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High multiplicity pp events and J/ψ production at energies available at
the CERN Large Hadron Collider
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We discuss the dependence of J/ψ production on the charged particle multiplicity in proton-proton collisions
at CERN Large Hadron Collider (LHC) energies. We show that, in the framework of parton saturation or string
interaction models, the hard J/ψ production exhibits a significant growth with the multiplicity, which is stronger
than linear in the high density domain. This departure from linearity, that should affect any hard observable,
applies for high multiplicity proton-proton collisions in the central rapidity region and is a consequence of the
parton saturation or the strong interaction among color ropes that take place at LHC energies. Our assumption,
the existence of coherence effects present in proton-proton collisions at high energy, can also be checked by
studying the particular shape of the probability distribution associated to the J/ψ production. Predictions for the
forthcoming pPb collisions at LHC energies are presented.
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I. INTRODUCTION

Relativistic Heavy Ion Collider (RHIC) [1–4] and CERN
Large Hadron Collider (LHC) [5–7] data on heavy-ion colli-
sions have shown several important features which indicate
the formation of a high density partonic medium with
characteristic properties as the low shear viscosity and high
opacity. Since the energy density achieved in high multiplicity
events produced in pp collisions at LHC is comparable to
the reached density in CuCu central collisions or AuAu
peripheral collisions at

√
sNN = 200 GeV, it is pertinent to

wonder about the possibility to obtain a similar high density
medium which would be reflected in experimental observables,
similar to heavy-ion collisions. An illustration of this would
be the predicted ridge structure [8,9] observed by CMS
collaboration [10] in pp collisions. Also, the eventuality that
other observables, as long range rapidity correlations [11–13],
energy loss [14], or the elliptic flow [15,16], are measurable in
pp collisions, has been reckoned with in different frameworks.

We address here to the J/ψ production in high multiplicity
pp collisions. We will show that the rise of J/ψ production
in the highest multiplicity events observed by the ALICE
collaboration [17] can be naturally explained as a consequence
of string interaction or parton saturation. This feature is
particularly important, since, due to the absence of nuclear
effects in this case, it can be use as a baseline in order to
disentangle different mechanism that are expected in heavy-ion
collisions, as the J/ψ suppression due to sequential dissoci-
ation [18] or the J/ψ enhancement due to the recombination
of uncorrelated c and c̄ quarks [19].

II. OUR APPROACH

Our main assumption, shared by many of the mentioned
approaches, is the fact that, in high-energy hadronic collisions,
all projectiles, be it protons or nuclei, have finite spatial
extension and thus collide generically at finite impact pa-
rameter by means of elementary parton-parton collisions. We
may consider the color ropes or flux tubes—strings—as the

fundamental variables of our description. They are formed in
each parton-parton collision and they constitute the elementary
sources of particle production. In this string framework, the
number of parton-parton collisions is reflected as the number
of produced strings, Ns . These strings have non-negligible
transverse size, of the order of 0.2–0.3 fm and different
space-time rapidities, and they can interact—overlap—so
reducing the effective number of sources, in particular in which
concerns soft particle production.

Consider now the hard particle production. The number of
initially produced J/ψ , nJ/ψ , can be taken as proportional
to the number of collisions, in analogy to any hard process.
In the string-like models, this number corresponds to the
number of produced strings, Ns . On the other hand, the
rapidity multiplicity distribution dN/dη—mainly soft—is not
proportional to the number of collisions, but mostly to the
number of participants. This reduction can be considered as
a consequence of shadowing [20], parton saturation [21] or
string interactions—percolation— [22]. In other words, in the
string models, the J/ψ multiplicity behaves proportional to
the number of strings Ns . On the contrary, the charged particle
multiplicities suffer a strong reduction due to the interaction
among the strings and behave roughly as

√
Ns . This behavior

have striking consequences, as we will see below.
In particular, in the string percolation approach, the multi-

plicity distribution is given by

dN

dη
= F (ρ)Nsμ1, (1)

where μ1 corresponds to the multiplicity of a single string in
the rapidity range of interest, Ns is the number of produced
strings and F (ρ) corresponds to the damping factor induced
by the string interaction,

F (ρ) =
√

1 − e−ρ

ρ
. (2)

Note that, within the damping factor, 1 − e−ρ represents the
fraction of the total area that is covered by strings. The
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interaction among strings and the consequent damping factor
is a function of the the string density, ρ = Nsσ0

σ
, where σ0

is the transverse area of one string, σ0 = πr2
0 , r0 ∼ 0.25 fm,

and σ corresponds to the transverse area of the collision. So
the existence of many strings—directly related to the number
of available partons—effectively screens the charged particle
multiplicities, which agrees qualitatively with the concept of
saturation.

On the other hand, assuming the proportionality between
the number of produced J/ψ and the number of collisions,

nJ/ψ

〈nJ/ψ 〉 = Ns

〈Ns〉 , (3)

it is possible to obtain the relation between the charged
particle multiplicity and the number of produced J/ψ , that,
accordingly to Eqs. (2) and (3), will obey

dN
dη〈
dN
dη

〉 =
(

nJ/ψ

〈nJ/ψ 〉
)1/2

⎡
⎣1 − e

− nJ/ψ

〈nJ/ψ 〉 〈ρ〉

1 − e−〈ρ〉

⎤
⎦

1/2

, where

〈ρ〉 = 〈Ns〉σ0

σ
. (4)

At low multiplicities, where the number of strings 〈Ns〉 is
small, the above equation gives rise to the linear dependence

nJ/ψ

〈nJ/ψ 〉 =
dN
dη〈
dN
dη

〉 . (5)

On the contrary, at high multiplicities, the bracket in the right
hand side of Eq. (4) can be approximated by 〈ρ〉−1/2. One
obtains in this case

nJ/ψ

〈nJ/ψ 〉 = 〈ρ〉
(

dN
dη〈
dN
dη

〉
)2

. (6)

Thus the linear dependence obtained previously for low
multiplicities, Eq. (5), changes to an squared dependence when
high multiplicity events are at play.

Note that in the above equations we have used the approx-
imation 〈f (ρ)〉 = f (〈ρ〉). As the average refers to minimum
bias distributions, and since we have considered smooth profile
functions for the proton, this approximation is valid.

In order to compare with the available pp experimental
data, we take σ = σ

pp

inel = 70 mb [23] as the transverse area
of the collision. The number of strings, 〈Ns〉, can be obtained
from the SFM code [24], a Monte Carlo code based on the
quark gluon string model, similar to the dual parton model
[25] or EPOS [26]. Moreover, the value of Ns can also be
checked using the expression derived in Ref. [27], 〈Ns〉 =
b + (2 − b)( s

st
)λ, where λ = 0.2–0.3, b = 1.37 and the low

energy threshold
√

st = 10 GeV. We obtained, for the central
rapidity region, 〈Ns〉 = 16, while in the forward rapidity
region the number of strings is smaller, 〈Ns〉 = 8. The reason
for this difference is the fact that, while the long strings—
stretched between valence quarks and diquarks of the colliding
protons—cover most of the rapidity range thus contributing
to both central and forward rapidity production, the short
strings—stretched between sea quarks and antiquarks—are
mostly created in the central rapidity region only.
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FIG. 1. (Color online) Our results for pp collisions in the central
(|y| < 0.9, dashed line) and forward (2.5 < y < 4, dotted line)
rapidity range, together with the experimental data for the central
(circles) and forward (squares) rapidity regions from the ALICE
Collaboration [17]. The linear behavior (solid line) and our prediction
for pPb collisions (dashed-dotted line) at 7 TeV are also plotted.

III. RESULTS

In Fig. 1 we show our results for pp collisions for both
the central and forward rapidity range, together with the
experimental data from the ALICE Collaboration [17]. We
observe a good agreement. The main uncertainty of our
evaluation concerns the value of 〈Ns〉, which can induce
an uncertainty in the 〈ρ〉 value of 20%, of the same order
of the last experimental point error. Moreover, it would
be most interesting to measure nJ/ψ

〈nJ/ψ 〉 at larger multiplicity,
dN
dη

〈 dN
dη

〉 � 8–10 to check the behavior of data. Note that for this

high pp multiplicities, the values of the parton densities ρ

are comparable to those obtained in CuCu central collisions
or AuAu peripheral collisions at RHIC energies, where J/ψ

melting is observed. If experimental data were significantly
lower than our curve, this would be an indication of J/ψ

suppression in absence of any nuclear effect.
Our study can be extended to pA collisions, by considering

that the corresponding number of strings is proportional to
the one in pp multiplied by the number of pA collisions ν,
〈NpA

s 〉 = ν〈Npp
s 〉. In the rapidity range −4 < η < −2 and

for pPb collisions at 7 TeV, ν � 6, according to Glauber
models. Note nevertheless that in the case of pA collisions
we can expect that other cold nuclear matter effects, namely
shadowing and nuclear absorption can be at play. However,
these effects saturate quite fast with centrality, so their
influence in the ratio dn

dη
/〈 dn

dη
〉 should cancel out for dn

dη
> 〈 dn

dη
〉.

Our predictions for the LHC forthcoming pPb collisions are
shown in Fig. 1.
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Our assumption, the existence of coherence effects present
in pp collisions at high energy, can also be checked by studying
the probability distribution associated to the J/ψ production,
Pc(n). Pc(n) refers to the charged particle multiplicity distri-
bution associated with charm production—the probability of
producing n particles, being, at least one of them, a J/ψ . This
distribution is given by

Pc(n) = nJ/ψ

〈nJ/ψ 〉P (n) , (7)

where P (n) alludes to the usual charged particle minimum
bias distribution. The above equation corresponds to the
well-established universal relation between minimum bias
distribution P and the multiplicity distribution associated to
the production of a rare event c, Pc [28,29]. This formula
is valid in any model of particle production based on the
superposition of the contributions from elementary partonic
interactions—as it is the case in most of the multiple scattering
models—when the kind of events triggered is shadowed
only by events of the same kind, and not for the whole of
events. In addition to this requirement, these events must
have a small cross section. In other words, one can say
that the rare events are those produced only by one of the
elementary interactions, the probability of it occurring twice
in one collision being negligible. This is the case if one is
triggering on a heavy particle like the J/ψ , and it would
also be the case when studying ϒ production or multiplicity
distributions associated to W , Z0 production in pp collisions.
The validity of Eq. (7) has been checked for several cases in
AA and pp collisions [28,29]. Moreover, a different trend for
the multiplicity distributions for interactions with and without
charm, in agreement with our expectations, was already
obtained more than twenty years ago by NA27 Collaboration
[30] in pp collisions. This difference was interpreted to be
due to the more central nature of collisions leading to charm
production. This is also the case in our approach, when taking
the shape given by Eq. (7).

From the experimental pp minimum bias distribution P (n)
measured by ALICE [17] for the rapidity range |η| < 1.0,
and using the relation established in Eqs. (5) and (6) for
the computation of nJ/ψ

〈nJ/ψ 〉 as a function of the multiplicity,
one can calculate the probability distribution for the J/ψ ,
Pc(n), accordingly to Eq. (7). Our results for pp in the
central rapidity region are shown in Fig. 2, compared to the
minimum bias distribution P (n) in this region. A particular
shape, characterized by a reduction of the probability for
low multiplicities and an increase at high multiplicities when
compared to the minimum bias distribution is obtained.
Moreover, we have checked that, when using PYTHIA 6.4 in the
Perugia 2011 tune [31,32] for the computation of nJ/ψ

〈nJ/ψ 〉 as a
function of the multiplicity, accordingly to the result presented
in Refs. [17,33] in the central rapidity region, and applying
Eq. (7), the opposite behavior results.1

1According to Ref. [17], the PYTHIA result exhibits a decrease of
the J/ψ multiplicity with respect to the event multiplicity, contrary
to data.
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FIG. 2. Minimum bias experimental distribution P (n) (solid line)
compared to our obtained Pc(n) distribution for the J/ψ (dashed line)
and to the Pc(n) distribution obtained when using PYTHIA for the J/ψ

production (dotted line).

IV. CONCLUSION

In conclusion, we have reproduced here the rise of J/ψ

production in the highest multiplicity events observed by
the ALICE Collaboration in pp collisions. This increase,
more pronounced in the central rapidity region, may be a
consequence of the formation of a high density medium in pp

collisions at LHC energies. In this case, the linear dependence
of J/ψ production on the charged particle multiplicity
obtained for low multiplicities—where the parton densities
are smaller—changes to an squared dependence when high
multiplicity events are at play, due to the high string densities.

This behavior can be checked by studying the probability
distribution associated to the J/ψ production, compared
to the minimum bias probability distribution. A particular
shape, characterized by a reduction of the probability for
low multiplicities and an increase at high multiplicities when
compared to the minimum bias distribution would be obtained.

A similar behavior is obtained when studying J/ψ produc-
tion in pPb collisions at similar energies, in absence of other
cold nuclear matter effects.

ACKNOWLEDGMENTS

We are grateful to N. Armesto, G. Martinez, and C. A.
Salgado for useful discussions. This work is supported by
Ministerio de Economia y Competitividad of Spain (FPA2011-
22776 and AIC-D-2011-0740) and FEDER.

034903-3



E. G. FERREIRO AND C. PAJARES PHYSICAL REVIEW C 86, 034903 (2012)

[1] B. B. Back et al., Nucl. Phys. A 757, 28 (2005).
[2] K. Adcox et al. (PHENIX Collaboration), Nucl. Phys. A 757,

184 (2005).
[3] J. Adams et al. (STAR Collaboration), Nucl. Phys. A 757, 102

(2005).
[4] I. Arsene et al. (BRAHMS Collaboration), Nucl. Phys. A 757,

1 (2005).
[5] J. Schukraft, J. Phys. G 38, 124003

(2011).
[6] P. Steinberg, J. Phys. G 38, 124004 (2011).
[7] B. Wyslouch (CMS Collaboration), J. Phys. G 38, 124005

(2011).
[8] L. Cunqueiro, J. Dias de Deus, and C. Pajares, Eur. Phys. J. C

65, 423 (2010).
[9] P. Brogueira, J. Dias de Deus, and C. Pajares, Phys. Lett. B 675,

308 (2009).
[10] V. Khachatryan et al. (CMS Collaboration), J. High Energy Phys.

09 (2010) 091.
[11] J. Dias de Deus and C. Pajares, Phys. Lett. B 695, 211

(2011).
[12] M. Strikman, Phys. Rev. D 84, 011501 (2011).
[13] K. Werner, I. Karpenko, and T. Pierog, Phys. Rev. Lett. 106,

122004 (2011).
[14] S. Vogel, P. B. Gossiaux, K. Werner, and J. Aichelin, Nucl.

Phys. A 855, 448 (2011); Phys. Rev. Lett. 107, 032302
(2011).

[15] I. Bautista, L. Cunqueiro, J. D. de Deus, and C. Pajares, J. Phys.
G 37, 015103 (2010).

[16] J. Casalderrey-Solana and U. A. Wiedemann, Phys. Rev. Lett.
104, 102301 (2010).

[17] B. Abelev et al. (ALICE Collaboration), arXiv:1202.2816.

[18] T. Matsui and H. Satz, Phys. Lett. B 178, 416 (1986); F. Karsch,
D. Kharzeev, and H. Satz, ibid. 637, 75 (2006).

[19] P. Braun-Munzinger and J. Stachel, Nucl. Phys. A 690, 119
(2001); A. Andronic, P. Braun-Munzinger, K. Redlich, and
J. Stachel, Phys. Lett. B 652, 259 (2007).

[20] E. G. Ferreiro, F. Fleuret, J. P. Lansberg, and
A. Rakotozafindrabe, Phys. Lett. B 680, 50 (2009).

[21] D. Kharzeev, E. Levin, M. Nardi, and K. Tuchin, Phys. Rev.
Lett. 102, 152301 (2009).

[22] N. Armesto, M. A. Braun, E. G. Ferreiro, and C. Pajares, Phys.
Rev. Lett. 77, 3736 (1996).

[23] G. Antchev et al. (TOTEM Collaboration), Europhys. Lett. 95,
41001 (2011).

[24] N. S. Amelin, N. Armesto, C. Pajares, and D. Sousa, Eur. Phys.
J. C 22, 149 (2001).

[25] A. Capella, U. Sukhatme, C. I. Tan, and J. Tran Thanh Van,
Phys. Rep. 236, 225 (1994).

[26] T. Pierog and K. Werner, Nucl. Phys. Proc. Suppl. 196, 102
(2009).

[27] J. Dias de Deus, M. C. Espirito Santo, M. Pimenta, and
C. Pajares, Phys. Rev. Lett. 96, 162001 (2006).

[28] J. Dias de Deus, C. Pajares, and C. A. Salgado, Phys. Lett. B
408, 417 (1997); 409, 474 (1997); 407, 335 (1997).

[29] J. Dias de Deus and C. Pajares, Phys. Lett. B 442, 395 (1998).
[30] M. Aguilar-Benitez et al. (LEBC-EHS Collaboration), Z. Phys.

C 40, 321 (1988); 41, 191 (1988).
[31] P. Z. Skands, Phys. Rev. D 82, 074018 (2010).
[32] T. Sjostrand, S. Mrenna, and P. Z. Skands, J. High Energy Phys.

05 (2006) 026.
[33] S. Porteboeuf-Houssais (ALICE Collaboration),

arXiv:1202.5864.

034903-4

http://dx.doi.org/10.1016/j.nuclphysa.2005.03.084
http://dx.doi.org/10.1016/j.nuclphysa.2005.03.086
http://dx.doi.org/10.1016/j.nuclphysa.2005.03.086
http://dx.doi.org/10.1016/j.nuclphysa.2005.03.085
http://dx.doi.org/10.1016/j.nuclphysa.2005.03.085
http://dx.doi.org/10.1016/j.nuclphysa.2005.02.130
http://dx.doi.org/10.1016/j.nuclphysa.2005.02.130
http://dx.doi.org/10.1088/0954-3899/38/12/124003
http://dx.doi.org/10.1088/0954-3899/38/12/124003
http://dx.doi.org/10.1088/0954-3899/38/12/124004
http://dx.doi.org/10.1088/0954-3899/38/12/124005
http://dx.doi.org/10.1088/0954-3899/38/12/124005
http://dx.doi.org/10.1140/epjc/s10052-009-1215-8
http://dx.doi.org/10.1140/epjc/s10052-009-1215-8
http://dx.doi.org/10.1016/j.physletb.2009.04.025
http://dx.doi.org/10.1016/j.physletb.2009.04.025
http://dx.doi.org/10.1007/JHEP09(2010)091
http://dx.doi.org/10.1007/JHEP09(2010)091
http://dx.doi.org/10.1016/j.physletb.2010.11.017
http://dx.doi.org/10.1016/j.physletb.2010.11.017
http://dx.doi.org/10.1103/PhysRevD.84.011501
http://dx.doi.org/10.1103/PhysRevLett.106.122004
http://dx.doi.org/10.1103/PhysRevLett.106.122004
http://dx.doi.org/10.1016/j.nuclphysa.2011.02.102
http://dx.doi.org/10.1016/j.nuclphysa.2011.02.102
http://dx.doi.org/10.1103/PhysRevLett.107.032302
http://dx.doi.org/10.1103/PhysRevLett.107.032302
http://dx.doi.org/10.1088/0954-3899/37/1/015103
http://dx.doi.org/10.1088/0954-3899/37/1/015103
http://dx.doi.org/10.1103/PhysRevLett.104.102301
http://dx.doi.org/10.1103/PhysRevLett.104.102301
http://arXiv.org/abs/arXiv:1202.2816
http://dx.doi.org/10.1016/0370-2693(86)91404-8
http://dx.doi.org/10.1016/j.physletb.2006.03.078
http://dx.doi.org/10.1016/S0375-9474(01)00936-8
http://dx.doi.org/10.1016/S0375-9474(01)00936-8
http://dx.doi.org/10.1016/j.physletb.2007.07.036
http://dx.doi.org/10.1016/j.physletb.2009.07.076
http://dx.doi.org/10.1103/PhysRevLett.102.152301
http://dx.doi.org/10.1103/PhysRevLett.102.152301
http://dx.doi.org/10.1103/PhysRevLett.77.3736
http://dx.doi.org/10.1103/PhysRevLett.77.3736
http://dx.doi.org/10.1209/0295-5075/95/41001
http://dx.doi.org/10.1209/0295-5075/95/41001
http://dx.doi.org/10.1007/s100520100761
http://dx.doi.org/10.1007/s100520100761
http://dx.doi.org/10.1016/0370-1573(94)90064-7
http://dx.doi.org/10.1016/j.nuclphysbps.2009.09.017
http://dx.doi.org/10.1016/j.nuclphysbps.2009.09.017
http://dx.doi.org/10.1103/PhysRevLett.96.162001
http://dx.doi.org/10.1016/S0370-2693(97)00815-0
http://dx.doi.org/10.1016/S0370-2693(97)00815-0
http://dx.doi.org/10.1016/S0370-2693(97)00844-7
http://dx.doi.org/10.1016/S0370-2693(97)00677-1
http://dx.doi.org/10.1016/S0370-2693(98)01255-6
http://dx.doi.org/10.1007/BF01548848
http://dx.doi.org/10.1007/BF01548848
http://dx.doi.org/10.1007/BF01566916
http://dx.doi.org/10.1103/PhysRevD.82.074018
http://dx.doi.org/10.1088/1126-6708/2006/05/026
http://dx.doi.org/10.1088/1126-6708/2006/05/026
http://arXiv.org/abs/arXiv:1202.5864



