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• Introduction : Monte-Carlo event generators for small-x

• CGC + PYTHIA : a new approach to simulate pp & pA collisions 

• Study of bulk observables in small systems 
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Ring-I Ring-II Ring-III



P.Tribedy, POETIC-8 MCEGs workshop, Regensburg, 2018

We want one ring to rule them all

3

• Introduction : Monte-Carlo event generators for small-x

• CGC + PYTHIA : a new approach to simulate pp & pA collisions 

• Study of bulk observables in small systems 

• Towards extending this approach for EIC

Ring-I Ring-II Ring-III



P.Tribedy, POETIC-8 MCEGs workshop, Regensburg, 2018

Outline : MCEG

4

DIS e+p cross 
section

dipole-nuclei 
S-Matrices

CGC framework, 
LC gauge-fields

Qs(x,b)
U(x,b)

n-gluon  
distributions

DP, WW TMDs 
(G,h)

Pythia

Pythia

p+p/A

e+p/A

Stress-Energy  
Tensor

Hydro
p/d/A+A

Input (Requirements) Output

Building a Monte-Carlo Event Generator, at sufficiently high energy, small-x



P.Tribedy, POETIC-8 MCEGs workshop, Regensburg, 2018 5

DIS e+p cross 
section

dipole-nuclei 
S-Matrices

CGC framework, 
LC gauge-fields

Qs(x,b)

n-gluon  
distributions

U(x,b)

DP, WW TMDs 
(G,h)

Pythia

Pythia

p+p/A

e+p/A

Building a Monte-Carlo Event Generator This talk

Stress-Energy  
Tensor

Hydro
p/d/A+A

This workshop

Introduction : MCEG



P.Tribedy, POETIC-8 MCEGs workshop, Regensburg, 2018 6

Pomerons
Regge trajectories

High-Density 
Gluon MatterQ S

2 (x)

Quarks and 
Gluons

Hadrons

Strongly Correlated 
Quark-Gluon Dynamics Linear e

volution

Non-lin
ear e

volution

Q2 (GeV2)

1/x

no
n-

pe
rtu

rb
at

iv
e

pe
rtu

rb
at

iv
e

st
ro

ng
 

co
up

lin
g

w
ea

k
co

up
lin

g

R
es

ol
ut

io
n

Parton Density

Confinement, Chiral

Symmetry Breaking

Rapidity provides way to very Bjorken x 
3

FIG. 1. Transverse profile of a single proton configuration at four di↵erent intervals dY of the evolution. The di↵erent

panels show a contour plot of the real part of the trace of the Wilson line <(tr[1 � V (x, y)])/Nc as a function of the transverse

coordinates x and y. The small (large) blue circles show the position and size of the three constituent quarks (the proton).

emphasize that even though we will be interested in the
evolution of a finite size proton where translation invari-
ance is explicitly broken, the use of periodic boundary
conditions does not pose any additional problems. We
find that, as long as the kernel decays su�ciently fast at
large distance scales and the physical extent of the proton
is small compared to the lattice size, (unphysical) contri-
butions from across the lattice boundary are suppressed
by several orders of magnitude.

We solve the lattice version of Eq. (8) numerically by
performing a series of updates in dY according to the fol-
lowing procedure: We first generate the stochastic fields
⇠x at each lattice point and subsequently perform the
color rotations Vz⇠zV

†
z to obtain the argument of the left

hand side exponential. We then perform the two con-
volutions with the kernel, which for a lattice with pe-
riodic boundary conditions can be performed in Fourier
space at cost of order N2

? log(N2
?), which is significantly

more e�cient than the direct implementation in coordi-
nate space, which scales as N4

?. Finally, we perform the
matrix exponential by use of analytic matrix diagonaliza-
tion formulae [28] and compute the Wilson lines at the
next rapidity step. This procedure is then repeated to
obtain the evolution over a finite rapidity interval.

Within this framework observables can be computed in
a straightforward way as functionals of the Wilson lines
at any given Y [12, 14–16]. When converting the results
to physical units, the scale of the lattice computation is
set by the proton radius Rp ' 1 fm.1 If not stated other-
wise, the results presented in this paper are obtained for
N? = 2048 lattices with physical size N?a? = 8.53 fm,
lattice spacing a? = 4.167 ⇥ 10�3 fm, and rapidity step
size dY = 3.33 ⇥ 10�3. We will consider a fixed cou-
pling constant ↵s = 0.3 for simplicity and comment on
expected modifications due to running coupling e↵ects.

1 The precise value of Rp can be fixed by fitting experimental data
on DIS cross sections within our model. We expect Rp to be close
to the gluonic radius (see e.g. [29]).

IV. EVOLUTION OF A SINGLE PROTON

When studying the energy evolution of a single pro-
ton, we start at some moderately small value of x = x0,
where the evolution becomes dominated by the gluon de-
grees of freedom. We thus need a parametrization of the
initial Wilson line configurations of a proton at x0, which
in principle could be constrained by DIS data. Within
this exploratory study, we refrain from performing actual
fits to experimental data and instead consider di↵erent
parameters within a simple model of the proton.
Our approach is motivated by the phenomenologically

successful constituent quark model [30, 31] and amounts
to sampling a distribution of moderately small x gluons
around the large x constituent quarks. In practice we first
sample the positions ~xCQ = (xCQ, zCQ) of the three large
x constituent quarks according to a three dimensional
Gaussian distribution inside the proton, such that

h~x 2
CQi = R2

p . (10)

We then initialize the Wilson lines according to a
color neutral distribution of randomly distributed color
charges ⇢a(x) inside the constituent quarks, which we
think of as corresponding to the gluons radiated o↵ the
constituent quarks between x ⇠ 1 and the initial value of
x = x0.
We divide this large x region into N0

Y = 100 intervals,
such that the initial Wilson lines are given by [32]

V0(x) =

N0
YY

i=1

exp

✓
�ig

⇢Yi
a (x)ta

r2
? +m2

◆
(11)

where r2
? = @i@i and m ⇠ ⇤QCD is the same e↵ective

mass scale as in Eq. (9), which regulates the infrared be-
havior of the Coulomb tails. We consider a Gaussian
distribution of the color charges ⇢Yi

a (x), which – follow-
ing standard McLerran-Venugopalan type models [3] –
we take as uncorrelated between points (x and y) in the
transverse plane, di↵erent colors, and di↵erent rapidity
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FIG. 1. Transverse profile of a single proton configuration at four di↵erent intervals dY of the evolution. The di↵erent

panels show a contour plot of the real part of the trace of the Wilson line <(tr[1 � V (x, y)])/Nc as a function of the transverse

coordinates x and y. The small (large) blue circles show the position and size of the three constituent quarks (the proton).
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evolution of a finite size proton where translation invari-
ance is explicitly broken, the use of periodic boundary
conditions does not pose any additional problems. We
find that, as long as the kernel decays su�ciently fast at
large distance scales and the physical extent of the proton
is small compared to the lattice size, (unphysical) contri-
butions from across the lattice boundary are suppressed
by several orders of magnitude.
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⇠x at each lattice point and subsequently perform the
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tion formulae [28] and compute the Wilson lines at the
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obtain the evolution over a finite rapidity interval.

Within this framework observables can be computed in
a straightforward way as functionals of the Wilson lines
at any given Y [12, 14–16]. When converting the results
to physical units, the scale of the lattice computation is
set by the proton radius Rp ' 1 fm.1 If not stated other-
wise, the results presented in this paper are obtained for
N? = 2048 lattices with physical size N?a? = 8.53 fm,
lattice spacing a? = 4.167 ⇥ 10�3 fm, and rapidity step
size dY = 3.33 ⇥ 10�3. We will consider a fixed cou-
pling constant ↵s = 0.3 for simplicity and comment on
expected modifications due to running coupling e↵ects.

1 The precise value of Rp can be fixed by fitting experimental data
on DIS cross sections within our model. We expect Rp to be close
to the gluonic radius (see e.g. [29]).
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to sampling a distribution of moderately small x gluons
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Gaussian distribution inside the proton, such that
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emphasize that even though we will be interested in the
evolution of a finite size proton where translation invari-
ance is explicitly broken, the use of periodic boundary
conditions does not pose any additional problems. We
find that, as long as the kernel decays su�ciently fast at
large distance scales and the physical extent of the proton
is small compared to the lattice size, (unphysical) contri-
butions from across the lattice boundary are suppressed
by several orders of magnitude.

We solve the lattice version of Eq. (8) numerically by
performing a series of updates in dY according to the fol-
lowing procedure: We first generate the stochastic fields
⇠x at each lattice point and subsequently perform the
color rotations Vz⇠zV

†
z to obtain the argument of the left

hand side exponential. We then perform the two con-
volutions with the kernel, which for a lattice with pe-
riodic boundary conditions can be performed in Fourier
space at cost of order N2

? log(N2
?), which is significantly

more e�cient than the direct implementation in coordi-
nate space, which scales as N4

?. Finally, we perform the
matrix exponential by use of analytic matrix diagonaliza-
tion formulae [28] and compute the Wilson lines at the
next rapidity step. This procedure is then repeated to
obtain the evolution over a finite rapidity interval.

Within this framework observables can be computed in
a straightforward way as functionals of the Wilson lines
at any given Y [12, 14–16]. When converting the results
to physical units, the scale of the lattice computation is
set by the proton radius Rp ' 1 fm.1 If not stated other-
wise, the results presented in this paper are obtained for
N? = 2048 lattices with physical size N?a? = 8.53 fm,
lattice spacing a? = 4.167 ⇥ 10�3 fm, and rapidity step
size dY = 3.33 ⇥ 10�3. We will consider a fixed cou-
pling constant ↵s = 0.3 for simplicity and comment on
expected modifications due to running coupling e↵ects.

1 The precise value of Rp can be fixed by fitting experimental data
on DIS cross sections within our model. We expect Rp to be close
to the gluonic radius (see e.g. [29]).
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A remarkable phenomenon at the LHC 
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Ridge phenomenon :
Di-hadron correlations in relative pseudorapidity (Δη) & azimuth (Δφ) 

High multiplicity p+p/A  → strikingly similar to A+A
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Ridge is a rare phenomenon in p+p/A

Things look very different in min-bias p+p/A collisions
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PYTHIA can’t explain the Ridge seen
in high multiplicity events, it looks 
more like the low-multiplicity data  
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Conventional MCEG can’t explain ridge 

3

four multiplicity classes based on the total amount of
charged particles producd (with pT >0.05 GeV/c) within
2.8 < ⌘ <5.1 or 3.7 < ⌘ < 1.7. This corresponds to the
acceptance range of ALICE VZERO-A and VZERO-C
detector and used for multiplicity class determination by
the ALICE collaboration [36]. The multiplicity classes
are denoted as 60-100%, 40-60%, 10-40%, 0-10% from
the lowest to the highest multiplicity. Two particle cor-
relation functions with proton triggers as obtained from
PYTHIA 8 and EPOS 3 in the 0-10% event class are
given in Fig.2.
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FIG. 2: [Color online] Two particle �⌘-�� correlation func-
tion in 0-10 % event class of pp collisions at

p
s = 7 TeV with

proton as trigger particles from PYTHIA 8 (top) and EPOS
3 (bottom).

This analysis concentrates only on the near side (|��|
< ⇡/2) of the correlation function. The particles from
jet fragmentation are expected to be confined in a small
angular region. The flow modulated background is esti-
mated from large |�⌘| (|�⌘| � 1.1) and subtracted from
the near side jet peak (|�⌘| < 1.1) as it is done in [27]
[37].

The �� projected correlation functions for regions
|�⌘| < 1.1 (jet) and |�⌘| >1.1 (bulk) are shown in Fig
3. The background subtracted �� projected correlation
function is shown in Fig 4. After bulk subtraction the
event averaged near-side jetlike per trigger yield is calcu-
lated by integrating the �� projection in the range |��|
< ⇡/2.
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FIG. 3: [Color online] The �� projected correlation function
for two �⌘ regions referred to as jet (blue) and bulk (red).
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FIG. 4: [Color online] The �� projected correlation function
after bulk subtraction as discussed in the text.

IV. RESULTS AND DISCUSSION

In this work, the multiplicity evolution of the bulk sub-
tracted near-side jet-like per trigger yield associated with
pion and proton triggers in pp collisions at

p
s = 7 TeV

has been studied. The trigger particles are selected from
the intermediate pT range (2.0 < pT < 4.0 GeV/c) where
the inclusive proton to pion enhancement has been ob-
served in data [3] and can be qualitatively explained by
both hydrodynamics (EPOS 3) and MPI based color re-
connection (PYTHIA 8) as shown in Fig 1. The intrigu-
ing feature of particle production at intermediate trans-
verse momentum is the contribution from both hard and
soft processes.
In Fig. 5(a) the multiplicity dependence of the bulk

subtracted near side jet-like yield (per trigger) as calcu-
lated from EPOS 3 for pp collisions at 7 TeV is shown.
Both pion and proton triggered yield decrease with mul-
tiplicity but the proton triggered yield exhibits a larger
rate of suppression. The ratio of proton to pion trig-
gered jet-like yield decreases with multiplicity as shown
in Fig 5(b). In the context of EPOS model, particles
originating from corona are referred to as hard parti-
cles and those from the core are soft [27]. Soft hadrons
pushed from lower to higher pT by radial flow are ex-
pected not to exhibit a short range jet-like correlation
beyond the expected flow (ridge) like correlation [27].
Thus the bulk/flow subtracted near-side jet peak is dom-
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High-multiplicity p+p
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Over time many results got accumulated

Origin of high multiplicity events

Systematics of Δη-Δφ correlations

Energy dependence of ridge in p+p 

Similar underlying dynamics 
must drive these phenomenon 

p+p p+A

arXiv: 1011.5531

arXiv: 1509.04776, 1210.5482

A new approach & MCEG → needed to explain these systematics
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Gluons saturation : a natural explanation
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Saturation enhances correlated emission of gluons over a wide phase space 

Fig: K Dusling 

A natural explanation of origin of high multiplicity events and ridge  
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target

Multi particle production at high energies → collisions are really complicated
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Color Glass Condensate approach

McLerran, Venugopalan hep-ph/9309289 

A systematic treatment →  Color Glass condensate effective field theory

⇢(

Distribution of color charge            → Input to the theory from DIS 
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to be
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Color Glass Condensate
I Color: QCD (gluons carry color charge)
I Glass: Stochastic interactions, dynamics on very long time

scales (time dilation).
I Condensate: Fields with large occupation # ⇠ 1/↵S with

mom. peaked at kT ⇡ QS

TPSC%seminar,%IIT%Roorkee%%29/11/12% 36%

Color%Glass%Condensate%

Color:%QCD%(gluons%carry%color%charge)%
%
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A weak coupling e↵ective theory with
I Fast (large-x) partons ! static classical color source ⇢
I Slow (small-x) partons ! classical gluon fields Aµ.

McLerran , Venugopalan 1994 (hep-ph/9309289)
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Gluon saturation
Gribov, Levin, Ryskin 1983

No of gluons of a fixed size saturates due to phase space constrain.

many new
smaller partons
are produced
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Higher energy ! larger Qs � ⇤QCD , e↵ective coupling ↵S(QS) is small
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Classical approximation: 

Large-x partons : color source

Small-x partons : color fields 
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Systematic approach for multiple observables
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FIG. 4. A cartoon showing the contributions of di-jet and glasma graphs in two particle correlation function Y (��) integrated
over a broad range of |�⌘|. This is a slightly modified version of the figure from [78]

the systematics of multi-particle correlations in small col-
lision systems.

B. Qualitative discussion of Initial state
correlations

Multi-particle production in Quantum Chromo Dy-
namics (QCD) naturally leads to correlations between
particles produced in high-energy collisions. A complete
theoretical understanding of these e↵ects though is ex-
tremely challenging. Neverthelesse significant progress
has been achieved in recent years based on the CGC ef-
fective field theory (EFT) of high-energy QCD, which
provides the basis for phenomenological applications at
RHIC and LHC energies.

Let us focus our discussion on the origin and systemat-
ics of the two particle correlations seen at LHC. By far the
most well established source of long-range two-particle
azimuthal correlations is due the production of back-to-
back di-jets. Such processes (also referred as “Mueller-
Navelet” jets [80]) are depicted in the right panel of Fig. 4
and can be computed within standard perturbative QCD.
Di-jet production is kinematically constrained to produce
only away side (peaked at �� = ⇡) collimations and
dominates in low-multiplicity or min-bias events. How-
ever, in high-multiplicity events one is probing rare con-
figurations of the proton where in addition to the pro-
duction of di-jets from a single hard scattering, multi-
parton processes become increasingly important. A first
calculation of these e↵ects in the CGC framework was
based on evaluating the associated Feynman diagrams re-
ferred to as “Glasma graphs”, depicted in the left panel
of Fig. 4. Such graphs give rise to non-factorizable two
particle correlations that has symmetric structure in rel-
ative azimuthal angle �� around ⇡/2 (see Fig.4). When
decomposed in terms of the Fourier coe�cients of the
particle distributions, they give rise to non-zero even har-
monics vn. Beyond the lowest order processes depicted
in the left panel of Fig. 4, further contributions to the az-
imuthal collimations come from the multiple scattering of
partons leading to both even and odd vn. Such processes

can be included in a classical Yang-Mills description and
will be discussed in more detail in a following section.
Since interference e↵ects between Glasma graphs and

Jet graphs vanish to lowest order in the kinematic regime
⇤QCD ⌧ QS . pT , qT the resulting two-particle correla-
tions function as a direct sum of both contributions
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The relative strength of the di-jet production represented
by the “Jet-graph” and the “Glasma-graphs” determines
the features of the observed di-hadron correlations as
shown in Fig.4. In high multiplicity events the Glasma
graphs are enhanced by a relative factor of ↵

�4
S com-

pared to the “Jet-graphs”, one therefore naturally ex-
pects to see a pronounced near side collimation at�� ⇠ 0
that extends over a wide range of rapidity referred as the
“near side ridge”. The fact that near side collimation
extends in long range rapidity is a consequence of the
nearly boost invariant nature of the glasma gluon fields.
While qualitatively these features are indeed present in
the experimental data, of course it requires detailed the-
ory calculations to establish the quality of agreement. In
the remainder of this section, we will outline the essential
steps in the computation of initial state correlations in
the CGC framework. A summary of comparisons with
experimental results is presented in section III.
In the CGC framework colliding protons and nuclei are

e↵ectively described as static sources of color charge on
the light-cone that generate color currents

J
⌫ = �

⌫±
⇢A(B)(x

±
,x?). (4)

The color charge densities ⇢A(B)(x
±
,x?) in each collid-

ing hadron or nucleus fluctuate from event to event and
their statistical properties are constrained by indepen-
dent measurements. Computation of multi-particle pro-
duction in CGC framework is based on the calculation
of the classical Yang-Mills fields created due such color
currents by solving the Yang-Mills equations

[Dµ, F
µ⌫ ] = J

⌫
. (5)
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• Promising results on multiplicity distributions 
• Observables are to be studied in bins of multiplicity

Multiplicity distribution
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Building the MCEG 
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Inputs from DIS data : IP-Sat model  
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FIG. 1: Left: Dipole cross-section in DIS. Right: Overlap of unintegrated gluon distributions in proton-proton collisions.

where Ũ(b⊥ ± r⊥
2 ) is a Wilson line in the fundamental representation representing the interaction between a quark

and the color fields of the target. The average ⟨· · · ⟩x is an average over these color fields; the energy dependence of
the correlator as a function of x (or the rapidity Y = ln(1/x)) is given by the JIMWLK equation [? ]. In the large Nc

limit, the equation for the energy evolution of this correlator is the Balitsky-Kovchegov (BK) equation [? ]. We note
however that neither JIMWLK nor BK is at present equipped to deal well with the impact parameter dependence of
the dipole cross-section; the dipole cross-section in this formalism is taken in eq. (2) to be independent of the impact
parameter. To address the impact parameter dependence of this equation, one resorts to models which parametrize
both saturation effects and the impact parameter dependence.

In hadron-hadron collisions, one can derive at leading order the expression [8]

dNg(b⊥)

dy d2p⊥

=
16αs
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d2s⊥
(3)

This equation is a generalization of the well known k⊥ factorization expression for inclusive gluon production [? ?
] to include the impact parameter dependence of the unintegrated gluon distributions. Here CF = N2

c − 1/2Nc is
the Casimir for the fundamental representation. In the large Nc limit, these unintegrated gluon distributions can be
expressed in terms of the dipole cross-section as [? ]

dφ(x,k⊥|s⊥)

d2s⊥
=
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(4)

Thus the impact parameter dependent dipole cross-section determined from HERA data can be used to compute the
single inclusive gluon distribution in proton-proton collisions with no additional parameters. This statement is strictly
valid to leading log accuracy for momenta k⊥ > Q2

s,p. However, as we shall discuss later, there will be additional
parameters that come in when one wants to make contact with the measured hadron spectrum.

This approach was applied most recently to compute the single inclusive hadron spectrum in proton-proton collisions
at the LHC by Levin and Rezaeian [? ]. The quantitative differences of our study to their work are the following:
a) we consider all three dipole models that give good fits to HERA data to see whether they give results consistent
with the HERA data, b) we study and comment on the dependence of the results on variations of the parameters in
the study and c) we convolve the inclusive gluon distribution with fragmentation function instead of using a simple
fragmentation presciption as in ref. [? ]. We shall also comment on other quantitative differences in our respective
treatments. A qualitative difference of our work relative to that of ref. [? ] is that we compute directly the average
inclusive multiplicity at a given impact parameter. In computing the minimum bias single inclusive multiplicity
distribution, there are similar uncertainties as ref. [? ], which can be fixed by normalizing the data to single inclusive
data at lower center of mass energies. However, as we shall discuss later, the average multiplicity at a given impact
parameter however is an essential input in computing the probability distribution as a function of event multiplicity.
We shall compute the n-particle probability distribution and compare our results with the p+p collider data. These
results will be important in understanding the role of various sources of fluctuations in the p+p collider data.

Spatial gluon profile & DGLAP :  

Coherent & Incoherent diffractive DIS from HERA 
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FIG. 2: Coherent and incoherent cross section as a function of

|t| calculated from the IP-Glasma framework compared with

HERA data [52, 53, 59, 60]. The bands show statistical errors

of the calculation.

production cross section, the incoherent cross section
is largely underestimated (by more than an order of
magnitude for |t| & 1 GeV2). Increasing the amount
of geometric fluctuations by using smaller quarks that
are further apart on average (Bqc = 3.5 GeV�2, Bq =
0.5 . . . 1 GeV�2), leads to an incoherent cross section
compatible with the data, while maintaining a good de-
scription of the coherent |t| spectrum. Consequently we
also expect to maintain a good description of the Q2 and
W dependence of the coherent J/ production cross sec-
tion [6] and the agreement with the di↵ractive structure
function data [27] within the IPsat model.

Note that the average distance of a constituent quark

from the center of the proton is
q

hr2qi =
p
2Bqc =

0.28 fm for the smoother proton and 0.52 fm for the
lumpy proton we consider. We also show the conven-
tional IPsat result, which has zero fluctuations and thus
zero incoherent cross section.

In the IP-Glasma framework the additional color
charge fluctuations produce a non-zero incoherent cross
section even without geometric fluctuations. The e↵ect of
this kind of fluctuations on incoherent di↵ractive vector
meson production was considered in [61] in the Gaus-
sian approximation and found to be suppressed as 1/N2

c .
The result for a round proton with Bp = 4 GeV�2 and
m = 0.4 GeV in Fig. 2 shows that these fluctuations
alone are not enough to describe the measured incoher-
ent cross section. However, the IP-Glasma model com-
bined with a constituent quark picture with parameters
Bqc = 4 GeV�2, Bq = 0.3 GeV�2, and m = 0.4 GeV pro-
duces coherent and incoherent cross sections compatible

FIG. 3: Four configurations of the proton in the IP-Glasma

model at x ⇡ 10
�3

, represented by 1 � Re( Tr V )/Nc.

with the data. This emphasizes the necessity of geomet-
ric fluctuations in a description of the transverse struc-
ture of the proton, which is in line with findings in p+A
collisions [14].
Note that even though the color charge density is sam-

pled from a proton described by the IPsat model, in the
IP-Glasma framework Coulomb tails are produced that
are regulated by confinement scale physics implemented
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However, color charge fluctuations in the IP-Glasma
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Glasma model with constituent quarks, demonstrating
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tity shown is 1 � Re(TrV )/Nc.
Similar to the color charge fluctuations in the IP-

Glasma framework, saturation scale fluctuations alone
result in an incoherent cross section, which is orders of
magnitude below the experimental data. The coherent

Kowalski, Teaney hep-ph/0304189 
Rezaeian et al 1212.2974                      
Schenke, Mantysaari 1603.04349
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• Higher order cumulants: Data shows that 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FIG. 12. Time evolution of the eccentricities from the IP-

Glasma model at impact parameter b = 8 fm.

We observed that the running coupling CYM results
give good agreement with the RHIC and LHC single in-
clusive multiplicity distributions as a function of Npart.
The computed n-particle inclusive multiplicity distribu-
tion shows good agreement with the uncorrected STAR
data on the same once a constant correction factor is ap-
plied. A prediction is made for multiplicity distributions
at the LHC. We further observe that our results are well
described as a convolution of negative binomial distribu-
tions at di↵erent impact parameters. The parameters of
the negative binomial distributions are extracted, and it
is observed that, in the approximation of smoothed nu-
cleon configurations, for large parton densities, the pre-
dictions of the Glasma flux tube picture are recovered.
For the realistic situation of fluctuating wounded nucleon
configurations, one still obtains NBDs albeit with signif-
icantly wider widths. The non-perturbative coe�cient ⇣
introduced in the Glasma flux tube description quanti-
fies the e↵ect of wounded nucleon fluctuations. Predic-
tive power, in particular for central impact parameters
at higher energies, is still retained because ⇣ is (nearly)
energy independent, while the width parameter k (in
Eq. 36) has a strong energy dependence controlled by
the saturation scale Q

2
s.

The computation of eccentricity moments is performed
up to ✏6. It is seen that "2 is smaller than in the MC-
KLN model (used as an initial condition in many hy-
drodynamic studies), while the odd moments are larger,
pointing to the additional role of multiplicity fluctuations
in the IP-Glasma model.

An essential follow up to this work is to match the re-
sults of the IP-Glasma model, event-by-event, to viscous
hydrodynamic simulations. This will allow one to gauge
the e↵ects of dissipative flow in modifying the energy
and multiplicity distributions and on the conversion of
spatial anisotropies into momentum anisotropies. These
have the potential to significantly enhance our under-
standing of the transport properties of the quark-gluon
plasma, with the caveat that a systematic treatment of

pre-equilibrium flow including instabilities can alter some
of these conclusions significantly.
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Appendix A: The IP-Sat model

The impact parameter dependent dipole saturation
model (IP-Sat) [4] is a refinement of the Golec-Biernat–
Wüstho↵ dipole model [55, 56] to give the right pertur-
bative limit when r? ! 0 [3]. It is equivalent to the
expression derived in the classical e↵ective theory of the
CGC, to leading logarithmic accuracy [57].
The proton dipole cross-section in this model is ex-

pressed as

d�p
dip

d2b?
(r?, x,b?) = 2 [1� exp (�F (r?, x,b?))](A1)

with

F (r?, x,b?) =
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Here the scale µ̃
2 is related to dipole radius r? as
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+ µ̃

2
0 , (A3)

and the leading order expression for the running cou-
pling is given by Eq. (33). The model includes saturation
as eikonalized power corrections to the DGLAP leading
twist expression and may be valid in the regime where
logs in Q

2 dominate logs in x. The saturation scale for
a fixed impact parameter is determined self–consistently
by requiring that the dipole amplitude (within brackets
in eq. A1) have the magnitude N (x, rS ,b?) = 1� e

�1/2,
with Q

2
s,p = 2/r2S . We note that there is an overall loga-

rithmic uncertainty in the determination of Q2
s,p(x,b?).

For each value of the dipole radius, the gluon density
xg(x, µ̃2) is evolved from µ̃

2
0 to µ̃
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evolution equation without quarks,
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Here the gluon splitting function with Nf flavors and
CA=3 and TR=1 is
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We observed that the running coupling CYM results
give good agreement with the RHIC and LHC single in-
clusive multiplicity distributions as a function of Npart.
The computed n-particle inclusive multiplicity distribu-
tion shows good agreement with the uncorrected STAR
data on the same once a constant correction factor is ap-
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tions at di↵erent impact parameters. The parameters of
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cleon configurations, for large parton densities, the pre-
dictions of the Glasma flux tube picture are recovered.
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introduced in the Glasma flux tube description quanti-
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at higher energies, is still retained because ⇣ is (nearly)
energy independent, while the width parameter k (in
Eq. 36) has a strong energy dependence controlled by
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The computation of eccentricity moments is performed
up to ✏6. It is seen that "2 is smaller than in the MC-
KLN model (used as an initial condition in many hy-
drodynamic studies), while the odd moments are larger,
pointing to the additional role of multiplicity fluctuations
in the IP-Glasma model.

An essential follow up to this work is to match the re-
sults of the IP-Glasma model, event-by-event, to viscous
hydrodynamic simulations. This will allow one to gauge
the e↵ects of dissipative flow in modifying the energy
and multiplicity distributions and on the conversion of
spatial anisotropies into momentum anisotropies. These
have the potential to significantly enhance our under-
standing of the transport properties of the quark-gluon
plasma, with the caveat that a systematic treatment of
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Appendix A: The IP-Sat model

The impact parameter dependent dipole saturation
model (IP-Sat) [4] is a refinement of the Golec-Biernat–
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Inputs from DIS data : Nuclear oomph

IP-Sat : Color charge distribution inside Nuclei

IP-Sat (Impact Parameter dependent saturation) parametrization HERA
DIS ! proton-dipole scattering matrix Sp

dip(r?, x ,b?) ⇠ exp
�
�r2Q2

sp/2
�

The nuclear scattering matrix is obtained as

SA
dip(r?, x ,b?) =

AY

i=0

Sp
dip(r?, x ,b?)

S
i

p

i ! nucleons are distributed according to Fermi distribution.

SA
dip ! distribution of nuclear saturation scale Qs(b?, x) solving :

SA
dip(r?= rS , x ,b?) = exp(�1/2) =) Q2

s =
2

r2S

Iteratively solving x = Qs (b?,x)p
s

! Qs(b?,
p
s)

Lumpy color charge density distribution g2µ(x?)⇠Qs(x?)

Kowalski, Lappi, Venugopalan 0705.3047

Lappi, arXiv:0711.3039, 1104.3725

Prithwish Tribedy Quark Matter 2014, Darmstadt, Germany 6/23
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dip ! distribution of nuclear saturation scale Qs(b?, x) solving :
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dip(r?= rS , x ,b?) = exp(�1/2) =) Q2
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2
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Iteratively solving x = Qs (b?,x)p
s
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Lumpy color charge density distribution g2µ(x?)⇠Qs(x?)

Kowalski, Lappi, Venugopalan 0705.3047

Lappi, arXiv:0711.3039, 1104.3725

Prithwish Tribedy Quark Matter 2014, Darmstadt, Germany 6/23

Nucleus → multiple scattering centers (from Glauber) + IP-Sat :  

Q2
s,A(

√
s) ∼ A1/3Qs,proton(

√
s)→ less boost is needed to saturate nuclei 

R ∼ A1/3

We obtain saturation scales for different configurations of a nucleus
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Building the MCEG 
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• Fundamental objects are Color Charge 
density matrices ρa(x⊥,Y), local Gaussian 
distribution W[ρ]  (MV-Model)  

• Color field before collisions : solving Yang 
Mills equations for each configuration of 
source ρ(x⊥) & current Jν = δν ρ(x⊥)

• Compute & evolve the color fields after 
collisions : 

Classical Yang-Mills approach on 2+1D lattice
Schenke, Tribedy, Venugopalan 1202.6646

E-by-E solve CYM for two colliding nuclei : [Dµ, Fµ⌫ ] = J
⌫

TPSC%seminar,%IIT%Roorkee%%29/11/12% 39%

Color%Glass%Condensate%

where

J+ = �(x�)⇢1(x?)

J� = �(x+)⇢2(x?)

J i = 0 (11)

and we have restricted ourselves to work in a gauge where the link operators along

the particle trajectories drop out.

Before the collision takes place, we find a solution of the equations of motion

to be

A+ = 0

A� = 0

Ai = �(x�)�(�x+)↵i
1(x?) + �(x+)�(�x�)↵i

2(x?) (12)

This is a solution of the Yang-Mills equations in all of space-time except on or

within the forward light cone, as shown in Fig. 3. In the forward light cone, we
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must add in extra pieces in order to have a solution. This will be done below. The
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Ax0=0 = A(A) + A(B)

The%field%a|er%collision:%

Once%Aμ%%a|er%collision%is%known,%%
we%can%calculate:%
%
Fμν%%&%StressVEnergy%Tensor%(Tμν),%
Hamiltonian%(H). 
%
Final%energy%density%%(=%T00)%
~%E2%+%B2%%
%
%%

Solve%YangVMills%equa1on%for%
individual%nuclei%on%2+1%D%latce.%

Produced%par1cle%mul1plicity%or%number%density%=%n(k)%%can%be%calculated%by%assuming%
%a%massless%dispersion%rela1on%ω(k)%=%k.%

H ⇠ n(k)�(k)

Schenke,%PT,%Venugopalan%PRC#86,#034908#(2012)%

CGC% CGC%

Glasma%

Color charge density for one A+A collision

Two point correlator for one A+A collision

⇢(x?) sampled from local Gaussian distribution W [⇢]
⌦
⇢a(x?)⇢b(y?)

↵
= �ab�2(x?�y?)g2µ2(x?)

lattice implementation Krasnitz, Venugopalan, hep-ph/9809433 Lappi, hep-ph/0303076
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classical color charge 

classical color field 

hep-ph/9809433, hep-ph/0303076, 
arXiv:1206.6805,arXiv: 1202.6646

The IP-Glasma model of CGC 
Schenke, PT, Venugopalan Phys. Rev. Lett. 108 (2012) 252301

4

with the color current

J
⌫ = �

⌫±
⇢A(B)(x

⌥
,x?) (6)

generated by a nucleus A (B) moving along the x
+ (x�)

direction (the upper index is for nucleus A). In (6) we
have assumed that we are in a gauge where A

⌥ = 0
such that temporal Wilson lines along the x

+ (x�) axis
become trivial unit matrices.

The solution to Eq. (5) is most easily found in Lorentz
gauge @µA

µ = 0, where the equation becomes a two-
dimensional Poisson equation

�r2
?A

±
A(B) = ⇢A(B)(x

⌥
,x?) , (7)

whose solution can formally be written as

A
±
A(B) = �⇢A(B)(x

⌥
,x?)/r2

? . (8)

It will be more convenient to work in light-cone gauge
A

+(A�) = 0 when computing the gluon fields after the
collision. The solution in this gauge is obtained by gauge
transforming the result in Lorentz gauge using the path-
ordered exponential

VA(B)(x?) = P exp

✓
�ig

Z
dx

� ⇢
A(B)(x�

,x?)

r2
T +m2

◆
, (9)

giving the pure gauge fields [10, 33, 34]

A
i
A(B)(x?) = ✓(x�(x+))

i

g
VA(B)(x?)@iV

†
A(B)(x?) , (10)

A
�(A+) = 0 . (11)

The infrared regulator m in Eq. (9) is of order ⇤QCD and
incorporates color confinement at the nucleon level. 4

Physically, the solution (10,11) is a gauge transform of
the vacuum on one side of the light-cone and another
gauge transform of the vacuum on the other side. We
have chosen one of them to be zero as an overall gauge
choice. The discontinuity in the fields on the light-cone
corresponds to the localized valence charge source [5].

The initial condition for a heavy-ion collision at time
⌧ = 0 is given by the solution of the CYM equations
in Fock–Schwinger gauge A

⌧ = (x+
A

� + x
�
A

+)/⌧ = 0,
which is a natural choice because it interpolates between
the light-cone gauge conditions of the incoming nuclei. It
is also necessary for the Hamiltonian formulation that we
adopt (gauge links in the temporal (⌧) direction become

4 Other prescriptions which do not explicitly introduce a mass [35]
are feasible but they all inevitably involve introducing a nucleon
size scale. This is because there is a Coulomb problem in QCD
which is cured only by confinement. The presumption here is
that physics at high energies is dominated by momenta ⇠ Qs

and is insensitive to infrared physics at the scale m. From a
practical point of view, we observe that our results are weakly
sensitive to small variations in the scale m.

unit matrices in this gauge). It has a simple expression
in terms of the gauge fields of the colliding nuclei 5[5, 36]:
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In the limit ⌧ ! 0, A⌘ = �E⌘/2, with E⌘ the longitu-
dinal component of the electric field. At ⌧ = 0, the only
non-zero components of the field strength tensor are the
longitudinal magnetic and electric fields, which can be
computed non-perturbatively. They determine the en-
ergy density of the Glasma at ⌧ = 0 at each transverse
position in a single event [8, 9].
The Glasma fields are then evolved in time ⌧ accord-

ing to Eq. (5). Over a time scale ⇠ 1/Qs the fields are
strong and the system is strongly interacting. Due to the
expansion of the system, the fields become weak after
this time scale and the system begins to stream freely.
Incorporation of quantum fluctuations in a 3+1 dimen-
sional CYM simulation will however lead to instabilities,
which will modify this behavior and potentially keep the
system strongly interacting for a more extended period
of time [37, 38]. As noted previously, these instabilities
could isotropize the system, naturally leading to a tran-
sition to viscous hydrodynamic behavior. The detailed
study of instabilities and the origin of isotropization is
a complex task and beyond the scope of this work. For
recent progress in this direction see [28, 39–41]. We em-
phasize that key aspects of this work, the event-by-event
determination of color charge distributions and solutions
of Yang–Mills equations will be essential ingredients in
these generalized frameworks as well. In particular, in
the framework of Ref. [28], the additional ingredient is
repeated solution of the CYM equations with slightly
di↵erent seeds drawn from an initial spectrum of fluc-
tuations.

III. NUMERICAL COMPUTATION

We will now discuss the numerical implementation of
the continuum discussion in the previous section. Be-
cause the classical gauge field configurations are boost
invariant, our computations are carried out on 2+1-
dimensional lattices. From the nuclear color charge den-
sity squared, determined as described in the previous sec-
tion, we can sample independent color charges ⇢
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IP-Glasma : Multiplicity and Energy density

E-by-E soln. of CYM equation on 2+1D lattice ! F
µ⌫(⌧, x?, ⌘).

I Multiplicity (n): In the transverse Coulomb Gauge at ⌧ = 0.4 fm:

dNg

dy
=

2

N2

Z
d
2
kT

k̃T

h
g
2

⌧
tr (Ei (k?)Ei (�k?))+⌧ tr (⇡(k?)⇡(�k?))

i

I Energy density (✏): F
µ⌫

! T
µ⌫ (stress energy tensor).

T
µ⌫ = �g

��
F

µ
�F

⌫
� +

1

4
g

µ⌫
F

�
�F

�
�

solving eigen value eq. uµT
µ⌫ = ✏u⌫ gives ✏ and flow u

⌫
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FIG. 1: Linearly polarized and unpolarized WW gluon distributions versus transverse momentum q? at di↵erent rapidities Y .
Transverse momentum is measured in units of the saturation momentum Qs(Y ). The curves correspond to evolution at fixed
↵s = 0.15.

variant mass is given by M = P?/
p
z(1� z). Also,

✏2f = z(1 � z)Q2 with Q2 of order P 2
?. Here, we re-

strict ourselves to kinematic configurations where ~P? is
greater than ~q?, referred to as the “correlation limit” in
Refs. [5, 22].

In Eq. (2) � denotes the azimuthal angle between ~P?
and ~q?, respectively. We introduce the following measure
for the azimuthal anisotropy,

v2 ⌘ hcos 2�i . (4)

The average over � in this equation is performed with
the weight (1) or (2), respectively. Since

x =
1

s

✓
q2? +

1

z(1� z)
P 2
?

◆
(5)

is independent of �, for a longitudinally/transversally po-
larized photon we have

vL2 =
1

2

h(1)
? (x, q?)

G(1)(x, q?)
, vT2 = �

✏2fP
2
?

✏4f + P 4
?

h(1)
? (x, q?)

G(1)(x, q?)
.

(6)

The linearly polarized h(1)
? and unpolarized G(1) dis-

tributions are defined as the traceless part and the trace
of the Weizsäcker-Williams unintegrated gluon distribu-
tion, respectively:

xGij
WW =

1

2
�ijxG(1) � 1

2

✓
�ij � 2

kikj

k2

◆
xh(1)

? . (7)

In the CGC framework the gluonic degrees of freedom at
small x are described by Wilson lines. They are path or-
dered exponentials in the strong color field of the target,

and cross sections for di↵erent observables can be related
to di↵erent correlation functions of the Wilson lines. The
Wilson line is a path ordered exponential of the covariant
gauge field, whose largest component is A+:

U(xT ) = P exp

⇢
ig

Z
dx�A+(x�,xT )

�
. (8)

The Weizsäcker-Williams unintegrated gluon distribu-
tion [5, 22, 34], on the other hand, is expressed most
naturally in terms of the light cone gauge (A+ = 0) field,
which has large transverse components. These can be
obtained by a gauge transformation

Ai(xT ) =
1

ig
U †(xT ) @iU(xT ) . (9)

Since, in light cone gauge, the gauge field lives above
the light cone Ai(xT , x�) ⇠ ✓(x�)Ai(xT ), this field can
also be thought of as a sheet of color electric field on the
light cone Ei(xT , x�) = �(t�z)Ai(xT ). The Weizsäcker-
Williams distribution is simply the two-point correlator
of the light cone gauge fields

xGij
WW(x,~k) =

8⇡

L2

Z
d2xT

(2⇡)2
d2yT

(2⇡)2
e�ikT ·(xT�yT )

⇥
⌦
Ai

a(xT )A
j
a(yT )

↵
, (10)

where we have normalized the distribution with the
transverse area of the target L2. This normalization
drops out of the results expressed in terms of the ellip-
tical asymmetry v2. For analytical calculations of the

functions G(1)(x0, q?) and h(1)
? (x0, q?) in the McLerran-

Venugopalan (MV) model [35, 36], see Refs. [6, 22].
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CGC meets Lund fragmentation of PYTHIA

dN

dkT dy

-4 -2  0  2  4
kx [GeV]

-4

-2

 0

 2

 4

k y
 [G

eV
]

Momentum space anisotropy  
is already built in

IP-Glasma gluon dist→ Sampling gluons → Strings → Hadronization 

Schenke, PT, Venugopalan Phys. Rev. Lett. 108 (2012) 252301
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CGC meets Lund fragmentation of PYTHIA
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IP-Glasma gluon dist→ Sampling gluons → Strings → Hadronization 

Sampled gluons carry momentum  
space anisotropy

Schenke, PT, Venugopalan Phys. Rev. Lett. 108 (2012) 252301
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CGC meets Lund fragmentation of PYTHIA
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IP-Glasma gluon dist→ Sampling gluons → Strings → Hadronization 

No color-reconnection effect unlike standard PYTHIA

Bulk observables in p+p collisions using Yang-Mill dynamics and Lund string
fragmentation

I. YANG-MILLS EVOLUTION : IP-GLASMA

The current implementation of IP-Glasma model in-

cludes three di↵erent sources of fluctuations : 1) impact

parameter of collisions, 2) intrinsic saturation scale of the

proton, 3) the spatial distribution of color charge density,

constrained by IP-Sat parametrization of HERA data.

The fluctuation of impact parameter is determined by

the di↵erential probability

dP

d2b
(b) =

1� e��ggN
2
gTpp(b)

R
d2b

⇣
1� e��ggN2

g Tpp(b)
⌘ , (1)

where Tpp is the e↵ective overlap area of the two pro-

tons and N2
g�gg is the e↵ective partonic cross section,

the value of which is adjusted in such way that the de-

nominator of the Eq.1 becomes equal to the inelastic p+p

collision cross section �inel
NN=70 mb.

The intrinsic fluctuation of the proton saturation scale

is introduced according to the distribution

P (ln(Q2
S/hQ2

Si)) =
1p
2⇡�

exp

✓
� ln

2
(Q2

S/hQ2
Si)

2�2

◆
, (2)

where the value of � = 0.5 has been adjusted previously

to fit the inclusive charged particle multiplicity distribu-

tion in p+p collisions at 7 TeV.

A given configuration of the color charge densities for

the colliding protons ⇢aA(B)(x?) in each event is sampled

from a Gaussian distribution

h⇢aA(B)(x?)⇢
b
A(B)(y?)i = g2µ2

A(B)(
p
s,x?)�

ab�(2)(x?�y?) ,
(3)

where g2µ2
A(B)(

p
s,x?) = Q2

S,A(B)(x?,
p
s)/0.45, in

which the spatial distribution of the saturation scale

Q2
S,A(B)(x?,

p
s) at a given energy

p
s in the IP-Sat

model obtained by iteratively solving the relation x =

QS(x?, x)/
p
s.

II. SAMPLING GLUONS AFTER ⌧ ⇠ 1/QS

The gluon multiplicity density dNg/dyd2kT is calcu-

lated at time ⌧ = 0.4 fm according to the expression

dNg

dyd2kT
=

2

N2

1

k̃T

h
g2

⌧ tr (Ei(k?)Ei(�k?))

+ ⌧ tr (⇡(k?)⇡(�k?))
i
, (4)

with N = 400 being the number of lattice sites (with a

length of L = 8 fm) in one dimension, here

k̃2T = 4


sin

2 kx
2

+ sin
2 ky
2

�
, (5)

is the e↵ective lattice momentum squared at each lattice

point.

The e↵ect of running coupling is introduced by multi-

plying Eq.4 with a e↵ective factor of g2/(4⇡↵s(µ̃)) where

↵s(µ̃) =
4⇡

� ln
⇥
(µ0/⇤QCD)

2/c + (µ̃/⇤QCD)
2/c

⇤c . (6)

with µ0 = 0.5GeV, c = 0.2. For Nc = 3, � = 11�2NF /3
with NF = 3, ⇤QCD=0.2GeV.
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FIG. 1. Initial distribution of gluon density for a single IP-
Glasma event and a single configuration of the the sampled
gluons in momentum space shown by black points.

Here the scale for running is chose to be µ = k̃T , de-
fined in Eq.5. Assuming boost invariant distributions,

a the total number of gluons Ng in a given event over

a range of rapidity �ymax can be obtained by integrat-

ing Eq.4 over a maximum transverse momentum range

of kT,max. For every event Ng number of gluons are

sampled with transverse momentum distributed accord-

ing to Eq.4 with uniform distribution in rapidity over

the range of �ymax. The value of kT,max and �ymax

over which the gluons are sampled are parameters in

this study. The value of ymax can vary in the range

0 < |ymax| < log(
p
s/2mp), with mp being the mass of

a proton. The maximum range of transverse momentum

for sampling the gluons is chosen to be kT,max = 10 GeV.

The distribution of initial gluon density at time ⌧ = 0.4
fm and the position of sampled gluons are shown in Fig.1.

III. RECONNECTION OF STRINGS

Input to the Lund fragmentation algorithm in

PYTHIA are color neutral strings in momentum space
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CGC meets Lund fragmentation of PYTHIA

dN

dkT dy

-4 -2  0  2  4
kx [GeV]

-4

-2

 0

 2

 4

k y
 [G

eV
]

Lund String Fragmentation 

A new Monte-Carlo event generator : CGC+Lund (CGC+PYTHIA)

IP-Glasma gluon dist→ Sampling gluons → Strings → Hadronization 
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Results from CGC + PYTHIA (Lund)

Mass ordering of pT

19

Mass ordering of average transverse momentum  
       → naturally reproduced in this framework
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FIG. 2. Probability distribution of scaled charged hadron
multiplicity measured over |⌘| < 0.5 in p+p collisions at 7
TeV. The data points are from Ref. [63].

multiplicity and the inclusive hadron multiplicity to ex-
perimental data on inelastic non-single di↵ractive events
from the CMS collaboration [63]. We note that the IP-
Glasma model naturally produces multiplicity distribu-
tions of gluons that are a convolution of multiple nega-
tive binomial distributions [43, 44, 64]. In computing
the multiplicity distribution, we included all events in
which the rapidity density of gluons dNg/dy � 1 [65].
The multiplicity of charged hadrons dNch/dy is about
50 � 75% larger than dNg/dy depending on the cou-
pling used. Fragmentation however does not significantly
change the shape of the distribution of the scaled multi-
plicity. Within the available statistics we find very good
agreement with the data up to six times the mean mul-
tiplicity.

We now present results for the average transverse mo-
mentum hpT i for charged hadrons over the experimen-
tally used range of transverse momentum 0.15GeV <

pT < 10.0 GeV and |⌘| < 0.3, and for identified hadrons
⇡
±
,K

±
, p(p̄),K0

S and ⇤/(⇤̄) for a rapidity range of |y| <
0.5, with no cuts on transverse momentum. We compare
our calculation to the preliminary and published mea-
surements from the ALICE [66, 69] and CMS collabora-
tions [67]. To perform a consistent comparison between
data and our computation, we show the variation of hpT i
with the scaled charged hadron multiplicity Nch/ hNchi
in Fig. 3 [70].

Our results for the multiplicity dependence of hpT i in
the running coupling case are shown by solid lines. The
bands shown include the variation due to using fixed cou-
pling, which decreases hpT i by about 10 � 15% and the
e↵ect of turning o↵ color reconnections in PYTHIA frag-
mentation which decreases hpT i by about 5 � 10% [71].
We see a strong increase of hpT i with increasing multi-
plicity, consistent with the data. More interestingly, we
find that our framework naturally reproduces the mass
ordering for di↵erent species: hpT ip >hpT iK >hpT i⇡ and
hpT i⇤>hpT iK0

S

>hpT ih over the entire range of multiplicity

considered.
The strong multiplicity dependence of hpT i and the
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tation of mini-jets in HIJING calculations [72]. Such ef-
fects are also obtained in PYTHIA calculations within
the color-reconnection scheme [69, 73–75]. In PYTHIA,
high multiplicity events are associated with a large num-
ber of independent parton showers. These hadrons frag-
menting from independent showers will have hpT i to be
independent of the number of showers and therefore in-
dependent of hNchi. The inclusion of color-reconnections
modifies this by generating correlations between partons
from di↵erent showers; this leads to collective hadroniza-
tion of strings and the strong correlation observed be-
tween hpT i and hNchi.
Both parton showering and multi-parton interactions

are included in the CGC framework, and all the par-
ton ladders in rapidity, localized within a transverse area
⇠ 1/Q2

S are correlated. Specifically, with regard to the
correlation between multiplicity Ng ⇠ Q

2
SS? and mean

transverse momentum of gluons hpT i ⇠ QS , one finds
hpT i ⇠

p
Ng/S? showing that the correlation between

hpT i and Ng is already present at the gluon level. Con-
versely, the mass ordering of the hpT i of di↵erent species
can be attributed to the fragmentation scheme imple-
mented in the hadron-stand-alone mode of PYTHIA.
Color-reconnection only has a small e↵ect, because glu-
ons are not associated with separate showers and are al-
ready assigned to strings depending on their momenta.
The hardening of the transverse momentum distribu-

tion and mass ordering of hpT i are often attributed to
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tation of mini-jets in HIJING calculations [72]. Such ef-
fects are also obtained in PYTHIA calculations within
the color-reconnection scheme [69, 73–75]. In PYTHIA,
high multiplicity events are associated with a large num-
ber of independent parton showers. These hadrons frag-
menting from independent showers will have hpT i to be
independent of the number of showers and therefore in-
dependent of hNchi. The inclusion of color-reconnections
modifies this by generating correlations between partons
from di↵erent showers; this leads to collective hadroniza-
tion of strings and the strong correlation observed be-
tween hpT i and hNchi.
Both parton showering and multi-parton interactions

are included in the CGC framework, and all the par-
ton ladders in rapidity, localized within a transverse area
⇠ 1/Q2

S are correlated. Specifically, with regard to the
correlation between multiplicity Ng ⇠ Q
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SS? and mean

transverse momentum of gluons hpT i ⇠ QS , one finds
hpT i ⇠

p
Ng/S? showing that the correlation between

hpT i and Ng is already present at the gluon level. Con-
versely, the mass ordering of the hpT i of di↵erent species
can be attributed to the fragmentation scheme imple-
mented in the hadron-stand-alone mode of PYTHIA.
Color-reconnection only has a small e↵ect, because glu-
ons are not associated with separate showers and are al-
ready assigned to strings depending on their momenta.
The hardening of the transverse momentum distribu-

tion and mass ordering of hpT i are often attributed to
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CGC→ effects like MPI & color reconnection is already built-in 
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state correlations.268

Explanation for the strong growth of hpT i with Nch/hNchi has been pre-269

viously obtained within the color-reconnection scheme of pythia.68,80 In270

such implementation, di↵erent independent parton showers (MPIs) are cor-271

related by reconnection of strings and thereby exchanging momentum and272

color information. With di↵erent MPIs being able to exchange informa-273

tion, any pT kick generated due to a (semi-)hard interaction can be shared274

among all the produced hadrons. Color-reconnection, therefore, leads to275

a correlation of hpT i with the number of independent MPIs leading to its276

growth with Nch which is also proportional to the number of independent277

MPIs.278

It must be noted that such color-reconnection do not play any signifi-279

cant role in the CGC+Lund model for describing the growth of hpT i with280

Nch/hNchi. Aforementioned, the CGC+Lund model uses pythia in hadron281

standalone mode where it was found that color-reconnection scheme plays282

a minimal role in re-arranging strings and exchanging information.4 The283

strong growth of transverse momentum with multiplicity is already gener-284

ated at the gluonic level, i.e. in the CGC initial state before hadronization.285

This is because, in some sense, the concept of parton showers, MPIs, and286

color-reconnection is already built in the framework of the CGC. In the287

flux-tube picture di↵erent independent ladders, as shown in Fig.2(right),288

that produce gluons, are correlated over a length scale of 1/Q2
S . One finds289

that the typical number of produced gluons to be Ng / Q2
SS?, i.e. propor-290

tional to the number of flux tubes. Also since the saturation scale is the291

only scale in the CGC, one finds the typical momentum of produced gluons292

to be hpT ig / hQSi, leading to hpT ig /
p

Ng/S?. One naturally expects a293

strong growth of average transverse momentum with multiplicity in CGC294

which is already incorporated in the IP-Glasma model that initializes the295

CGC+Lund model and also propagates to the level of hadrons. The e↵ect296

of mass ordering comes purely from the Lund string fragmentation.297

4.3. Long-range ridge-like correlations298

The two-dimensional di-hadron correlation function in �⌘��� is shown in299

Fig.4 for p+p, p+A and A+A collisions. One of the most striking observa-300

tions in high multiplicity p+p (and also p+A) collisions in recent times has301

been the appearance of near side (�� ⇠ 0) ridge-like structure in such cor-302

relation functions that spread over a long range in pseudorapidity81,82,84–87
303

as shown in Fig. 4. The interesting feature of this data is that the structure304
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multiplicity and the inclusive hadron multiplicity to ex-
perimental data on inelastic non-single di↵ractive events
from the CMS collaboration [63]. We note that the IP-
Glasma model naturally produces multiplicity distribu-
tions of gluons that are a convolution of multiple nega-
tive binomial distributions [43, 44, 64]. In computing
the multiplicity distribution, we included all events in
which the rapidity density of gluons dNg/dy � 1 [65].
The multiplicity of charged hadrons dNch/dy is about
50 � 75% larger than dNg/dy depending on the cou-
pling used. Fragmentation however does not significantly
change the shape of the distribution of the scaled multi-
plicity. Within the available statistics we find very good
agreement with the data up to six times the mean mul-
tiplicity.

We now present results for the average transverse mo-
mentum hpT i for charged hadrons over the experimen-
tally used range of transverse momentum 0.15GeV <

pT < 10.0 GeV and |⌘| < 0.3, and for identified hadrons
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, p(p̄),K0

S and ⇤/(⇤̄) for a rapidity range of |y| <
0.5, with no cuts on transverse momentum. We compare
our calculation to the preliminary and published mea-
surements from the ALICE [66, 69] and CMS collabora-
tions [67]. To perform a consistent comparison between
data and our computation, we show the variation of hpT i
with the scaled charged hadron multiplicity Nch/ hNchi
in Fig. 3 [70].

Our results for the multiplicity dependence of hpT i in
the running coupling case are shown by solid lines. The
bands shown include the variation due to using fixed cou-
pling, which decreases hpT i by about 10 � 15% and the
e↵ect of turning o↵ color reconnections in PYTHIA frag-
mentation which decreases hpT i by about 5 � 10% [71].
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tation of mini-jets in HIJING calculations [72]. Such ef-
fects are also obtained in PYTHIA calculations within
the color-reconnection scheme [69, 73–75]. In PYTHIA,
high multiplicity events are associated with a large num-
ber of independent parton showers. These hadrons frag-
menting from independent showers will have hpT i to be
independent of the number of showers and therefore in-
dependent of hNchi. The inclusion of color-reconnections
modifies this by generating correlations between partons
from di↵erent showers; this leads to collective hadroniza-
tion of strings and the strong correlation observed be-
tween hpT i and hNchi.
Both parton showering and multi-parton interactions

are included in the CGC framework, and all the par-
ton ladders in rapidity, localized within a transverse area
⇠ 1/Q2

S are correlated. Specifically, with regard to the
correlation between multiplicity Ng ⇠ Q

2
SS? and mean

transverse momentum of gluons hpT i ⇠ QS , one finds
hpT i ⇠

p
Ng/S? showing that the correlation between

hpT i and Ng is already present at the gluon level. Con-
versely, the mass ordering of the hpT i of di↵erent species
can be attributed to the fragmentation scheme imple-
mented in the hadron-stand-alone mode of PYTHIA.
Color-reconnection only has a small e↵ect, because glu-
ons are not associated with separate showers and are al-
ready assigned to strings depending on their momenta.
The hardening of the transverse momentum distribu-

tion and mass ordering of hpT i are often attributed to
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multiplicity and the inclusive hadron multiplicity to ex-
perimental data on inelastic non-single di↵ractive events
from the CMS collaboration [63]. We note that the IP-
Glasma model naturally produces multiplicity distribu-
tions of gluons that are a convolution of multiple nega-
tive binomial distributions [43, 44, 64]. In computing
the multiplicity distribution, we included all events in
which the rapidity density of gluons dNg/dy � 1 [65].
The multiplicity of charged hadrons dNch/dy is about
50 � 75% larger than dNg/dy depending on the cou-
pling used. Fragmentation however does not significantly
change the shape of the distribution of the scaled multi-
plicity. Within the available statistics we find very good
agreement with the data up to six times the mean mul-
tiplicity.

We now present results for the average transverse mo-
mentum hpT i for charged hadrons over the experimen-
tally used range of transverse momentum 0.15GeV <

pT < 10.0 GeV and |⌘| < 0.3, and for identified hadrons
⇡
±
,K

±
, p(p̄),K0

S and ⇤/(⇤̄) for a rapidity range of |y| <
0.5, with no cuts on transverse momentum. We compare
our calculation to the preliminary and published mea-
surements from the ALICE [66, 69] and CMS collabora-
tions [67]. To perform a consistent comparison between
data and our computation, we show the variation of hpT i
with the scaled charged hadron multiplicity Nch/ hNchi
in Fig. 3 [70].

Our results for the multiplicity dependence of hpT i in
the running coupling case are shown by solid lines. The
bands shown include the variation due to using fixed cou-
pling, which decreases hpT i by about 10 � 15% and the
e↵ect of turning o↵ color reconnections in PYTHIA frag-
mentation which decreases hpT i by about 5 � 10% [71].
We see a strong increase of hpT i with increasing multi-
plicity, consistent with the data. More interestingly, we
find that our framework naturally reproduces the mass
ordering for di↵erent species: hpT ip >hpT iK >hpT i⇡ and
hpT i⇤>hpT iK0

S

>hpT ih over the entire range of multiplicity

considered.
The strong multiplicity dependence of hpT i and the
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independent of the number of showers and therefore in-
dependent of hNchi. The inclusion of color-reconnections
modifies this by generating correlations between partons
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Both parton showering and multi-parton interactions

are included in the CGC framework, and all the par-
ton ladders in rapidity, localized within a transverse area
⇠ 1/Q2

S are correlated. Specifically, with regard to the
correlation between multiplicity Ng ⇠ Q

2
SS? and mean

transverse momentum of gluons hpT i ⇠ QS , one finds
hpT i ⇠

p
Ng/S? showing that the correlation between

hpT i and Ng is already present at the gluon level. Con-
versely, the mass ordering of the hpT i of di↵erent species
can be attributed to the fragmentation scheme imple-
mented in the hadron-stand-alone mode of PYTHIA.
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from the CMS collaboration [63]. We note that the IP-
Glasma model naturally produces multiplicity distribu-
tions of gluons that are a convolution of multiple nega-
tive binomial distributions [43, 44, 64]. In computing
the multiplicity distribution, we included all events in
which the rapidity density of gluons dNg/dy � 1 [65].
The multiplicity of charged hadrons dNch/dy is about
50 � 75% larger than dNg/dy depending on the cou-
pling used. Fragmentation however does not significantly
change the shape of the distribution of the scaled multi-
plicity. Within the available statistics we find very good
agreement with the data up to six times the mean mul-
tiplicity.

We now present results for the average transverse mo-
mentum hpT i for charged hadrons over the experimen-
tally used range of transverse momentum 0.15GeV <

pT < 10.0 GeV and |⌘| < 0.3, and for identified hadrons
⇡
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, p(p̄),K0

S and ⇤/(⇤̄) for a rapidity range of |y| <
0.5, with no cuts on transverse momentum. We compare
our calculation to the preliminary and published mea-
surements from the ALICE [66, 69] and CMS collabora-
tions [67]. To perform a consistent comparison between
data and our computation, we show the variation of hpT i
with the scaled charged hadron multiplicity Nch/ hNchi
in Fig. 3 [70].

Our results for the multiplicity dependence of hpT i in
the running coupling case are shown by solid lines. The
bands shown include the variation due to using fixed cou-
pling, which decreases hpT i by about 10 � 15% and the
e↵ect of turning o↵ color reconnections in PYTHIA frag-
mentation which decreases hpT i by about 5 � 10% [71].
We see a strong increase of hpT i with increasing multi-
plicity, consistent with the data. More interestingly, we
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tation of mini-jets in HIJING calculations [72]. Such ef-
fects are also obtained in PYTHIA calculations within
the color-reconnection scheme [69, 73–75]. In PYTHIA,
high multiplicity events are associated with a large num-
ber of independent parton showers. These hadrons frag-
menting from independent showers will have hpT i to be
independent of the number of showers and therefore in-
dependent of hNchi. The inclusion of color-reconnections
modifies this by generating correlations between partons
from di↵erent showers; this leads to collective hadroniza-
tion of strings and the strong correlation observed be-
tween hpT i and hNchi.
Both parton showering and multi-parton interactions

are included in the CGC framework, and all the par-
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can be attributed to the fragmentation scheme imple-
mented in the hadron-stand-alone mode of PYTHIA.
Color-reconnection only has a small e↵ect, because glu-
ons are not associated with separate showers and are al-
ready assigned to strings depending on their momenta.
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multiplicity and the inclusive hadron multiplicity to ex-
perimental data on inelastic non-single di↵ractive events
from the CMS collaboration [63]. We note that the IP-
Glasma model naturally produces multiplicity distribu-
tions of gluons that are a convolution of multiple nega-
tive binomial distributions [43, 44, 64]. In computing
the multiplicity distribution, we included all events in
which the rapidity density of gluons dNg/dy � 1 [65].
The multiplicity of charged hadrons dNch/dy is about
50 � 75% larger than dNg/dy depending on the cou-
pling used. Fragmentation however does not significantly
change the shape of the distribution of the scaled multi-
plicity. Within the available statistics we find very good
agreement with the data up to six times the mean mul-
tiplicity.

We now present results for the average transverse mo-
mentum hpT i for charged hadrons over the experimen-
tally used range of transverse momentum 0.15GeV <

pT < 10.0 GeV and |⌘| < 0.3, and for identified hadrons
⇡
±
,K

±
, p(p̄),K0

S and ⇤/(⇤̄) for a rapidity range of |y| <
0.5, with no cuts on transverse momentum. We compare
our calculation to the preliminary and published mea-
surements from the ALICE [66, 69] and CMS collabora-
tions [67]. To perform a consistent comparison between
data and our computation, we show the variation of hpT i
with the scaled charged hadron multiplicity Nch/ hNchi
in Fig. 3 [70].

Our results for the multiplicity dependence of hpT i in
the running coupling case are shown by solid lines. The
bands shown include the variation due to using fixed cou-
pling, which decreases hpT i by about 10 � 15% and the
e↵ect of turning o↵ color reconnections in PYTHIA frag-
mentation which decreases hpT i by about 5 � 10% [71].
We see a strong increase of hpT i with increasing multi-
plicity, consistent with the data. More interestingly, we
find that our framework naturally reproduces the mass
ordering for di↵erent species: hpT ip >hpT iK >hpT i⇡ and
hpT i⇤>hpT iK0

S

>hpT ih over the entire range of multiplicity

considered.
The strong multiplicity dependence of hpT i and the
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tation of mini-jets in HIJING calculations [72]. Such ef-
fects are also obtained in PYTHIA calculations within
the color-reconnection scheme [69, 73–75]. In PYTHIA,
high multiplicity events are associated with a large num-
ber of independent parton showers. These hadrons frag-
menting from independent showers will have hpT i to be
independent of the number of showers and therefore in-
dependent of hNchi. The inclusion of color-reconnections
modifies this by generating correlations between partons
from di↵erent showers; this leads to collective hadroniza-
tion of strings and the strong correlation observed be-
tween hpT i and hNchi.
Both parton showering and multi-parton interactions

are included in the CGC framework, and all the par-
ton ladders in rapidity, localized within a transverse area
⇠ 1/Q2

S are correlated. Specifically, with regard to the
correlation between multiplicity Ng ⇠ Q

2
SS? and mean

transverse momentum of gluons hpT i ⇠ QS , one finds
hpT i ⇠

p
Ng/S? showing that the correlation between

hpT i and Ng is already present at the gluon level. Con-
versely, the mass ordering of the hpT i of di↵erent species
can be attributed to the fragmentation scheme imple-
mented in the hadron-stand-alone mode of PYTHIA.
Color-reconnection only has a small e↵ect, because glu-
ons are not associated with separate showers and are al-
ready assigned to strings depending on their momenta.
The hardening of the transverse momentum distribu-

tion and mass ordering of hpT i are often attributed to
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multiplicity and the inclusive hadron multiplicity to ex-
perimental data on inelastic non-single di↵ractive events
from the CMS collaboration [63]. We note that the IP-
Glasma model naturally produces multiplicity distribu-
tions of gluons that are a convolution of multiple nega-
tive binomial distributions [43, 44, 64]. In computing
the multiplicity distribution, we included all events in
which the rapidity density of gluons dNg/dy � 1 [65].
The multiplicity of charged hadrons dNch/dy is about
50 � 75% larger than dNg/dy depending on the cou-
pling used. Fragmentation however does not significantly
change the shape of the distribution of the scaled multi-
plicity. Within the available statistics we find very good
agreement with the data up to six times the mean mul-
tiplicity.

We now present results for the average transverse mo-
mentum hpT i for charged hadrons over the experimen-
tally used range of transverse momentum 0.15GeV <

pT < 10.0 GeV and |⌘| < 0.3, and for identified hadrons
⇡
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,K

±
, p(p̄),K0

S and ⇤/(⇤̄) for a rapidity range of |y| <
0.5, with no cuts on transverse momentum. We compare
our calculation to the preliminary and published mea-
surements from the ALICE [66, 69] and CMS collabora-
tions [67]. To perform a consistent comparison between
data and our computation, we show the variation of hpT i
with the scaled charged hadron multiplicity Nch/ hNchi
in Fig. 3 [70].

Our results for the multiplicity dependence of hpT i in
the running coupling case are shown by solid lines. The
bands shown include the variation due to using fixed cou-
pling, which decreases hpT i by about 10 � 15% and the
e↵ect of turning o↵ color reconnections in PYTHIA frag-
mentation which decreases hpT i by about 5 � 10% [71].
We see a strong increase of hpT i with increasing multi-
plicity, consistent with the data. More interestingly, we
find that our framework naturally reproduces the mass
ordering for di↵erent species: hpT ip >hpT iK >hpT i⇡ and
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>hpT ih over the entire range of multiplicity

considered.
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tation of mini-jets in HIJING calculations [72]. Such ef-
fects are also obtained in PYTHIA calculations within
the color-reconnection scheme [69, 73–75]. In PYTHIA,
high multiplicity events are associated with a large num-
ber of independent parton showers. These hadrons frag-
menting from independent showers will have hpT i to be
independent of the number of showers and therefore in-
dependent of hNchi. The inclusion of color-reconnections
modifies this by generating correlations between partons
from di↵erent showers; this leads to collective hadroniza-
tion of strings and the strong correlation observed be-
tween hpT i and hNchi.
Both parton showering and multi-parton interactions
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multiplicity and the inclusive hadron multiplicity to ex-
perimental data on inelastic non-single di↵ractive events
from the CMS collaboration [63]. We note that the IP-
Glasma model naturally produces multiplicity distribu-
tions of gluons that are a convolution of multiple nega-
tive binomial distributions [43, 44, 64]. In computing
the multiplicity distribution, we included all events in
which the rapidity density of gluons dNg/dy � 1 [65].
The multiplicity of charged hadrons dNch/dy is about
50 � 75% larger than dNg/dy depending on the cou-
pling used. Fragmentation however does not significantly
change the shape of the distribution of the scaled multi-
plicity. Within the available statistics we find very good
agreement with the data up to six times the mean mul-
tiplicity.

We now present results for the average transverse mo-
mentum hpT i for charged hadrons over the experimen-
tally used range of transverse momentum 0.15GeV <

pT < 10.0 GeV and |⌘| < 0.3, and for identified hadrons
⇡
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, p(p̄),K0

S and ⇤/(⇤̄) for a rapidity range of |y| <
0.5, with no cuts on transverse momentum. We compare
our calculation to the preliminary and published mea-
surements from the ALICE [66, 69] and CMS collabora-
tions [67]. To perform a consistent comparison between
data and our computation, we show the variation of hpT i
with the scaled charged hadron multiplicity Nch/ hNchi
in Fig. 3 [70].

Our results for the multiplicity dependence of hpT i in
the running coupling case are shown by solid lines. The
bands shown include the variation due to using fixed cou-
pling, which decreases hpT i by about 10 � 15% and the
e↵ect of turning o↵ color reconnections in PYTHIA frag-
mentation which decreases hpT i by about 5 � 10% [71].
We see a strong increase of hpT i with increasing multi-
plicity, consistent with the data. More interestingly, we
find that our framework naturally reproduces the mass
ordering for di↵erent species: hpT ip >hpT iK >hpT i⇡ and
hpT i⇤>hpT iK0

S

>hpT ih over the entire range of multiplicity

considered.
The strong multiplicity dependence of hpT i and the
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tation of mini-jets in HIJING calculations [72]. Such ef-
fects are also obtained in PYTHIA calculations within
the color-reconnection scheme [69, 73–75]. In PYTHIA,
high multiplicity events are associated with a large num-
ber of independent parton showers. These hadrons frag-
menting from independent showers will have hpT i to be
independent of the number of showers and therefore in-
dependent of hNchi. The inclusion of color-reconnections
modifies this by generating correlations between partons
from di↵erent showers; this leads to collective hadroniza-
tion of strings and the strong correlation observed be-
tween hpT i and hNchi.
Both parton showering and multi-parton interactions

are included in the CGC framework, and all the par-
ton ladders in rapidity, localized within a transverse area
⇠ 1/Q2

S are correlated. Specifically, with regard to the
correlation between multiplicity Ng ⇠ Q

2
SS? and mean

transverse momentum of gluons hpT i ⇠ QS , one finds
hpT i ⇠

p
Ng/S? showing that the correlation between

hpT i and Ng is already present at the gluon level. Con-
versely, the mass ordering of the hpT i of di↵erent species
can be attributed to the fragmentation scheme imple-
mented in the hadron-stand-alone mode of PYTHIA.
Color-reconnection only has a small e↵ect, because glu-
ons are not associated with separate showers and are al-
ready assigned to strings depending on their momenta.
The hardening of the transverse momentum distribu-

tion and mass ordering of hpT i are often attributed to

→,

CGC→ effects like MPI & color reconnection is already built-in 

Mass ordering of Schenke, PT, Venugopalan Phys. Rev. Lett. 108 (2012) 252301
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state correlations.268

Explanation for the strong growth of hpT i with Nch/hNchi has been pre-269

viously obtained within the color-reconnection scheme of pythia.68,80 In270

such implementation, di↵erent independent parton showers (MPIs) are cor-271

related by reconnection of strings and thereby exchanging momentum and272

color information. With di↵erent MPIs being able to exchange informa-273

tion, any pT kick generated due to a (semi-)hard interaction can be shared274

among all the produced hadrons. Color-reconnection, therefore, leads to275

a correlation of hpT i with the number of independent MPIs leading to its276

growth with Nch which is also proportional to the number of independent277

MPIs.278

It must be noted that such color-reconnection do not play any signifi-279

cant role in the CGC+Lund model for describing the growth of hpT i with280

Nch/hNchi. Aforementioned, the CGC+Lund model uses pythia in hadron281

standalone mode where it was found that color-reconnection scheme plays282

a minimal role in re-arranging strings and exchanging information.4 The283

strong growth of transverse momentum with multiplicity is already gener-284

ated at the gluonic level, i.e. in the CGC initial state before hadronization.285

This is because, in some sense, the concept of parton showers, MPIs, and286

color-reconnection is already built in the framework of the CGC. In the287

flux-tube picture di↵erent independent ladders, as shown in Fig.2(right),288

that produce gluons, are correlated over a length scale of 1/Q2
S . One finds289

that the typical number of produced gluons to be Ng / Q2
SS?, i.e. propor-290

tional to the number of flux tubes. Also since the saturation scale is the291

only scale in the CGC, one finds the typical momentum of produced gluons292

to be hpT ig / hQSi, leading to hpT ig /
p

Ng/S?. One naturally expects a293

strong growth of average transverse momentum with multiplicity in CGC294

which is already incorporated in the IP-Glasma model that initializes the295

CGC+Lund model and also propagates to the level of hadrons. The e↵ect296

of mass ordering comes purely from the Lund string fragmentation.297

4.3. Long-range ridge-like correlations298

The two-dimensional di-hadron correlation function in �⌘��� is shown in299

Fig.4 for p+p, p+A and A+A collisions. One of the most striking observa-300

tions in high multiplicity p+p (and also p+A) collisions in recent times has301

been the appearance of near side (�� ⇠ 0) ridge-like structure in such cor-302

relation functions that spread over a long range in pseudorapidity81,82,84–87
303

as shown in Fig. 4. The interesting feature of this data is that the structure304
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FIG. 2. Probability distribution of scaled charged hadron
multiplicity measured over |⌘| < 0.5 in p+p collisions at 7
TeV. The data points are from Ref. [63].

multiplicity and the inclusive hadron multiplicity to ex-
perimental data on inelastic non-single di↵ractive events
from the CMS collaboration [63]. We note that the IP-
Glasma model naturally produces multiplicity distribu-
tions of gluons that are a convolution of multiple nega-
tive binomial distributions [43, 44, 64]. In computing
the multiplicity distribution, we included all events in
which the rapidity density of gluons dNg/dy � 1 [65].
The multiplicity of charged hadrons dNch/dy is about
50 � 75% larger than dNg/dy depending on the cou-
pling used. Fragmentation however does not significantly
change the shape of the distribution of the scaled multi-
plicity. Within the available statistics we find very good
agreement with the data up to six times the mean mul-
tiplicity.

We now present results for the average transverse mo-
mentum hpT i for charged hadrons over the experimen-
tally used range of transverse momentum 0.15GeV <

pT < 10.0 GeV and |⌘| < 0.3, and for identified hadrons
⇡
±
,K

±
, p(p̄),K0

S and ⇤/(⇤̄) for a rapidity range of |y| <
0.5, with no cuts on transverse momentum. We compare
our calculation to the preliminary and published mea-
surements from the ALICE [66, 69] and CMS collabora-
tions [67]. To perform a consistent comparison between
data and our computation, we show the variation of hpT i
with the scaled charged hadron multiplicity Nch/ hNchi
in Fig. 3 [70].

Our results for the multiplicity dependence of hpT i in
the running coupling case are shown by solid lines. The
bands shown include the variation due to using fixed cou-
pling, which decreases hpT i by about 10 � 15% and the
e↵ect of turning o↵ color reconnections in PYTHIA frag-
mentation which decreases hpT i by about 5 � 10% [71].
We see a strong increase of hpT i with increasing multi-
plicity, consistent with the data. More interestingly, we
find that our framework naturally reproduces the mass
ordering for di↵erent species: hpT ip >hpT iK >hpT i⇡ and
hpT i⇤>hpT iK0

S

>hpT ih over the entire range of multiplicity

considered.
The strong multiplicity dependence of hpT i and the

mass ordering was demonstrated to arise in the fragmen-
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FIG. 3. Mass ordering of hpT i plotted against scaled charged
hadron multiplicity Nch/hNchi. Data points for identified par-
ticles from the ALICE [66] and CMS [67] Collaborations are
in the range |y| < 0.5 and |y| < 1, respectively. The val-
ues corresponding to hNchi are obtained from Ref. [68] and
Ref. [63] for ALICE and CMS data correspondingly. The hpT i
values for charged hadrons are obtained from Ref. [69].

tation of mini-jets in HIJING calculations [72]. Such ef-
fects are also obtained in PYTHIA calculations within
the color-reconnection scheme [69, 73–75]. In PYTHIA,
high multiplicity events are associated with a large num-
ber of independent parton showers. These hadrons frag-
menting from independent showers will have hpT i to be
independent of the number of showers and therefore in-
dependent of hNchi. The inclusion of color-reconnections
modifies this by generating correlations between partons
from di↵erent showers; this leads to collective hadroniza-
tion of strings and the strong correlation observed be-
tween hpT i and hNchi.
Both parton showering and multi-parton interactions

are included in the CGC framework, and all the par-
ton ladders in rapidity, localized within a transverse area
⇠ 1/Q2

S are correlated. Specifically, with regard to the
correlation between multiplicity Ng ⇠ Q

2
SS? and mean

transverse momentum of gluons hpT i ⇠ QS , one finds
hpT i ⇠

p
Ng/S? showing that the correlation between

hpT i and Ng is already present at the gluon level. Con-
versely, the mass ordering of the hpT i of di↵erent species
can be attributed to the fragmentation scheme imple-
mented in the hadron-stand-alone mode of PYTHIA.
Color-reconnection only has a small e↵ect, because glu-
ons are not associated with separate showers and are al-
ready assigned to strings depending on their momenta.
The hardening of the transverse momentum distribu-

tion and mass ordering of hpT i are often attributed to
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We see a strong increase of hpT i with increasing multi-
plicity, consistent with the data. More interestingly, we
find that our framework naturally reproduces the mass
ordering for di↵erent species: hpT ip >hpT iK >hpT i⇡ and
hpT i⇤>hpT iK0

S

>hpT ih over the entire range of multiplicity

considered.
The strong multiplicity dependence of hpT i and the

mass ordering was demonstrated to arise in the fragmen-

 0

 0.5

 1

 1.5

 2

〈p
T 
〉 [

G
eV

]

p(−p)
K±

π±

CGC + Lund (p+p 7 TeV)

ALICECMS

 0

 0.5

 1

 1.5

 2

 0  1  2  3  4  5  6

〈p
T 
〉 [

G
eV

]

Nch / 〈Nch〉

Λ(−Λ)
K0

S

h±

CGC + Lund (p+p 7 TeV)

ALICE

× 0.75

FIG. 3. Mass ordering of hpT i plotted against scaled charged
hadron multiplicity Nch/hNchi. Data points for identified par-
ticles from the ALICE [66] and CMS [67] Collaborations are
in the range |y| < 0.5 and |y| < 1, respectively. The val-
ues corresponding to hNchi are obtained from Ref. [68] and
Ref. [63] for ALICE and CMS data correspondingly. The hpT i
values for charged hadrons are obtained from Ref. [69].

tation of mini-jets in HIJING calculations [72]. Such ef-
fects are also obtained in PYTHIA calculations within
the color-reconnection scheme [69, 73–75]. In PYTHIA,
high multiplicity events are associated with a large num-
ber of independent parton showers. These hadrons frag-
menting from independent showers will have hpT i to be
independent of the number of showers and therefore in-
dependent of hNchi. The inclusion of color-reconnections
modifies this by generating correlations between partons
from di↵erent showers; this leads to collective hadroniza-
tion of strings and the strong correlation observed be-
tween hpT i and hNchi.
Both parton showering and multi-parton interactions

are included in the CGC framework, and all the par-
ton ladders in rapidity, localized within a transverse area
⇠ 1/Q2

S are correlated. Specifically, with regard to the
correlation between multiplicity Ng ⇠ Q

2
SS? and mean

transverse momentum of gluons hpT i ⇠ QS , one finds
hpT i ⇠

p
Ng/S? showing that the correlation between

hpT i and Ng is already present at the gluon level. Con-
versely, the mass ordering of the hpT i of di↵erent species
can be attributed to the fragmentation scheme imple-
mented in the hadron-stand-alone mode of PYTHIA.
Color-reconnection only has a small e↵ect, because glu-
ons are not associated with separate showers and are al-
ready assigned to strings depending on their momenta.
The hardening of the transverse momentum distribu-

tion and mass ordering of hpT i are often attributed to

3

10-5
10-4
10-3
10-2
10-1
100

 0  1  2  3  4  5  6

P(
N

ch
 /〈

N
ch
〉)

Nch / 〈Nch〉

CMS data
Gluons

Hadrons

CGC + Lund
p+p 7 TeV

FIG. 2. Probability distribution of scaled charged hadron
multiplicity measured over |⌘| < 0.5 in p+p collisions at 7
TeV. The data points are from Ref. [63].

multiplicity and the inclusive hadron multiplicity to ex-
perimental data on inelastic non-single di↵ractive events
from the CMS collaboration [63]. We note that the IP-
Glasma model naturally produces multiplicity distribu-
tions of gluons that are a convolution of multiple nega-
tive binomial distributions [43, 44, 64]. In computing
the multiplicity distribution, we included all events in
which the rapidity density of gluons dNg/dy � 1 [65].
The multiplicity of charged hadrons dNch/dy is about
50 � 75% larger than dNg/dy depending on the cou-
pling used. Fragmentation however does not significantly
change the shape of the distribution of the scaled multi-
plicity. Within the available statistics we find very good
agreement with the data up to six times the mean mul-
tiplicity.

We now present results for the average transverse mo-
mentum hpT i for charged hadrons over the experimen-
tally used range of transverse momentum 0.15GeV <

pT < 10.0 GeV and |⌘| < 0.3, and for identified hadrons
⇡
±
,K

±
, p(p̄),K0

S and ⇤/(⇤̄) for a rapidity range of |y| <
0.5, with no cuts on transverse momentum. We compare
our calculation to the preliminary and published mea-
surements from the ALICE [66, 69] and CMS collabora-
tions [67]. To perform a consistent comparison between
data and our computation, we show the variation of hpT i
with the scaled charged hadron multiplicity Nch/ hNchi
in Fig. 3 [70].

Our results for the multiplicity dependence of hpT i in
the running coupling case are shown by solid lines. The
bands shown include the variation due to using fixed cou-
pling, which decreases hpT i by about 10 � 15% and the
e↵ect of turning o↵ color reconnections in PYTHIA frag-
mentation which decreases hpT i by about 5 � 10% [71].
We see a strong increase of hpT i with increasing multi-
plicity, consistent with the data. More interestingly, we
find that our framework naturally reproduces the mass
ordering for di↵erent species: hpT ip >hpT iK >hpT i⇡ and
hpT i⇤>hpT iK0

S

>hpT ih over the entire range of multiplicity

considered.
The strong multiplicity dependence of hpT i and the

mass ordering was demonstrated to arise in the fragmen-

 0

 0.5

 1

 1.5

 2

〈p
T 
〉 [

G
eV

]

p(−p)
K±

π±

CGC + Lund (p+p 7 TeV)

ALICECMS

 0

 0.5

 1

 1.5

 2

 0  1  2  3  4  5  6

〈p
T 
〉 [

G
eV

]

Nch / 〈Nch〉

Λ(−Λ)
K0

S

h±

CGC + Lund (p+p 7 TeV)

ALICE

× 0.75

FIG. 3. Mass ordering of hpT i plotted against scaled charged
hadron multiplicity Nch/hNchi. Data points for identified par-
ticles from the ALICE [66] and CMS [67] Collaborations are
in the range |y| < 0.5 and |y| < 1, respectively. The val-
ues corresponding to hNchi are obtained from Ref. [68] and
Ref. [63] for ALICE and CMS data correspondingly. The hpT i
values for charged hadrons are obtained from Ref. [69].

tation of mini-jets in HIJING calculations [72]. Such ef-
fects are also obtained in PYTHIA calculations within
the color-reconnection scheme [69, 73–75]. In PYTHIA,
high multiplicity events are associated with a large num-
ber of independent parton showers. These hadrons frag-
menting from independent showers will have hpT i to be
independent of the number of showers and therefore in-
dependent of hNchi. The inclusion of color-reconnections
modifies this by generating correlations between partons
from di↵erent showers; this leads to collective hadroniza-
tion of strings and the strong correlation observed be-
tween hpT i and hNchi.
Both parton showering and multi-parton interactions

are included in the CGC framework, and all the par-
ton ladders in rapidity, localized within a transverse area
⇠ 1/Q2

S are correlated. Specifically, with regard to the
correlation between multiplicity Ng ⇠ Q

2
SS? and mean

transverse momentum of gluons hpT i ⇠ QS , one finds
hpT i ⇠

p
Ng/S? showing that the correlation between

hpT i and Ng is already present at the gluon level. Con-
versely, the mass ordering of the hpT i of di↵erent species
can be attributed to the fragmentation scheme imple-
mented in the hadron-stand-alone mode of PYTHIA.
Color-reconnection only has a small e↵ect, because glu-
ons are not associated with separate showers and are al-
ready assigned to strings depending on their momenta.
The hardening of the transverse momentum distribu-

tion and mass ordering of hpT i are often attributed to

→,

CGC→ effects like MPI & color reconnection is already built-in 

Mass ordering of
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CGC + PYTHIA (Lund) at RHIC
Schenke, PT work in progress 
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Steps towards EIC observables 

General ingredients :  TMDs that appear in different processes 

Dipole gluon distribution (DP) : (G(2)) + linearly polarized partner (h(2)).
Weizsacker-Williams (WW) : gluon distribution (G(1)) + linearly polarized 
partner (h(1)).
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TMDs from the IP-Sat model
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FIG. 1: Linearly polarized and unpolarized WW gluon distributions versus transverse momentum q? at di↵erent rapidities Y .
Transverse momentum is measured in units of the saturation momentum Qs(Y ). The curves correspond to evolution at fixed
↵s = 0.15.

variant mass is given by M = P?/
p
z(1� z). Also,

✏2f = z(1 � z)Q2 with Q2 of order P 2
?. Here, we re-

strict ourselves to kinematic configurations where ~P? is
greater than ~q?, referred to as the “correlation limit” in
Refs. [5, 22].

In Eq. (2) � denotes the azimuthal angle between ~P?
and ~q?, respectively. We introduce the following measure
for the azimuthal anisotropy,

v2 ⌘ hcos 2�i . (4)

The average over � in this equation is performed with
the weight (1) or (2), respectively. Since

x =
1

s

✓
q2? +
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z(1� z)
P 2
?

◆
(5)

is independent of �, for a longitudinally/transversally po-
larized photon we have

vL2 =
1

2

h(1)
? (x, q?)

G(1)(x, q?)
, vT2 = �

✏2fP
2
?

✏4f + P 4
?

h(1)
? (x, q?)

G(1)(x, q?)
.

(6)

The linearly polarized h(1)
? and unpolarized G(1) dis-

tributions are defined as the traceless part and the trace
of the Weizsäcker-Williams unintegrated gluon distribu-
tion, respectively:

xGij
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1

2
�ijxG(1) � 1

2

✓
�ij � 2

kikj

k2

◆
xh(1)

? . (7)

In the CGC framework the gluonic degrees of freedom at
small x are described by Wilson lines. They are path or-
dered exponentials in the strong color field of the target,

and cross sections for di↵erent observables can be related
to di↵erent correlation functions of the Wilson lines. The
Wilson line is a path ordered exponential of the covariant
gauge field, whose largest component is A+:

U(xT ) = P exp

⇢
ig

Z
dx�A+(x�,xT )

�
. (8)

The Weizsäcker-Williams unintegrated gluon distribu-
tion [5, 22, 34], on the other hand, is expressed most
naturally in terms of the light cone gauge (A+ = 0) field,
which has large transverse components. These can be
obtained by a gauge transformation

Ai(xT ) =
1

ig
U †(xT ) @iU(xT ) . (9)

Since, in light cone gauge, the gauge field lives above
the light cone Ai(xT , x�) ⇠ ✓(x�)Ai(xT ), this field can
also be thought of as a sheet of color electric field on the
light cone Ei(xT , x�) = �(t�z)Ai(xT ). The Weizsäcker-
Williams distribution is simply the two-point correlator
of the light cone gauge fields

xGij
WW(x,~k) =
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d2yT

(2⇡)2
e�ikT ·(xT�yT )
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j
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↵
, (10)

where we have normalized the distribution with the
transverse area of the target L2. This normalization
drops out of the results expressed in terms of the ellip-
tical asymmetry v2. For analytical calculations of the

functions G(1)(x0, q?) and h(1)
? (x0, q?) in the McLerran-

Venugopalan (MV) model [35, 36], see Refs. [6, 22].
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p
z(1� z). Also,

✏2f = z(1 � z)Q2 with Q2 of order P 2
?. Here, we re-

strict ourselves to kinematic configurations where ~P? is
greater than ~q?, referred to as the “correlation limit” in
Refs. [5, 22].

In Eq. (2) � denotes the azimuthal angle between ~P?
and ~q?, respectively. We introduce the following measure
for the azimuthal anisotropy,
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The linearly polarized h(1)
? and unpolarized G(1) dis-

tributions are defined as the traceless part and the trace
of the Weizsäcker-Williams unintegrated gluon distribu-
tion, respectively:
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In the CGC framework the gluonic degrees of freedom at
small x are described by Wilson lines. They are path or-
dered exponentials in the strong color field of the target,

and cross sections for di↵erent observables can be related
to di↵erent correlation functions of the Wilson lines. The
Wilson line is a path ordered exponential of the covariant
gauge field, whose largest component is A+:

U(xT ) = P exp
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The Weizsäcker-Williams unintegrated gluon distribu-
tion [5, 22, 34], on the other hand, is expressed most
naturally in terms of the light cone gauge (A+ = 0) field,
which has large transverse components. These can be
obtained by a gauge transformation

Ai(xT ) =
1
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U †(xT ) @iU(xT ) . (9)

Since, in light cone gauge, the gauge field lives above
the light cone Ai(xT , x�) ⇠ ✓(x�)Ai(xT ), this field can
also be thought of as a sheet of color electric field on the
light cone Ei(xT , x�) = �(t�z)Ai(xT ). The Weizsäcker-
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of the light cone gauge fields

xGij
WW(x,~k) =

8⇡

L2

Z
d2xT

(2⇡)2
d2yT

(2⇡)2
e�ikT ·(xT�yT )

⇥
⌦
Ai

a(xT )A
j
a(yT )

↵
, (10)

where we have normalized the distribution with the
transverse area of the target L2. This normalization
drops out of the results expressed in terms of the ellip-
tical asymmetry v2. For analytical calculations of the

functions G(1)(x0, q?) and h(1)
? (x0, q?) in the McLerran-

Venugopalan (MV) model [35, 36], see Refs. [6, 22].
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also be thought of as a sheet of color electric field on the
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transverse area of the target L2. This normalization
drops out of the results expressed in terms of the ellip-
tical asymmetry v2. For analytical calculations of the
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? (x0, q?) in the McLerran-

Venugopalan (MV) model [35, 36], see Refs. [6, 22].

WW gluon distributions & q-qbar jets in DIS

Quark-antiquark jet correlation 
 azimuthal anisotropy in DIS

 0

 0.2

 0.4

 0.6

 0.8

 1

 0  2  4  6  8  10  12  14  16

h(1
)

T 
 /G

(1
)

qT [GeV]

Au
Cu
Ca

IP-Sat (Y=1 ,g=1) 

Dumitru, Lappi, Skokov Phys.Rev.Lett. 115 
(2015) 25, 252301

The distribution of linearly polarized gluons and elliptic azimuthal anisotropy in DIS
dijet production at high energy

Adrian Dumitru⇤

Department of Natural Sciences, Baruch College, CUNY,
17 Lexington Avenue, New York, NY 10010, USA and

The Graduate School and University Center, The City University of New York, 365 Fifth Avenue, New York, NY 10016, USA

Tuomas Lappi†

Department of Physics, P.O. Box 35, 40014 University of Jyväskylä, Finland and
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We determine the distribution of linearly polarized gluons of a dense target at small x by solving
the B-JIMWLK rapidity evolution equations. From these solutions we estimate the amplitude of
⇠ cos 2� azimuthal asymmetries in DIS dijet production at high energies. We find sizeable long-
range in rapidity azimuthal asymmetries with a magnitude in the range of v2 = hcos 2�i ⇠ 10%.

Transverse momentum dependent (TMD) factoriza-
tion [1, 2] in deep inelastic scattering predicts a distribu-
tion for linearly polarized gluons in an unpolarized tar-
get [3, 4]. This is reflected in cos 2� asymmetries in dijet
production [5, 6] and in other processes [7–9]. To date
little is known about the magnitude of these functions in
the small-x regime of high energies. In this paper we per-
form first estimates of these functions by solving the B-
JIMWLK renormalization group equations [10–21]. Also,
we use our solutions to analyze the magnitude of the re-
sulting cos 2� asymmetry in dijet production [5, 22] at
leading order. These could be tested at a future electron-
ion collider (EIC) [23, 24], where the small-x e↵ects dis-
cussed here can be enhanced by using a nuclear target.

Recent data for high multiplicity p+p [25, 26] and

p+Pb [27–33] data at the LHC have revealed long-range
(in rapidity) angular cos 2� “ridge” correlations in par-
ticle production high multiplicity events. The magni-
tude of these long range correlations is conventionally
parametrized in terms of v2 ⌘ hcos 2�i. In fact, the
azimuthal correlation in DIS dijet production at high
energy originates also from the long-ranged eikonal in-
teraction and so results in a similar experimental sig-
nature as the “ridge”. To make this connection ex-
plicit we shall parametrize the azimuthal structure aris-
ing from the linearly polarized gluon distribution in terms
of v2 = hcos 2�i, and determine its dependence on the ra-
pidity imbalance of the dijet.
At leading order the cross section for inclusive produc-

tion of a dijet in �⇤-nucleus scattering is given by [5, 6]

E1E2
d��⇤

TA!qq̄X

d3k1d3k2d2b
= ↵eme2q↵s� (x�⇤ � 1) z(1� z)

�
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(P 2
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2✏2fP
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cos (2�)xh(1)

? (x, q?)

#
, (1)

E1E2
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LA!qq̄X

d3k1d3k2d2b
= ↵eme2q↵s� (x�⇤ � 1) z2(1� z)2

8✏2fP
2
?

(P 2
? + ✏2f )

4

⇥
h
xG(1)(x, q?) + cos (2�)xh(1)

? (x, q?)
i
. (2)

Here,

~P? = (1� z)~k1 � z~k2 , ~q? = ~k1 + ~k2 (3)

are the dijet transverse momentum scale ~P? and the

transverse momentum imbalance ~q?, respectively. The
transverse momenta of the produced quark and anti-
quark are given by ~k1 and ~k2 and their respective light-
cone momentum fractions are z and 1 � z; the dijet in-
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One more thing…..
This just came out…..many many miles away 
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Summary

• The fundamental ingredients are TMDs for EIC observables 

• They are expressed in terms of correlator of gauge fields

• TMDs can be estimated consistently in the same approach

• Event-by-event configurations of nuclei can be modeled for EIC

Initial geometry and fluctuations in A+A
IP-Glasma provides good description of initial geometry and

fluctuations in Pb+Pb and Au+Au.
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energies, calculated pion spectra also underestimate the
data for pT < 300MeV but v1(pT ) is well reproduced.

We present event-by-event distributions of v2, v3, and
v4 compared to results from the ATLAS collaboration
[40, 41] in Fig. 9. We chose 20-25% central events be-
cause eccentricity distributions from neither MC-Glauber
nor MC-KLN models agree with the experimental data
in this bin [41]. To compare data with the distribution
of initial eccentricities [42] from the IP-Glasma model
and the final vn distributions after hydrodynamic evolu-
tion, we scaled the distributions by their respective mean
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value. We find that the initial eccentricity distributions
are a good approximation to the distribution of experi-
mental vn. Only for v4 (and less so for v2) the large vn

end of the experimental distribution is much better de-
scribed by the hydrodynamic vn distribution than the "n

distribution. This can be explained by non-linear mode
coupling becoming important for large values of v2 and
v4 [43].

In summary, we have shown that the IP-
Glasma+music model gives very good agreement
to multiplicity and flow distributions at RHIC and LHC.
By including properly sub-nucleon scale color charge
fluctuations and their resulting early time CYM dynam-
ics, this model significantly extends previous studies in
the literature [19, 36, 44–48]. Omitted in all studies
including ours is the stated dynamics of instabilities and
strong scattering in over-occupied classical fields that
can drive the system to isotropy and generate substan-

Same framework can be used to study various A+A systems like

(asymmetric ) Cu+Au and (deformed) U+U nuclear collisions.
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multiplicity and the inclusive hadron multiplicity to ex-
perimental data on inelastic non-single di↵ractive events
from the CMS collaboration [63]. We note that the IP-
Glasma model naturally produces multiplicity distribu-
tions of gluons that are a convolution of multiple nega-
tive binomial distributions [43, 44, 64]. In computing
the multiplicity distribution, we included all events in
which the rapidity density of gluons dNg/dy � 1 [65].
The multiplicity of charged hadrons dNch/dy is about
50 � 75% larger than dNg/dy depending on the cou-
pling used. Fragmentation however does not significantly
change the shape of the distribution of the scaled multi-
plicity. Within the available statistics we find very good
agreement with the data up to six times the mean mul-
tiplicity.

We now present results for the average transverse mo-
mentum hpT i for charged hadrons over the experimen-
tally used range of transverse momentum 0.15GeV <

pT < 10.0 GeV and |⌘| < 0.3, and for identified hadrons
⇡
±
,K

±
, p(p̄),K0

S and ⇤/(⇤̄) for a rapidity range of |y| <
0.5, with no cuts on transverse momentum. We compare
our calculation to the preliminary and published mea-
surements from the ALICE [66, 69] and CMS collabora-
tions [67]. To perform a consistent comparison between
data and our computation, we show the variation of hpT i
with the scaled charged hadron multiplicity Nch/ hNchi
in Fig. 3 [70].

Our results for the multiplicity dependence of hpT i in
the running coupling case are shown by solid lines. The
bands shown include the variation due to using fixed cou-
pling, which decreases hpT i by about 10 � 15% and the
e↵ect of turning o↵ color reconnections in PYTHIA frag-
mentation which decreases hpT i by about 5 � 10% [71].
We see a strong increase of hpT i with increasing multi-
plicity, consistent with the data. More interestingly, we
find that our framework naturally reproduces the mass
ordering for di↵erent species: hpT ip >hpT iK >hpT i⇡ and
hpT i⇤>hpT iK0

S

>hpT ih over the entire range of multiplicity

considered.
The strong multiplicity dependence of hpT i and the

mass ordering was demonstrated to arise in the fragmen-
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tation of mini-jets in HIJING calculations [72]. Such ef-
fects are also obtained in PYTHIA calculations within
the color-reconnection scheme [69, 73–75]. In PYTHIA,
high multiplicity events are associated with a large num-
ber of independent parton showers. These hadrons frag-
menting from independent showers will have hpT i to be
independent of the number of showers and therefore in-
dependent of hNchi. The inclusion of color-reconnections
modifies this by generating correlations between partons
from di↵erent showers; this leads to collective hadroniza-
tion of strings and the strong correlation observed be-
tween hpT i and hNchi.
Both parton showering and multi-parton interactions

are included in the CGC framework, and all the par-
ton ladders in rapidity, localized within a transverse area
⇠ 1/Q2

S are correlated. Specifically, with regard to the
correlation between multiplicity Ng ⇠ Q

2
SS? and mean

transverse momentum of gluons hpT i ⇠ QS , one finds
hpT i ⇠

p
Ng/S? showing that the correlation between

hpT i and Ng is already present at the gluon level. Con-
versely, the mass ordering of the hpT i of di↵erent species
can be attributed to the fragmentation scheme imple-
mented in the hadron-stand-alone mode of PYTHIA.
Color-reconnection only has a small e↵ect, because glu-
ons are not associated with separate showers and are al-
ready assigned to strings depending on their momenta.
The hardening of the transverse momentum distribu-

tion and mass ordering of hpT i are often attributed to
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tions of gluons that are a convolution of multiple nega-
tive binomial distributions [43, 44, 64]. In computing
the multiplicity distribution, we included all events in
which the rapidity density of gluons dNg/dy � 1 [65].
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data and our computation, we show the variation of hpT i
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the running coupling case are shown by solid lines. The
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independent of the number of showers and therefore in-
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ons are not associated with separate showers and are al-
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