in pp
collisions, could be at play, in particular in case of a
X(3872) of molecular nature. Note however that those
e↵ects predict an increasing trend in the d/p ratio with
charged particle multiplicity, contrary to the behaviour
of the X

 (2S)

ratio.
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FOR HADRON MOLECULES
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tensively confirmed to be negligible by experimental data.
Conversely, for hadron molecules it has been already advo-
cated that the interaction with comoving particles could
sensibly increase their production [15–19]. Indeed, recent
measurements by the ALICE collaboration have shown
that the number of deuterons produced in pp collisions at
7 and 13TeV increases with multiplicity [20, 21]. Were a
molecular X to behave like that, it would be in striking
contrast with the data presented by LHCb [4].

In [17–19] it has been proposed that the mechanism for
creation/destruction of a molecule in an environment of
comovers, ⇡, is given by the scattering ⇡hh*) ⇡m, where
hh are free molecular constituents and m the molecule
itself. In particular, the constituents are considered to be
bound if their relative momentum is smaller than some
coalescence momentum, ⇤, and free otherwise.

Accounting for these processes, the evolution of the
number of molecules with time can be described by the
Boltzmann equation derived in Appendix A, i.e.

⌧
dNm

d⌧
= hv�im ⇢c N12

�
⇣

hv�im + hv�ihh
⌘

⇢c Nm , (6)

where Nm and N
12

are respectively the number of
molecules and the total number of constituent pairs (taken
to be constant in time), while ⇢c is the comovers’ spatial
density at the time of formation. Finally, hv�im and
hv�ihh are the cross sections for the creation and destruc-
tion of a molecule due to the interaction with a comover.
They are averaged over the initial distributions for the
constituents, molecules and comovers. Eq. (6) has a sim-
ple solution for the number of molecules as a function of

Nm	#	of	molecules		
N12	#	of	cons9tuent	pairs	(constant	in	9me)	5

FIG. 3. Number of deuterons over number of protons at 7 and
13TeV of center-of-mass energy as a function of multiplicity,
as reported in [20, 21]. The solid line is our prediction (7).

the event multiplicity, N
ch

:

Nm

N
12

=
hv�im

hv�ihh + hv�im

+

✓

N0

m

N
12

� hv�im
hv�ihh + hv�im

◆

⇥

⇥ exp
⇥

�
�

hv�ihh + hv�im
�

⇢c ln(⇢c/⇢
pp
c )

⇤

,

(7)

were N0

m is the number of molecules generated by
hadronization, but before any further interaction with
comovers. We expect N0

m ⌧ N
12

. The dependence on
multiplicity enters through the comovers’ spatial density,
⇢c =

3

2

N
ch

/� ⌘ N
ch

/a. The factor 3/2 accounts for the
neutral comovers. From the eikonal-Glauber model [22],
which successfully reproduces charged multiplicities in
proton and nuclear collisions, we have estimated the
non-di↵ractive cross section to be 63.3 mb, which gives
a ' 42.2 mb.

We test the validity of this idea on data. For deuteron
we consider a coalescence momentum ⇤ = 150MeV [23–
25]. The momentum distributions for the free constituents
and for the comovers1 are taken from Pythia8 [26], while
those for deuteron are taken directly from data [20].
With this information at hand one can compute the av-
erage cross sections for creation and destruction of a
deuteron (see Appendix B), obtaining hv�im ' 0.51 mb
and hv�ihh ' 4.34 mb. We also estimate the number of
initial deuterons with Pythia8, by counting how many
proton-neutron pairs have relative momentum initially
below ⇤. We find N0

m/N
12

= O(10�4), which can be
neglected. All the above completely fix the dependence of
the number of deuterons on multiplicity, up to an overall
factor, which we fit to data. We also set ⇢ppc = 1/a, to let
the curve start at N

ch

= 1, as suggested by data.

1

In our simulations we define as a comover any long-lived particle

which interacts with one of the constituents.

In Figure 3 we compare with the data from the AL-
ICE collaboration. The good match confirms the idea
proposed in [17, 18] and the relevance of the interaction
with comovers for the enhancement of the production of
hadron molecules.

V. CONCLUSIONS
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Appendix A: Boltzmann equation for hadron
molecules and comovers

In this derivation, we will follow [27]. In particular, we
will use the standard noncovariant form of the Boltzmann
equation, and all the quantities discussed below are meant
to be defined in the lab frame. We discuss the creation
and destruction of hadron molecules as due to elastic
scattering of a comover with one of the constituents[17–
19]. For example, for the deuteron we restrict to processes
like ⇡pn *) ⇡d.
Consider two hadrons, ‘1’ and ‘2’, with positions

and momenta (x
1

, q
1

) and (x
2

, q
2

). We adopt the co-
alescence picture, i.e. that the two hadrons bind if
their relative momentum is smaller than some thresh-
old, |q

1

� q

2

| < ⇤. The phase-space density for these two
hadrons, n

12

(x
1

,x
2

, q
1

, q
2

, ⌧), is such that

Nm(⌧) =

Z

d3x
1

d3x
2

Z

R
⇤

d3q
1

(2⇡)3
d3q

2

(2⇡)3
n
12

(xi, qi, ⌧) ,

Nhh(⌧) =

Z

d3x
1

d3x
2

Z

¯R
⇤

d3q
1

(2⇡)3
d3q

2

(2⇡)3
n
12

(xi, qi, ⌧) ,

N
12

=

Z

d3x
1

d3x
2

Z

d3q
1

(2⇡)3
d3q

2

(2⇡)3
n
12

(xi, qi, ⌧) ,

(A1)

where R
⇤

is the domain where |q
1

� q

2

| < ⇤, and R̄
⇤

its complement. Nm, Nhh and N
12

are respectively the
number of molecules, free pairs and total pairs. Clearly
N

12

= Nm+Nhh, and it is assumed to be constant in time,
hence neglecting creation/annihilation of the constituents
themselves. In the lab frame, the variable ⌧ can be taken
simply as the time.
We assume that the spatial and momentum distribu-

tions factorize as

n
12

'
(

⇢m(xi, ⌧) fm(qi, ⌧) for |q
1

� q

2

| < ⇤

⇢hh(xi, ⌧) fhh(qi, ⌧) for |q
1

� q

2

| � ⇤
, (A2)

12	

d/p	≈	molecule/hadron	

Nm
0/N12		from	1	to	10	-6	



The	new	data	from	the	LHCb	collabora9on	on	the	rela9ve	X(3872)	to	
ψ(2S)	abundance	can	only	be	understood	if	both	

systems	have	only	slightly	different	sizes,	i.e.	if	the	X(3872)	has	a	typical	
hadronic	size,	strongly	disfavouring	the	molecular	interpreta9on	

Conclusion	
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