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Only some of the non-perturbative aspects of 
bulk particle production are captured in 

conventional Monte-Carlo Models like PYTHIA

4

Conventional microscopic approaches/models 
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four multiplicity classes based on the total amount of
charged particles producd (with p

T

>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 p

T

range (2.0 < p
T

< 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 p

T

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-

Low-multiplicity (Data)

High-multiplicity (Data) High-multiplicity p+p (PYTHIA)
Sarkar, 

Chattopadhyay
1710.09785

CMS collab : 1606.06198

            Includes a state-of-the art fragmentation, 
Recent developments, talk by T. Sjostrand
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Color Glass Condensate (CGC)
At large energies (small x) the hadron/nucleus wavefunction
is characterized by the saturation scale

Q

s

� ⇤
QCD

At k
T

. Q

s

:
strong gluon fields A

µ

⇠ 1/g

! large occupation numbers ⇠ 1/↵

s

! classical field approximation
Björn Schenke (BNL) CIPANP 2012 6 / 27

Needs a consistent treatment of hadronization for bulk multi particle production (dominated by low pT )

(kT- factorization, Glasma-Graphs 
dilute-dense approaches)

Semi-hard high 
occupancy modes 

Perturbative tails

(multiple-scattering effects, 
numerical approaches )

The color glass condensate effective theory 
Makes use of the saturated target/projectile wave functions at sufficiently high energy, small-x,       

→ a systematic treatment of non-perturbative aspects of multi particle productions 

Fig: B Schenke 
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Perturbative CGC computations explain ridge systematics 
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Fig: K Dusling 

Under different perturbative approximation schemes CGC provides a natural explanation of : 
1) origin of high multiplicity events 2) the appearance of ridge in high multiplicity events
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Conventional fragmentation schemes 
are used for phenomenology high pT
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where H
(2)

↵

denote the Hankel functions of the second
type and order ↵ (see [110] for details).

The calculations in the framework of Classical Yang-
Mills naturally include the Glasma graphs and extend the
reach of perturbative calculations towards lower p

T

by
consistently including multiple-scattering e↵ects as well
as coherent re-scattering in the final state. Since event-
by-event simulations in the classical Yang-Mills theory
also allow for an improved treatment of the impact pa-
rameter dependence, they can be used in the future to
systematically study initial state e↵ects across di↵erent
collision geometries e.g. in p + A, d + A and 3He + A
collisions at RHIC [10, 11, 112].

F. Hadronization

So far we have outlined the computation of initial
state correlations at the parton level. The mecha-
nism of hadronization converts the partonic correlations
driven by initial state dynamics into correlated produc-
tion of final-state particles. Implementation of a realistic
scheme of hadronization is therefore essential for the phe-
nomenology of small systems collisions. A first principle
QCD based approach to such problem is very challeng-
ing. One therefore resorts to several available approxi-
mation schemes for fragmentations of partons. The most
commonly used approach is the standard parton-hadron
independent hadronization scheme [113] in which e.g. the
single inclusive hadron distributions are obtained by con-
voluting the gluon distributions with fragmentation func-
tions as

dN
h

d2pT dy
=

Z
1

z

min.

dz

z2
dN

g

d2qT dy
D

g!h

✓
z =

pT

qT

, µ2

◆
,

(27)
where D

g!h

(z, µ2) denotes the probability that a gluon
fragments into a hadron carrying z fraction of its mo-
mentum at a scale µ2. The lower limit of the integral
is determined from the kinematic requirement that the
momentum fraction of the gluons x  1. Commonly used
form for D

g!h

(z, µ2) such as KKP fragmentation func-
tions are obtained from fits to the inclusive hadron pro-
duction data in e++e� collisions [114]. In case of double
inclusive production relevant for the study of two-particle
correlation, one assumes an ansatz of the form [26]

d2N corr.

h

d2p
T

d2q
T

d⌘
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Limitations of the standard approach of hadronization is
that the applicability of the fragmentations functions are
questionable at low virtuality µ2. Therefore such scheme
of hadronization can not be used for bulk particle pro-
duction which is dominated by soft processes with typical

virtuality scale µ2 . 1 GeV. In such a context alterna-
tive approach such as the Local Parton Hadron Duality
(LHPD) [115] can be used to describe bulk particle pro-
duction driven by initial sate dynamics [116].
The state-of-the-art scheme of hadronization to de-

scribe bulk particle production used in several event gen-
erators like PYTHIA [117, 118] is based on the Monte-
Carlo implementation of the Lund string fragmentation
function

f(z,m
T

) =
1

z
(1� z)a exp

✓
�bm

T

2

z

◆
(29)

where m
T

and z denote the transverse mass and the light
cone momentum fraction of the fragmenting hadron. The
default parameters a and b are constrained by global
analysis of p+p data. The hadronization scheme in
PYTHIA also includes decays of hadron resonances and
final-state hadronic interactions. A quantitative study of
the e↵ect of hadronization on initial-state parton level
correlations using di↵erent scheme of fragmentation has
been done in Ref [119]. Such study indicates that the
structure of the final azimuthal correlations are very
much sensitive to the choice of fragmentation. For exam-
ple the resonance decay and hadronic interactions can
distort the initial-state correlations and introduce arti-
ficial final-state correlations in the produced hadrons.
Such mechanism will complicate the interpretation of ex-
perimental data. In such a context it has been demon-
strated that hardronization e↵ects in PYTHIA combined
with the scheme of color reconnection produce e↵ects
that can mimic collective flow like pattern leading to
mass ordering of hp

T

i [120] in p+p collisions. In addi-
tion, the hadronic transport models that implements the
Lund string fragmentation of PYTHIA have also shown
to qualitatively reproduce the systematics of v

2

measured
in p+Pb collisions [121]. Clearly more phenomenology
in this direction will further improve our understand-
ing. Meanwhile it essential to implement a state-of-the
art framework of hadronization to test di↵erent features
of the multi-particle correlations in CGC at the level of
hadrons; work in this direction is under progress [122].

III. COMPARISON WITH THE LATEST
EXPERIMENTAL OBSERVATIONS

A. p+p collisions

We begin with a comparison of the latest data in p+ p
collisions at LHC energies [12], where the quantity of
experimental interest is the rapidity and momentum in-
tegrated correlation function defined as

d2N
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Beyond perturbative computations : the IP-Glasma model

Bulk particle production in p+p/A collisions → Needs a 
hadronization scheme for low pT for better phenomenology 

-4 -2  0  2  4
kx [GeV]

-4

-2

 0

 2

 4

k y
 [G

eV
]Gluon density distribution (Momentum space) 

Input to hydro, transport, p+p, p+A, A+A collisions

→ Cooper-Frye prescription handles hadronization 

IP-Glasma : Multiplicity and Energy density

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

I Multiplicity (n): In the transverse Coulomb Gauge at ⌧ = 0.4 fm:
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I Energy density (✏): Fµ⌫ ! Tµ⌫ (stress energy tensor).

Tµ⌫ = �g��Fµ
�F

⌫
� +

1

4
gµ⌫F �

�F
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�

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

Gale, Jeon, Schenke, Tribedy, Venugopalan 1209.6330

Prithwish Tribedy CAPSS, Bose Institute, Kolkata, India 42/48

Stress-Energy Tensor (Position space)
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⌫
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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
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A� = 0
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(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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ward light cone there the gauge
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a nontrivial solution in the for-

ward lightcone, region 3

must add in extra pieces in order to have a solution. This will be done below. The
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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,
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2
f = z(1 � z)Q2 with Q

2 of order P
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?. 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

✓
q

2
? +

1

z(1� z)
P

2
?

◆
(5)

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

v

L
2 =

1

2

h

(1)
? (x, q?)

G

(1)(x, q?)
, v

T
2 = �

✏

2
fP

2
?

✏

4
f + 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:
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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

⇢
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

A

i(xT ) =
1

ig

U

†(xT ) @iU(xT ) . (9)

Since, in light cone gauge, the gauge field lives above
the light cone A

i(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
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where we have normalized the distribution with the
transverse area of the target L

2. 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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Transverse momentum is measured in units of the saturation momentum Qs(Y ). The curves correspond to evolution at fixed
↵s = 0.15.
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greater than ~q?, referred to as the “correlation limit” in
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In Eq. (2) � denotes the azimuthal angle between ~
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and ~q?, respectively. We introduce the following measure
for the azimuthal anisotropy,
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of the Weizsäcker-Williams unintegrated gluon distribu-
tion, respectively:

xG

ij
WW =

1

2
�

ij
xG

(1) � 1

2

✓
�

ij � 2
k

i
k

j

k

2

◆
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

�
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+(x�
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�
. (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

A

i(xT ) =
1

ig

U

†(xT ) @iU(xT ) . (9)

Since, in light cone gauge, the gauge field lives above
the light cone A

i(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
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where we have normalized the distribution with the
transverse area of the target L

2. 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].

Schenke, PT, Venugopalan
PRL108 (25), 252301

Very successful phenomenology 
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CGC + PYTHIA : A new approach to simulate p+p & p+A collisions 

1) Output distribution of Gluons from CGC 
based IP-Glasma model


2) Sample gluons in momentum space


3) Connect the gluons close in phase 
space to color neutral strings 


4) Input to PYTHIA and fragment into final 
particles
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 PYTHIA (realistic mechanism of hadronization) → partonic correlations
from initial state dynamics → correlated production of final-state particles

CGC meets Lund String fragmentation of PYTHIA

Schenke, PT, Venugopalan Phys. Rev. Lett. 108 (2012) 252301
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Step-I : compute gluon distributions in momentum space
dN

dkT dy

τ=0.2 fm τ=0.4 fm τ=0.6 fm

at different times (kx, ky) plane, boost invariant in the rapidity direction from IP-Glasma

Early time (regime of strong fields) → Yang-Mills evolution ~τ >1/Qs → on-shell gluon distributions 

These distributions are boost invariant & extend  in rapidity 
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Step-II : sample gluons & form PYTHIA strings 
IP-Glasma gluon dist    →       Sample Ng gluons    →  Connect Ngs gluons to a string

dN

dkT dy
Ng =

Ybeam∫

−Ybeam

dy

∫
dkT

dNg

dkT dy
Ngs =

Ng

⟨Q2
SS⊥⟩
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PYTHIA strings stretch in the rapidity direction 

R
ap
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ity

Ybeam

-Ybeam

Group gluons close in (kx-ky) into strings stretching mainly in the rapidity direction 
Need to add a quark and an anti-quark at string ends for color neutrality
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Inspired by Glasma fluxtubes picture we approximate the number of gluons/string =

2

ing experimental data of inclusive charged particle multi-
plicity and rapidity distributions in p+p collisions [50, 51]
and by HERA DIS data [52]. Events with Q2

S/hQ2

Si > 1
correspond to rare Fock space configurations inside the
two colliding protons. Additional geometric fluctuations
of the proton substructure [52, 53] have only a small ef-
fect on the intrinsic azimuthal correlations we will study
here [36].

In each event, the collision geometry is determined
by sampling impact parameters according to an eikonal
model for p+p collisions [54]. Subsequently, color charges
inside the two protons ⇢a(x?) are sampled from a Gaus-
sian distribution according to the MV model [55, 56]

h⇢a(x?)⇢
b(y?)i = g2µ2(x?, x)�

ab�(2)(x? � y?) , (2)

where g2µ(x?, x) = QS(x?, x)/⇠. The parameter ⇠ is
a non-perturbative constant, which has been constrained
by global analysis of multiplicity distributions in di↵erent
collision systems [49, 50] to be 0.45  ⇠  0.75.

Numerical solutions of the classical Yang-Mills equa-
tions determine the color fields for each configuration of
color charges [43, 44]. In our study, the gluon fields pro-
duced after the collision are evolved up to time ⌧ ⇠ 1/QS .
The multiplicity density dNg/dyd

2kT of produced gluons
is then determined in Coulomb gauge [57, 58]. On an
event by event basis, the fluctuations of the color fields
inside each colliding proton induce azimuthal correlations
of the gluons produced on time scales ⇠ 1/QS [36]. Be-
cause dNg/dyd

2kT ⇠ 1/g2, the e↵ect of a running cou-
pling can be introduced by multiplying the gluon mul-
tiplicity with an e↵ective factor of g2/(4⇡↵s(µ̃)), where
the scale for running µ̃ is chosen to be the gluon trans-
verse momentum kT . Unless otherwise noted the results
presented here employ running coupling. The absolute
normalization of the gluon density dNg/dyd

2kT is sensi-
tive to the choice of the lattice parameters in our study
and the running coupling scheme [59]. To circumvent
this ambiguity, we will express our results in terms of the
scaled multiplicity dNg/dy/hdNg/dyi.

In order to pass the IP-Glasma events to the string
fragmentation algorithm implemented in PYTHIA, we
sample Ng gluons, where Ng is determined by integrating
dNg/dyd

2kT over a range of rapidity �y
max

and trans-
verse momentum kT,max

. The rapidity of these gluons
is sampled from a uniform distribution over the range
�y

max

< y < �y
max

, and the transverse momentum is
sampled from dNg/d

2kT . The maximum value of rapidity
y
max

is equal to the beam rapidity of the colliding pro-
tons, y

max

= log(
p
s/mp) = 8.9 at 7 TeV, with mp the

proton mass. We choose the maximum transverse mo-
mentum of the sampled gluons to be k

T,max

= 10 GeV.
We then feed the momentum and color structure of the
sampled gluons into PYTHIA’s particle list [60] by con-
structing strings. Each sampled gluon in the event is as-
signed a color index; a fixed number of these are grouped
together into a single string inspired by the Glasma flux
tube picture [61]. We use a fixed value of 18 for the num-
ber of gluons in each string N

gs

, which corresponds to the
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G

e
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FIG. 1. Left: Initial gluon distribution for a single IP-Glasma
event; a single configuration of the sampled gluons in momen-
tum space is shown by black points. Right: Strings extended
in rapidity and clustered in transverse momentum. Red and
blue points represent the momentum of the quarks and anti-
quarks attached at the string ends. Strings connecting the
sampled gluons are shown by grey lines.

average value of Ng/hQ2

SS?i, where hQ2

SS?i is the num-
ber of flux tubes and S? denotes the transverse overlap
area.
We group gluons close in transverse momentum space

into strings stretching mainly in the rapidity direction
and add a quark and an anti-quark at string ends to guar-
antee color neutrality [62]. In Fig.1 (left) we show the
momentum space distribution of the initial gluon density
obtained from the IP-Glasma model at time ⌧ = 0.4 fm
together with the positions of the sampled gluons; the
configuration of the PYTHIA strings is shown in Fig.1
(right).
In this work, we will use the “hadron-stand-alone-

mode” of PYTHIA, which employs the Lund symmetric
fragmentation function

f(z,mT ) =
1

z
(1� z)a exp

✓
�bmT

2

z

◆
. (3)

Here mT and z denote the transverse mass and the light
cone momentum fraction of the fragmenting hadron, and
the default parameters a = 0.68 and b = 0.98 are con-
strained by a global data analysis [47]. Further, the
transverse momenta of hadrons during the fragmenta-
tion are smeared according to a Gaussian distribution
with the width �pT = 0.33 GeV. We do not modify the
default parameters in PYTHIA for our study. Variations
of our results with respect to these parameters are dis-
cussed in the supplementary material. In order to acquire
su�cient statistics, we generate fifty sampled gluon (and
string) configurations from every IP-Glasma event, and
hadronize each gluon configuration 100 times.
Unless otherwise noted, our results include the color re-

connection procedure of PYTHIA, which can be enforced
after initializing the string configurations.
Results: We will restrict ourselves here to bulk ob-

servables in p+p collisions at
p
s = 7TeV. In Fig. 2 we

compare the probability distribution of the scaled gluon

Pythia strings stretch in the rapidity direction 
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Step-III: fragment the PYTHIA strings 

Lund String Fragmentation 

PYTHIA fragments strings to produce hadrons which carry the anisotropy

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

-4 -2  0  2  4
kx [GeV]

-4

-2

 0

 2

 4

k y
 [G

eV
]

strings
Pions

Kaons
Protons

-4 -2  0  2  4  6
kx [GeV]

-4

-2

 0

 2

 4

k y
 [G

eV
]



Phenomenology of high multiplicity events 
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n-particle correlations & origin of high multiplicity events
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One of the most successful phenomenological results from the CGC approach 

18

Multi-particle production in CGC Negative binomial distribution (NBD)

+ + ..

Multiplicity distribution
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Collision geometry and impact parameter  →  convolution of NBDs
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LHC p+p RHIC p+p & d+Au

Negative binomial distribution is an input (by hand) in most phenomenological 
models, CGC naturally generates it, fragmentation does not modify the shape of it

Schenke, Schlichting, PT, Venugopalan 
Phys. Rev. Lett. 117 (16) 162301
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Bulk observables in p+p@LHC from CGC+PYTHIA
Mass ordering of mean pT

June 6, 2017 14:25 ws-rv9x6 Book Title tribedyHM page 10

10 P. Tribedy

state correlations.268

Explanation for the strong growth of hpT i with N

ch

/hN
ch

i 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 N

ch

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

N

ch

/hN
ch

i. 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
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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 dN

ch

/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 N

ch

/ hN
ch

i
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
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i. 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 hN

ch

i 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 hN

ch

i. 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 hN

ch

i.
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 N

g

⇠ Q2

SS? and mean
transverse momentum of gluons hpT i ⇠ QS , one finds
hpT i ⇠

p
N

g

/S? showing that the correlation between
hpT i and N

g

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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The growth of ⟨pT⟩ with Nch is a consequence of 
saturation scale driving multi particle production 

&

Mass ordering, p/π ratio → feature of the fragmentation functions 

Schenke, Schlichting, PT, Venugopalan 
Phys. Rev. Lett. 117 (16) 162301
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Identified particle spectra from CGC+PYTHIA at RHIC
Schenke, PT work in progress 

A good description of p+p & d+Au transverse momentum distributions, 
systematics due to lattice artifacts, fragmentation parameters → work in progress    
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Schenke, PT work in progress 

A promising description of p+p & d+Au transverse momentum distributions, 
systematics due to lattice artifacts, fragmentation parameters → work in progress    

Neutral pion spectra and nuclear suppression 
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Schenke, PT work in progress
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lie within the blue (gray) shaded region for |pT | = 3 (6) GeV. The collimated signal is determined
by the curvature in the shaded regions–flat UGDs are uncollimated.

responsible for the near side collimation evaluated [39] at yp = yq = 0. In this case, the two
particle correlation is proportional to

d2N ∝ S⊥

∫

d2k⊥Φ
2
A(kT )ΦB(|pT − kT |)ΦB(|qT − kT |) . (11)

To ascertain why the above expression yields a signal that is collimated, namely, a larger
signal for pT = qT as opposed to the signal when pT ̸= qT , let us consider for simplicity
|pT | = |qT |. This condition, and application of the Cauchy-Schwarz inequality [40] leads to
the condition

∫

d2k⊥Φ
2
A(kT ) ΦB(|pT − kT |) ΦB(|qT − kT |) ≤

∫

d2k⊥Φ
2
A(kT ) Φ

2
B(|pT − kT |) . (12)

When the equality holds, there is clearly no collimation because the r.h.s does not depend
on ∆φpq. However, the equality holds if and only if Φ(|pT + kT |) ∝ Φ(|qT + kT |), which is
only satisfied if the un-integrated gluon distribution is flat within the available phase space.
Fig. (7) clearly shows that the unintegrated gluon distributions are not flat. Therefore,
on very general grounds, we expect a collimation from the structure of the two particle
correlation in Eq. (11).

Now that we have argued on very general grounds that there must be a collimation, we
would like to understand the scaling of the yield with Noffline

trk and Npart as seen in Fig. (2).
As seen in Fig. (6), the underlying event (which characterizes the overall normalization of
the signal) scales linearly with Noffline

trk . Any Noffline
trk dependence in Fig. (2) is therefore a

consequence of the Noffline
trk scaling of the normalization. In addition to this Noffline

trk scaling,
their is ridge collimation that grows rapidly with Npart. We will now discuss in turn both
aspects of the systematics of the observed signal.

13

fig : Dusling, Venugopalan 1211.3701

At a fixed pT, gluon distribution inside projectile & target wave functions control the shape of Rd+A

CGC+PYTHIA → ideal framework, captures e-by-e fluctuations of the target/projectile wave functions  

Neutral pion spectra and nuclear suppression 



Results on azimuthal correlations
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Long range di-hadron correlations form CGC+PYTHIA 

Obtaining the normalized two 
dimensional correlation function

Azimuthal correlations (after fragmentation)
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n-particle correlations from CGC+PYTHIA
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Mass ordering of ridge form CGC+PYTHIA 

Mass ordering of the correlations functions 
with identified particles as trigger

P.Tribedy, Quark Matter 2018, Venice, Italy 31

n-particle correlations from CGC+PYTHIA
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Schenke, Schlichting, PT, Venugopalan 
Phys. Rev. Lett. 117 (16) 162301Mass ordering of v2, identified hadrons as trigger
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Mass ordering of v2 form CGC+PYTHIA 

Systematics from pT smearing 
during PYTHIA string fragmentation 

pT kick
v2 in p+Au, d+Au, He+Au : talk by Mark Mace (this afternoon)
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Summary

Very first attempt to combine CGC model with the fragmentation in PYTHIA

Description of many observable without invoking final state rescattering and 
collective expansion


The state of the art fragmentation will boost the phenomenology of CGC 
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Backup



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
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Strong Lattice artifacts in the limit of small system size 
Schenke, PT, Venugopalan Phys. Rev. C 89 (2), 024901

Systematics of CGC computations on Lattice 

Infrared regulator Time evolution Cutoff for color charge dist. 
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Azimuthal Correlations from CGC

⇠ Q�1
s

~E

• Intrinsic momentum space correlation 
from initial state  

• Originate probe scattering off a color 
domain  

• Suppressed by number of color 
sources/domains pT > Qs 

• Multiple scattering dominate pT<Qs 

Very distinct from Hydrodynamic flow (driven by geometry )

Kovner, Lublinsky 1012.3398

Lappi, Schenke, Schlichting, Venugopalan 1509.03499
Dumitru, Giannini 1406.5781                                          

Dumitru, Dusling, Gelis, Jalilian-Marian, .     
Lappi, Venugopalan 1009.5295

Dusling, Venugopalan 1201.2658
Kovchegov, Wertepny 1212.1195

8

FIG. 6. Color fields of the target are locally organized in
domains of characteristic size of the inverse saturation scale
1/Qs, figure taken from [38]

While recent progress has been made in formulating evo-
lution equations for multi-particle production in dilute-
dense systems [102], these have not been employed for
phenomenological studies so far.

By evaluating the dipole operator in short-distance ex-
pansion (Q

s

|x� y| << 1)

D(x,y) ' 1� (x� y)i(x� y)j

4N
c

Ea

i

⇣
x+ y

2

⌘
Ea

j

⇣
x+ y

2

⌘
,

(16)

where E
i

(x) = iV (x)@
i

V †(x) denotes the light-cone elec-
tric field, one can establish an intuitive picture of the ori-
gin of the long-range near side correlations [24]. When a
projectile parton scatters o↵ the color field of the nucleus
it receives a transverse momentum kick in the direction
of the color-electric field of the target. Color fields fluc-
tuate from event to event and are locally organized in
domains of size ⇠ 1/Q

s

as illustrated in Fig. 6. When
two (or more) quarks scatter o↵ the same domain, they
will receive a similar kick whenever they are in the same
color state. Naturally, this leads to a correlation which is
suppressed by 1/N2

c

(in the limit of large N
c

) and by the
number of domains Q2

s

S?, where S? denotes the trans-
verse area probed by the projectile.

Several studies have computed the azimuthal harmon-
ics of the two-particle correlation function in Eq. (15),
either based directly on numerical evaluations includ-
ing JIMWLK evolution [36, 38] or within (semi-)analytic
models [32, 103, 104]. Generally the double-inclusive
spectrum in Eq. 15 features sizable azimuthal correla-
tions v

n

which are on the order of 1/
p

N2

c

� 1 and most
pronounced when both parton momenta p

1

are p
2

are
on the order of the saturation scale. While the double-
inclusive spectrum for the two incoming quarks features
both even (n = 2, 4, ...) and odd (n = 1, 3, 5, ...) harmon-
ics, it turns out that the odd harmonics for gluons vanish
identically due an exact symmetry of the the correlation
function under p

1

! �p
1

. Even though the dilute-dense
framework described above certainly does not provide the
most realistic initial state model for mid-rapidity particle
production in high-multiplicity events, it turns out that
the absence of odd harmonics for gluons poses a more

general problem within the CGC framework. However,
as discussed in Sec. III recent simulations including the
early-time classical Yang-Mills dynamics have been able
to resolve this puzzle to some extent.

E. Classical Yang-Mills

Beyond the approaches outlined above there have also
been new theoretical developments to the study initial
state correlations in event-by-event simulations in classi-
cal Yang-Mills theory [37, 63, 101]. In this approach Eq.5
is solved numerically for the individual colliding hadrons
or nuclei in Lorentz gauge @

µ

Aµ = 0, where

A±
A(B)

= �
⇢
A(B)

(x⌥,x?)

r2

? +m2

, (17)

and then transformed into the light-cone gauge
A+(A�) = 0, where one finds [105–107]

Ai

A(B)

(x?) = ✓(x�(x+))
i

g
V
A(B)

(x?)@iV
†
A(B)

(x?) , (18)

A�(A+) = 0 . (19)

The infrared regulator m in Eq. (17) is of order ⇤
QCD

and crudely incorporates color confinement at the nu-
cleon level by damping the coulomb tail. The gauge field
in the forward light-cone after collision at time ⌧ = 0
is given by the solution of the CYM equations in Fock–
Schwinger gauge A⌧ = (x+A� + x�A+)/⌧ = 0 in terms
of the gauge fields of the colliding nuclei [108, 109]:

Ai = Ai

(A)

+Ai

(B)

, (20)

A⌘ =
ig

2

h
Ai

(A)

, Ai

(B)

i
, (21)

@
⌧

Ai = 0 , (22)

@
⌧

A⌘ = 0 (23)

Such gluon fields produced after collision are evolved
in time according to Classical Yang-Mills equations up
to time ⌧ ⇠ 1/Q

S

fm to estimate the gluon spectrum
dN

g

/dyd2k
T

by imposing Coulomb gauge @
i

Ai

��
⌧

= 0 and
extracting the equal time correlation function [110, 111]
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(24)

where gµ⌫ = (1,�1,�1,�⌧�2) denotes the Bjorken met-
ric and � = 1, 2 labels the two transverse polarizations.
In Coulomb gauge the mode functions take the form
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