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Abstract. Many observables measured at the Relativistic Heavy Ion Collider and the
Large Hadron Collider show a smooth transition between proton-proton and proton-
nucleus collisions (small systems), and nucleus-nucleus collisions (large systems), when
represented versus some variable like the multiplicity in the event. In this contribution
I review some of the physics mechanisms, named cold nuclear matter effects, that may
lead to a collective-like behaviour in small systems beyond the macroscopic description
provided by relativistic hydrodynamics. I focus on the nuclear modification of parton
densities, single inclusive particle production and correlations.

1 Motivation

In recent years much attention has been devoted in the high-energy physics community to the exper-
imental findings that indicate a smooth transition between "small" collisions systems (proton-proton,
pp, and proton-nucleus, pA) and "large" collision systems (nucleus-nucleus, AA). These findings
at both the Large Hadron Collider (LHC) and the Relativistic Heavy Ion Collider (RHIC), are par-
ticularly striking as some of the involved observables have been traditionally considered as signa-
tures of the creation of deconfined partonic matter close to thermodynamical equilibrium - Quark
Gluon Plasma - in high-energy AA collisions. They include (see the review [1]) azimuthal asym-
metries of apparent collective nature, thermal-like spectra and baryon/strangeness enhancement at
small and intermediate transverse momentum respectively, hadrochemistry, interferometry, quarko-
nium suppression,. . ., the only exception being jet quenching.

While this behaviour was first observed in AA and high-multiplicity pA and pp collisions, the
interest in this subject has been increased recently by the observation that azimuthal asymmetries and
the ridge structure - two particle correlations whose strength extends through several units of pseu-
dorapidity and is maximum at zero (near side region) and m (back-to-back region) azimuthal angle
- can also be observed in pp collisions with multiplicities close to minimum bias [2—4]. From the
theoretical side, two facts augment the importance of these findings even further: the fact that viscous
relativistic hydrodynamics is able to provide a description of such data [5] even if the conditions of
large opacity and approximate momentum isotropy seem difficult to fulfil in pp; and the applicability
of hydrodynamics in far-from-equilibrium situations that was obtained both at strong [6, 7] and weak
coupling [8]. Thus, the traditional statement that the success of hydrodynamics clearly indicated the
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existence of an equilibrated partonic medium with vanishing viscosity has moved to the questions [9]:
e What does this apparent continuity in the applicability of collective ideas from small to large sys-
tems tell us about the dynamics of a non-equilibrium partonic system in Quantum Chromodynamics
(QCD)?;

e How does the macroscopic description that hydrodynamics provides emerge from the microscopic
QCD dynamics?

Several reviews exist on the subject, see e.g. [10, 11] and also the numerous presentations at
the recent Initial Stages conference [12]. The experimental aspects have been presented in the talks
by R. Preghenella and N. Novitzky at this conference. The aim of this contribution is to review
effects that may cause or contribute to the collectivity found in small systems, whose origin lies in the
initial state or the very initial stages of the collision. Therefore, they may provide an alternative or
complementary explanation to that of final state rescattering leading to hydrodynamics. And, in any
case, such initial state effects, called cold nuclear matter effects (CNM), must be anyway addressed
both from a fundamental point of view - long range rapidity correlations in the ridge must come from
the early stages of the collision, and from an instrumental one - hydrodynamics must be provided with
initial conditions and the effects on the final observables of the dynamics prior to the hydrodynamic
behaviour constrained. Due to limitations of space, I will focus on a few aspects: nuclear modification
of parton densities, single inclusive particle production and correlations in small systems. References
will not be exhaustive. I apologise in advance to those who may find their work underrepresented.

2 Nuclear modification of parton densities

The fact that structure functions in bound nucleons are different from those in free nucleons has been
known for decades [13]. In collinear factorisation that is the standard tool for the calculation of
observables with a perturbative scale in hadronic collisions, this fact reflects in nuclear modifications
of parton densities (nPDFs), usually studied through the nuclear modification factor for parton density
fi Ri(x, 0% = fA(x, Q*)/[Af! (x, 0*)]. The most recent analysis are shown in Fig. 1.

Focusing on the two most recent ones [14, 15], the difference between them are mainly the degree
of freedom for the nuclear effects on the different quark flavours, applied only to valence in [14] and
to both valence and sea quarks in [15], and the inclusion of neutrino and pPb LHC data in the second.
The difference can be seen in the left and middle plots in Fig. 2. On the other hand, the effect of
neutrino and pPb LHC data can be seen in the plots of the right, through a comparison of [15] with
analysis that do not include LHC data [16] or neither neutrino nor LHC data [17]. While parton densi-
ties in the different analysis coincide in the regions constrained by experimental data, some comments
are in order:

e The effect of the form of the initial parametrisation for DGLAP evolution, widely different in
[14, 15], reflects in the fact that the uncertainties obtained by the standard Hessian analysis are very
different, and also in the behaviours in regions far from those constrained by experimental data e.g.
x < 0.01;

e The effect of including more sets of data, given by the comparison of the results of [15] with those
of previous analysis [16, 17], seems small and even counterintuitive. This is partly due to the small
constraining power of new data except in specific regions (e.g. for the glue at x ~ 0.1) and by the fact
that a new, more flexible initial parametrisation produces larger uncertainties even if the same sets of
data are employed.

Both items emphasise the role of the initial parametrisations on the uncertainties and extrapolations
of nPDFs, an aspect well known in the community of proton parton densities and that will play an
important role in the analyses of nPDFs in the future.
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Figure 1. Summary of the most recent global analyses of nPDFs indicating the acronym and reference, the sets
of employed data, the order of the perturbative evolution, the reference proton parton density used in the analysis,
the scheme for treating heavy flavours and some comments like the employed tolerance and peculiarities of the
analysis. See the relevant reference for details.
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Figure 2. Left and middle plots: comparison between the nuclear modification factors nPDFs from the nCTEQ15
and EPPS16 sets. Plots on the right: id. from the EPPS16, EPS09 and DSSZ sets.
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Figure 3. Summary of processes studied in the CGC with the perturbative order of the calculation, their avail-
ability for theory and phenomenology, and some comments.

RHIC and the LHC have also provided data with constraining power on nPDFs through nuclear
ultraperipheral collisions (UPCs), see the recent review [18] and refs. therein. While data have clearly
established the existence of nuclear gluon shadowing in Pb [19], uncertainties in the theory of quarko-
nium production makes it questionable to introduce such data in a global analysis of nPDFs. On
the other hand, UPCs offer a huge potential for constraining the transverse partonic structure of the
proton, see [20, 21].

As a final comment, it should be noted that azimuthal asymmetries and other signals of collectivity
cannot be presently described within collinear factorisation. Therefore, the use of low transverse
momentum observables from dAu or pPb collisions to constrain nPDFs should be carefully examined.

3 Single inclusive particle production

Recently, a huge progress has been developed on calculations in the Color Glass Condensate (CGC)
[22], the weak coupling but non perturbative effective theory of dense partonic systems. In Fig. 3 1
summarise the status of recent calculations. One point that should be stressed is that most calculations
have been done in a dilute-dense regime suitable for the study of pp or pA collisions in the forward
(proton) rapidity region.

Concerning single inclusive particle production, see Fig. 4, much progress has been made lately
to understand and control the next-to-leading corrections (NLO) computed some years ago [24, 25]
in the hybrid formalism!. This is a complex calculation where collinear and soft divergencies appear.
The collinear ones are absorbed in the DGLAP evolution of standard collinear parton densities and
fragmentation functions, while the soft ones produce the small-x JIMWLK evolution of the target
colour ensemble, both evolutions appearing at leading order (LO). After realising that the NLO results

IThe hybrid formalism considers the scattering of a dilute projectile, whose partons can be treated as collinear, on a dense
target that is considered an ensemble of colour fields in the CGC framework.
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Figure 4. Diagram showing the next-to-leading contribution to single hadron production at forward rapidities in
the CGC. Taken from [23].
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Figure 5. Nuclear modification factor for prompt J/i’s (left plot, from [33]) and D’s (right plot, from [34])
compared to several models. Those labeled *CGC’ are predictions from the hybrid formalism, those labeled
’Energy Loss’ contain final state effects for J/i, and the rest are purely collinear approaches using different sets
of nPDFs. See the experimental papers for details and references.

turned the spectrum negative at moderate transverse momentum (how large this transverse momentum
is depends strongly on the employed parametrisation for the dipole-nucleus scattering amplitude),
several solution were proposed. Those fluctuations of the projectile too short lived to be resolved by
the target had to be removed [26], which gave a natural way to regularise the soft divergencies and
produced additional terms in the production cross section that shifted the negativity problem to larger
values of transverse momenta.

While a complete understanding is still under progress, at present the key idea lies is devising a
procedure for subtraction of the soft divergencies that is able to maintain the positivity of the cross
section while resumming leading higher order terms, see [27] and refs. therein. The problem is related
to the large negative corrections found in the NLO JIMWLK evolution equations [28, 29]. Several
methods have been proposed for this purpose [30, 31]. Meanwhile, the comparison of measurements
of the nuclear modification factors in pPb collisions at the LHC for charged particles at midrapidity
[32], and of J/y’s [33] and D’s [34] at forward rapidities, are not conclusive as both CGC predictions
and collinear calculations (within their large uncertainties) are compatible with existing data.

As in the previous Section, a word of caution is needed in such comparisons, as there may be
other effects at play that are included neither in collinear approaches nor in the CGC calculations.
Besides the collective effects mentioned there, there may be a contribution from multiple partonic in-
teractions (MPIs), see below, and our understanding of D meson fragmentation and of J/¢ production
still contains sizeable uncertainties.



4 Correlations in small systems

The ridge phenomenon lies at the heart of the present discussions in small systems. In this Section I
will review its explanation in the CGC and attempts to model it in the MPI framework, see Section 1.

4.1 Color Glass Condensate

All explanations to the ridge phenomenon in the CGC assume that the final state carries the imprint
of the correlations in the initial state, and that the CGC wave function is invariant over long rapidity
intervals Ay ~ 1/a;. Three type of explanations have been proposed:

e "Glasma graphs" [35] that have given rise to a successful phenomenology [36, 37];

e Local anisotropy of target fields [38];

e Spatial variations of partonic density [39].

Concerning the first item, it has been shown that the correlations are due to the Bose enhancement
of gluons in the CGC wave function [40], which also give rise to Hanbury-Brown—Twiss correlations
[41, 42]. Therefore, they contain information both about the ’source’ size (of order of the inverse of
the saturation scale of the target) and about the distributions of ’sources’, of order of the target radius.
Correspondingly, quarks experience Pauli blocking [43]. Its limitations are the fact that the rescat-
tering with the target, modelled through eikonal Wilson lines, is taken at lowest order, and that the
colour correlations in the target are modelled as Gaussian and isotropic, which leads to the fact that
two particle correlations are subleading in the number of colours N, to the absence of odd Fourier
harmonics and to the fact that the cumulant c,{4} > 0. Work to include high density corrections and
overcome these limitations can be found in [44-46], with the appearance of odd harmonics and cor-
relations no longer subleading in N.. Concerning the second item, models considering non isotropic
colour correlations in the target and domains with oriented chromoelectric fields have been developed,
see [47] and refs. therein, with the result that c,{4} becomes leading in N, and negative depending on
the size of the anisotropy and on the number of domains.

4.2 Multiple parton interactions

MPIs - the fact that multiple parton-parton and nucleon-nucleon collisions may be at play in pp, pA
and AA collisions at high energies - underlie current models for pp interactions, see [48] and refs.
therein. They can be traced back to dual unitarisation models, see [49] for a review. Most Monte
Carlo simulators for AA collisions [50, 51] contain them in one form or another.

Besides multiple scattering itself, the colour rearragement (CR) between the partons taking part
in different parton-parton collisions and the interaction between strings produced in the collision,
has proved crucial for reproducing collectivity-like features in small systems. First, CR have been
found to describe the baryon/strangeness enhancement at intermediate transverse momentum [52].
Second, string interactions predicted the collectivity features observed in pp collisions at the LHC
[53]. Recently, sophisticated models containing both an enhancement of the string tension due to
the overlap of the string colour fields, and repulsion among the strings inspired by lattice results, are
able to describe the ridge azimuthal distributions [54], see Fig. 6 left. Besides, final state mechanisms
(parton rescattering) also produce the azimuthal ridge structure provided a spatially anisotropic system
(two separated strings) is considered for initialising the parton transport [55], see Fig. 6 right.

Summarising, small systems have evolved from benchmark to signatures. The experimental find-
ing that they show many of the features found in AA and interpreted as signatures of QGP plus the
success of hydrodynamics to describe them, implies that in order to fully interpret the results in AA,
we must understand how collectivity is built with increasing system size. Besides nPDFs, I have
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Figure 6. Left plots: two particle azimuthal distributions from the DIPSY model [54] with and without shoving
(string repulsion), compared to CMS data. Right plots: two particle azimuthal distributions and second Fourier
coefficient in the AMPT model initialised with two strings, with and without parton rescattering [55].

shown some of the CNM alternatives to a hydrodynamical description: the CGC approach to particle
production and MPIs. Both contain approximations (e.g. dilute-dense in the CGC) and require non-
perturbative input: multiPDFs, models for the colour ensembles in the medium,... The importance
of this problem cannot be overstressed as we are addressing a central issue both in QCD and in many
other fields: the onset of the transition from the microscopic dynamics to a macroscopic description.
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