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Exploring novel phenomena at the early 
stages of relativistic heavy ion collisions 
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Fluctuating nucleon positions and color charges ➞ 
Fluctuating deposited energy

Pressure gradients drive the evolution  
Described by hydrodynamics

High energy: Initial energy density can be computed in the 
color glass condensate framework (effective theory of QCD) 
One realization is the IP-Glasma model 
Includes gluon saturation at high densities  
( small x and small transverse momentum pT ≲ QS )
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What do we mean by initial conditions ?

Color Glass 
Condensate (CGC) Glasma       pre-equilibrium QGP Hadronization

�N
�Y

� � � N�N 2 [Dµ, Fµ� ] = J� �µTµ� = 0 pµ�µfi = Ci

Different steps in the time evolution are described by solving 
differential equations that require Initial Conditions
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What do we mean by initial conditions ?

Color Glass 
Condensate (CGC) Glasma       pre-equilibrium QGP Hadronization

�N
�Y

� � � N�N 2 [Dµ, Fµ� ] = J� �µTµ� = 0 pµ�µfi = Ci

At some point the system becomes describable by hydrodynamics and we 
need to compute the initial full Tμν 

Initial conditions for hydrodynamics

Different steps in the time evolution are described by solving 
differential equations that require Initial Conditions
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Where are the challenges ?

Introduction to AA collisions

Bookkeeping

Inclusive gluon spectrum

Loop corrections

CERN

François Gelis – 2007 Lecture III / III – School on QCD, low-x physics, saturation and diffraction, Copanello, July 2007 - p. 9/65

Initial particle production

■ Dilute regime : one parton in each projectile interact
■ Dense regime : multiparton processes become crucial
(+ pileup of many simultaneous scatterings)
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Fig. 17: Left panel: a cartoon of the ‘dense–dense’ collision between two heavy nuclei, which illustrates the
complexity of the process. Non–linear effects enter via gluon saturation (in both nuclei) and multiple scattering.
Right panel: the gluon spectrum generated by this collision within the CGC formalism (from Ref. [26]).

where the last factor inside the integrand, (dN/dyd

2
p?)|class, represents the spectrum produced in the

scattering between two given configurations of classical colour sources (the ‘fast partons’) — one for
each nucleus. More precisely, as discussed in relation with Eq. (27), the right–moving nucleus is de-
scribed in a given event as a colour current having only a ‘plus’ component: Jµ,a

1 = �µ+⇢a1, with the
charge density ⇢a1 localized near x�

= 0 (due to Lorentz contraction) and independent of x+ (by Lorentz
time dilation). Similarly, the left–moving nucleus is represented by a colour current with only a ‘minus’
component: Jµ,a

2 = �µ�⇢a2, with ⇢a2 localized near x+
= 0 and independent of x�. At a classical level,

the ‘scattering’ between these two currents is described by the solution Aµ

a

to the Yang–Mills equation
including both types of sources (compare to Eq. (27)) :

Dab

⌫

F ⌫µ

b

(x) = �µ+⇢a1(x
�,x?) + �µ�⇢a2(x

+,x?) . (39)

This equation describes multiple scattering because it is non–linear: the collision begins at x+
= x�

= 0

(i.e. t = z = 0) and for positive values of x+ and x�, the solution Aµ

a

is non–linear to all orders
in both ⇢1 and ⇢2. This solution cannot be computed analytically, but numerical solutions are by now
available [26, 53–55]. The cross–section (dN/dyd

2
p?)|class for particle production is obtained via the

Fourier transform of this classical solution, that is, by projecting the field Aµ

a

onto modes with transverse
momentum p?. Finally, the average over the CGC weight functions of the two nuclei, cf. Eq. (38), is
numerically performed. It is this last procedure which introduces the dependence of the cross–section
upon the rapidity y, via the corresponding dependence of the two weight functions. Note that, in line with
the general philosophy of the CGC formalism, the only quantum effects to be included in the calculation
are those associated with the high–energy evolution of the projectile wavefunctions prior to scattering,
which are enhanced by the large logarithms Y

i

= ln(1/x
i

), with i = 1, 2. The final outcome of this
calculation is the gluon spectrum displayed in Fig. 17 (right panel) [26]. This is very similar to the
‘unintegrated’ gluon distribution in any of the incoming nuclei (compare to Fig. 16), in particular, it is
peaked at a value of p? of the order of the saturation momentum and which increases with y. Some
further consequences of the solution to Eq. (39) will be discussed in Section 3.7.

Note finally an important difference between p+A (dilute–dense) and A+A (dense–dense) colli-
sions: in the former, the particles produced by the collision do not interact with each other, but merely
evolve via fragmentation and hadronisation towards the final hadrons observed in the detectors; by con-
trast, in A+A collisions the partonic medium created in the early stages of the collisions is very dense,
so these partons keep interacting with each other — one then speaks about final state interactions, as
opposed to the initial state ones, which were associated with high density effects like saturation in the

29

A few hard
processes

Mostly soft 
processes
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p?)|class for particle production is obtained via the

Fourier transform of this classical solution, that is, by projecting the field Aµ

a

onto modes with transverse
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numerically performed. It is this last procedure which introduces the dependence of the cross–section
upon the rapidity y, via the corresponding dependence of the two weight functions. Note that, in line with
the general philosophy of the CGC formalism, the only quantum effects to be included in the calculation
are those associated with the high–energy evolution of the projectile wavefunctions prior to scattering,
which are enhanced by the large logarithms Y
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‘unintegrated’ gluon distribution in any of the incoming nuclei (compare to Fig. 16), in particular, it is
peaked at a value of p? of the order of the saturation momentum and which increases with y. Some
further consequences of the solution to Eq. (39) will be discussed in Section 3.7.

Note finally an important difference between p+A (dilute–dense) and A+A (dense–dense) colli-
sions: in the former, the particles produced by the collision do not interact with each other, but merely
evolve via fragmentation and hadronisation towards the final hadrons observed in the detectors; by con-
trast, in A+A collisions the partonic medium created in the early stages of the collisions is very dense,
so these partons keep interacting with each other — one then speaks about final state interactions, as
opposed to the initial state ones, which were associated with high density effects like saturation in the

29

Due to highly non-perturbative nature 
of the problem, first principle theory 
calculations are very challenging

A few hard
processes

Mostly soft 
processes
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Where are the challenges ?

© https://www.star.bnl.gov/~dmitry/edisplay/

It is not straight forward to come up with measurements 
that directly constrain initial stages of the collisions
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What has happened over the years ?
A+A physics ⇒ knowledge of nuclei @ high √s

29

Making a nucleus from proton
IP-Glasma + hydro + fluctuating proton geometry

B j ö r n  S c h e n k e ,  B N L
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H. Mäntysaari, B. Schenke, C. Shen, P. Tribedy, Phys. Lett. B772, 681–686 (2017)
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Understanding fast moving 
protons opens up a new path

fig: arXiv:1603.04349

Schenke, PT, Venugopalan arXiv:1202.6646,1206.6805

IP-Sat : Color charge distribution inside Nuclei

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

p

dip

(r?, x ,b?) ⇠ exp
�
�r

2
Q

2
sp

/2
�

The nuclear scattering matrix is obtained as

S

A

dip

(r?, x ,b?) =
AY

i=0

S

p

dip

(r?, x ,b?)
S

i

p

i ! nucleons are distributed according to Fermi distribution.

S

A

dip

! distribution of nuclear saturation scale Q

s

(b?, x) solving :

S

A

dip

(r?= r

S

, x ,b?) = exp(�1/2) =) Q

2
s

=
2

r

2
S

Iteratively solving x = Q

s

(b?,x)p
s

! Q

s

(b?,
p
s)

Lumpy color charge density distribution g

2µ(x?)⇠Q

s

(x?)

Kowalski, Lappi, Venugopalan 0705.3047

Lappi, arXiv:0711.3039, 1104.3725

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

Nucleus → to a probe it will appear 
as multiple proton scattering centers  

R ∼ A1/3

1. Nuclei → lumpy pack of 
coherent gluons 

How can we test it ?

2. Quantum fluctuations in 
a nucleus occur at a sub-

nucleonic scale 
2012 -

No fluctuations 
inside proton

No fluctuations

How did we get there ? Two major steps:

1. New tools to construct 
nuclei at high energies & 
simulate A+A collisions                

Next decade will improve/verify/falsify our knowledge of nuclei @ high √s

2. Measurements of angular anisotropy & 
its correlation with multiplicity: P(vn | N)

φ φ

A
A
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Steps towards computing Initial conditions

1

4 5

3

Evolve protons/nuclei 
to desired kinematics

Simulate the 
collisions of 

protons/nuclei

Simulate the 
medium after 

collisions

2

Make nuclei 
from protons

Different models  
approximate different steps

⇒Collect Knowledge of Protons 
(shape, fluctuations)
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But we need something more than that 

The most essential element 
is the event-by-event fluctuations 
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Role of initial geometry & e-by-e fluctuations 
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Let’s start with p+p collisions

In some rare events many particles are produced, how this happen ? 
Two different p+p collisions at the same energy are very different

What is the main difference ??
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Let’s start with p+p collisions

Possibilities:
1. Protons are extended objects & head-on collisions are rare ?

Peripheral
(few particles)

Average configuration
Central

(many particles)
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What leads to rare events in p+p collisions?

Peripheral Average

Possibilities:
1. Protons are extended objects & head-on collisions are rare ?

Central

p

p
Pr

ob
ab
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y 
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n 
ev

en
t

No. of particle in an event

Expectation : Sharp-cutoff
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What leads to rare events in p+p collisions?

Peripheral Average

Possibilities:
1. Protons are extended objects & head-on collisions are rare ?

Central
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STAR collaboration, 
arXiv:0808.2041
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Data
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What leads to rare events in p+p collisions?

Peripheral Average

Possibilities:
1. Protons are extended objects & head-on collisions are rare ?
2. There are other fluctuations inside the protons ?

Central
?     ?     ??     ?     ?

No sharp cutoff !!
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Peripheral Average Central
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IP-Glasma + hydro + fluctuating proton geometry

B j ö r n  S c h e n k e ,  B N L
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H. Mäntysaari, B. Schenke, C. Shen, P. Tribedy, Phys. Lett. B772, 681–686 (2017)
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Sub-nucleonic fluctuations

+

arXiv:0808.2041(data) 
1807.05632(model)

A combination of proton geometry & fluctuations can explain p+p data 
fig: arXiv:1603.04349
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What leads to rare events in p+p collisions?

This essential feature of the data must be incorporated in modeling of I.C.

Data
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Steps towards computing Initial conditions

1

Collect Knowledge of Protons 
(shape, fluctuations)
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Understanding the shape of a proton 

e
e

-
-

proton
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A closer look at the proton shape

Hadron-Electron Ring Accelerator (HERA)  
at DESY, Hamburg (1992-2007)

Deep inelastic scattering of 
electron with proton (e+p)

fig: Accardi et al arXiv:1212.1701

γ*

19

A closer look at the proton shape

Hadron-Electron Ring Accelerator (HERA)  
at DESY, Hamburg (1992-2007)

Deep inelastic scattering of 
electron with proton (e+p)

fig: Accardi et al arXiv:1212.1701

e
e

-
-

proton
P →

https://en.wikipedia.org/wiki/DESY
https://en.wikipedia.org/wiki/Hamburg


P. Tribedy, JETSCAPE WS2019, TAMU 20

Growth of gluons in electron-proton collisions
Deep inelastic scattering of 
electron with proton (e+p)

fig: Accardi et al arXiv:1212.1701

Faster moving proton becomes
more dressed with gluons 

Rapid growth of gluon density

-

γ*

19

A closer look at the proton shape

Hadron-Electron Ring Accelerator (HERA)  
at DESY, Hamburg (1992-2007)

Deep inelastic scattering of 
electron with proton (e+p)

fig: Accardi et al arXiv:1212.1701

e
e

-
-

proton
P →

x
f
(x
,Q

2
)

Energy of the proton
x



P. Tribedy, JETSCAPE WS2019, TAMU

14

�1 0 1
x[fm]

�1

0

1

y[
fm

]

FIG. 14: An example evolution of the fluctuating proton
shape over 5.3 units of rapidity with no ultraviolet damping
in the initial condition.

FIG. 15: An example evolution of the fluctuating proton
shape over 5.3 units of rapidity with ultraviolet damping
v = 0.3GeV�1 in the initial condition.

ent cross section, on the other hand, can not receive any
contribution in this region, and becomes only sensitive to
the edge of the proton.

This behavior is most clearly visible in the ratio of
the incoherent to the coherent di↵ractive cross sections,
shown in Fig. 16 and compared with the H1 data [93]. We
present results for the choice of parameters that produce
a good fit to the H1 spectra at W = 75 GeV and compare
to the parameter set where g

4

µ

2 is adjusted to fit the
charm reduced cross section. The ratio is shifted slightly
when changing the parameters, but the W dependence,
which is a prediction based on JIMWLK evolution, is
una↵ected.

For comparison, we will show results obtained us-
ing an IPsat model with fluctuating hot spot structure
parametrized in Ref. [16]. The proton structure pa-
rameters in that case are Bqc = 3.3 GeV�2, Bq =
0.7 GeV�2 and � = 0.5. The resulting cross section ra-
tio is much flatter as a function of W , because it lacks
important physics, including the proton growth and evo-
lution of the fluctuating sub-structure, and only the over-
all saturation scale depends on energy. Additionally, we
note that the cross section ratio is slightly above the data
also at W = 75 GeV where the parameters are con-
strained in Ref. [16]. This is due to the steeper slope
of the experimental coherent t spectra than what can
be reproduced by a proton with root mean square size
Bq +Bqc = 4 GeV�2 as used in Ref. [16], which describes
data for W = 90GeV well.

In Fig. 17, we compare to the case with UV damping
in the initial state. Unsurprisingly, because the UV filter
removes some fluctuations while keeping the overall size
the same, the ratio of incoherent to coherent cross section

is reduced. The evolution of the ratio with energy is sim-
ilar, possibly slightly slower when UV damping is used.
This makes the results with and without UV damping
become more similar with evolution (this can also be ob-
served in Figs. 5 and 6), which can be understood by the
structure becoming dominated by JIMWLK e↵ects and
losing memory of the initial state.

IX. LARGE DIPOLES

As shown in the previous sections, our results for in-
clusive structure functions and di↵ractive cross sections
underestimate the experimental data, unlike computa-
tions relying on the IPsat parametrization. On the other
hand, both approaches give a good description of the
charm structure function (but we also note that the IP-
sat model can not describe the observed proton growth in
1/x). This di↵erence was explained by noticing that the
behavior of the dipole amplitude for large (compared to
the size of the proton and to the inverse of the saturation
scale) dipoles is very di↵erent in the two frameworks.

As previously mentioned, in our model and at zero im-
pact parameter, the quarks do not probe the densest part
of the proton, but that at distances r/2 from the center.
This is in contrast to IPsat where the saturation scale is
probed at the impact parameter (the point between the
quark and anti-quark). This di↵erence becomes impor-
tant when the dipole size is of the order of the proton
size. In principle, this is the region where confinement
scale physics should dominate, but no such phenomena
are included in our model. In the IPsat model, large
enough dipoles scatter with probability one, which can
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contribution in this region, and becomes only sensitive to
the edge of the proton.
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present results for the choice of parameters that produce
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which is a prediction based on JIMWLK evolution, is
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rameters in that case are Bqc = 3.3 GeV�2, Bq =
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be reproduced by a proton with root mean square size
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1/x). This di↵erence was explained by noticing that the
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in the initial condition.
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ent cross section, on the other hand, can not receive any
contribution in this region, and becomes only sensitive to
the edge of the proton.

This behavior is most clearly visible in the ratio of
the incoherent to the coherent di↵ractive cross sections,
shown in Fig. 16 and compared with the H1 data [93]. We
present results for the choice of parameters that produce
a good fit to the H1 spectra at W = 75 GeV and compare
to the parameter set where g

4

µ

2 is adjusted to fit the
charm reduced cross section. The ratio is shifted slightly
when changing the parameters, but the W dependence,
which is a prediction based on JIMWLK evolution, is
una↵ected.

For comparison, we will show results obtained us-
ing an IPsat model with fluctuating hot spot structure
parametrized in Ref. [16]. The proton structure pa-
rameters in that case are Bqc = 3.3 GeV�2, Bq =
0.7 GeV�2 and � = 0.5. The resulting cross section ra-
tio is much flatter as a function of W , because it lacks
important physics, including the proton growth and evo-
lution of the fluctuating sub-structure, and only the over-
all saturation scale depends on energy. Additionally, we
note that the cross section ratio is slightly above the data
also at W = 75 GeV where the parameters are con-
strained in Ref. [16]. This is due to the steeper slope
of the experimental coherent t spectra than what can
be reproduced by a proton with root mean square size
Bq +Bqc = 4 GeV�2 as used in Ref. [16], which describes
data for W = 90GeV well.

In Fig. 17, we compare to the case with UV damping
in the initial state. Unsurprisingly, because the UV filter
removes some fluctuations while keeping the overall size
the same, the ratio of incoherent to coherent cross section

is reduced. The evolution of the ratio with energy is sim-
ilar, possibly slightly slower when UV damping is used.
This makes the results with and without UV damping
become more similar with evolution (this can also be ob-
served in Figs. 5 and 6), which can be understood by the
structure becoming dominated by JIMWLK e↵ects and
losing memory of the initial state.

IX. LARGE DIPOLES

As shown in the previous sections, our results for in-
clusive structure functions and di↵ractive cross sections
underestimate the experimental data, unlike computa-
tions relying on the IPsat parametrization. On the other
hand, both approaches give a good description of the
charm structure function (but we also note that the IP-
sat model can not describe the observed proton growth in
1/x). This di↵erence was explained by noticing that the
behavior of the dipole amplitude for large (compared to
the size of the proton and to the inverse of the saturation
scale) dipoles is very di↵erent in the two frameworks.

As previously mentioned, in our model and at zero im-
pact parameter, the quarks do not probe the densest part
of the proton, but that at distances r/2 from the center.
This is in contrast to IPsat where the saturation scale is
probed at the impact parameter (the point between the
quark and anti-quark). This di↵erence becomes impor-
tant when the dipole size is of the order of the proton
size. In principle, this is the region where confinement
scale physics should dominate, but no such phenomena
are included in our model. In the IPsat model, large
enough dipoles scatter with probability one, which can
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are included in our model. In the IPsat model, large
enough dipoles scatter with probability one, which can
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FIG. 14: An example evolution of the fluctuating proton
shape over 5.3 units of rapidity with no ultraviolet damping
in the initial condition.

FIG. 15: An example evolution of the fluctuating proton
shape over 5.3 units of rapidity with ultraviolet damping
v = 0.3GeV�1 in the initial condition.
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4

µ
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As previously mentioned, in our model and at zero im-
pact parameter, the quarks do not probe the densest part
of the proton, but that at distances r/2 from the center.
This is in contrast to IPsat where the saturation scale is
probed at the impact parameter (the point between the
quark and anti-quark). This di↵erence becomes impor-
tant when the dipole size is of the order of the proton
size. In principle, this is the region where confinement
scale physics should dominate, but no such phenomena
are included in our model. In the IPsat model, large
enough dipoles scatter with probability one, which can
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Growth of gluons in electron-proton collisions
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fig: Accardi 

Rapid growth of gluon density

-

γ*

19

A closer look at the proton shape

Hadron-Electron Ring Accelerator (HERA)  
at DESY, Hamburg (1992-2007)

Deep inelastic scattering of 
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The growth of gluons will eventually stop

Non-linear process 
Bremsstrahlung
          +
Recombination

Bremsstrahlung
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processes leads to gluon 
saturation

Gribov, Levin Ryskin 1983



P. Tribedy, JETSCAPE WS2019, TAMU 25

How do we know the shape of a proton? 

Probe small-x structure with vector mesons

Dipole-target scattering amplitude
N(r , x , b)

Exclusive di↵raction:

A ⇠
Z

d2bdzd2r ⇤ V (r , z ,Q2)e�ib·�
N(r , x , b)

Same universal dipole amplitude N also in calculations of

Inclusive DIS

Particle production in pA

Initial state for hydro simulations (Wilson lines)
Talk by B. Schenke

Etc

Heikki Mäntysaari (BNL) Fluctuations IS2017 20.9.2017 2 / 17

We study exclusive diffractive vector meson production in DIS e+p :

 γ*+p → J/ψ+p, no color exchange between the proton & the probe


Coherent diffraction :


Proton remains intact, probes 
to average gluon distribution


Incoherent diffraction : 

 

Proton breaks up, probes the 
shape fluctuations of the proton

2

All bold face characters are transverse two-vectors: r is
the vector between the dipole quark and anti-quark, b the
impact parameter (distance from the center of the pro-
ton to the center-of-mass of the dipole), � = (P 0 � P )?
is the transverse momentum transfer. z is the fraction
of the virtual photon longitudinal momentum carried by
the quark. The indices T, L refer to the photon polar-
ization. In this work we only consider transverse polar-
ization as we study photoproduction (Q2 = 0) events.
The large J/ mass provides the scale that suppresses
non-perturbative contributions from large dipole sizes.
The overlap between the virtual photon and vector me-
son wave functions is given by  ⇤ V . The virtual photon
wave function  , describing �

⇤ ! qq̄ splitting, can be
computed from perturbative QED, but the formation of
a vector meson from a color dipole is a non-perturbative
process and must be modeled. In this work, we use the
Boosted Gaussian wave function parametrization [34].

In coherent di↵raction, the target proton remains in-
tact and the cross section can be written as [34]

d��⇤p!J/ p

dt
=

1

16⇡

��hA(xP, Q
2
,�)i

��2
. (3)

The brackets hi refer to an average over target configura-
tions. As we are only interested in high energy scattering,
the small-x structure of the proton dominated by gluons
is probed. The coherent cross section is sensitive to the
average gluon density, as it is obtained from the aver-
aged scattering amplitude. On the other hand, when the
proton breaks up (but the event is still di↵ractive, and
there is no exchange of color charge between the proton
and the vector meson), the incoherent cross section is
obtained as a variance (see e.g. Refs. [21, 28]):

d��⇤N!J/ N⇤

dt
=

1

16⇡

⇣D��
A(xP, Q

2
,�)

��2
E

�
��hA(xP, Q

2
,�)i

��2
⌘
. (4)

The dipole-target cross section �

p
dip encodes all the

QCD dynamics of the scattering process. It is related
to the imaginary part of the forward dipole-target scat-
tering amplitude N via the optical theorem:

d�p
dip

d2b
(b, r, xP) = 2N(r,b, xP). (5)

The dipole amplitude N in principle satisfies the small-x
JIMWLK [35–38] or Balitsky-Kovchegov (BK) [39, 40]
evolution equation. However, knowledge of the impact
parameter dependence of N is crucial in order to evaluate
the di↵ractive scattering amplitude (2), and the impact
parameter dependent JIMWLK and BK equations de-
velop unphysical Coulomb tails that should be regulated
by confinement scale physics [41, 42]. Thus, we choose
to use the impact parameter dependent saturation model
(IPsat), as well as the IP-Glasma model [43, 44] to de-
termine the dipole amplitude.

In the IPsat model the dipole cross section is given
by [45]

d�p
dip

d2b
(b, r, xP) = 2

⇥
1 � exp

�
�r

2
F (xP, r)Tp(b)

�⇤
. (6)

Here Tp(b) is the proton’s spatial profile function

Tp(b) =
1

2⇡Bp
e

�b2/(2Bp)
. (7)

We have checked that using an exponential distribution
increases the coherent cross section for |t| > 1GeV2, with
only small changes for smaller |t|. For the e↵ect of di↵er-
ent profile functions see [46]. The function F is propor-
tional to the DGLAP evolved gluon distribution [47],

F (xP, r
2) =

⇡

2

2Nc
↵s

�
µ

2
�
xPg

�
xP, µ

2
�
, (8)

with µ

2 = µ

2
0 + 4/r2. The proton width Bp = 4 GeV�2,

µ

2
0 and the initial condition for the DGLAP evolution of

the gluon distribution xPg are parameters of the model.
They were determined in a successful fit of the IPSat
model to HERA DIS data in [6]. We use a charm mass
of mc = 1.4 GeV.
In the IP-Glasma model [43], the dipole ampli-

tude at a given xP, N(x � y, (x + y)/2, xP) = 1 �
Tr (V (x)V †(y))/Nc can be calculated directly from the
Wilson lines V (x) of the proton. They are obtained af-
ter sampling color charges ⇢(x�

,x) from the IPsat color
charge distribution (proportional to the saturation scale
Qs(xP), defined using the IPsat dipole amplitude [48])
and solving the Yang-Mills equations for the gluon fields:

V (x) = P exp

✓
�ig

Z
dx

� ⇢(x�
,x)

r2 +m

2

◆
. (9)

Here P indicates path ordering and m is an infrared cut-
o↵ that will a↵ect the proton size and consequently the
di↵ractive cross sections. Calculations are performed on
a lattice with spacing a = 0.02 fm. We have checked that
smaller lattice spacings do not alter the results. For more
details see [48].
Phenomenological corrections In the IPsat model, the

cross sections are obtained by replacing the dipole am-
plitude with its imaginary part. Correcting them by
a factor of (1 + �

2), with � = tan⇡�/2 and � =

(d lnA�⇤p!J/ p
T,L )/(d ln 1/xP), accounts for the real part

[34]. The real part correction is of the order of 10% in the
kinematical range considered in this work and depends
weakly on |t|. In the IP-Glasma the dipole amplitude is
used directly and we do not include this correction.
The skewedness correction takes into account the o↵-

diagonal nature of the gluon distribution involved in
the process. In the linearized approximation, where
two gluons are exchanged with the target, these glu-
ons carry di↵erent longitudinal momentum fractions x1
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Here P indicates path ordering and m is an infrared cut-
o↵ that will a↵ect the proton size and consequently the
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• 3He+Au, d+Au: Systematics of flow in different systems 
Explained by hydrodynamics. Initial state: no calculation  

• Higher order cumulants: Data shows that 
v2{4}≈v2{6}≈v2{8} …   
Natural in hydrodynamics but not a unique feature 

H O W  T O  D I S T I N G U I S H  “ F L O W ”  F R O M  
A N  “ I N I T I A L  S TA T E ”  S C E N A R I O

53 B j ö r n  S c h e n k e ,  B N L

M E A S U R E M E N T:   
P H E N I X  C O L L A B O R A T I O N  
P R L  1 1 4 ,  1 9 2 3 0 1  ( 2 0 1 5 )  
P R L  1 1 5 ,  1 4 2 3 0 1  ( 2 0 1 5    

C A L C U L A T I O N S :  
B O Z E K ,  B R O N I O W S K I ,  P L B 7 3 9  ( 2 0 1 4 )  3 0 8  
N A G L E  E T  A L ,  P R L 1 1 3  ( 2 0 1 4 )  
B O Z E K ,  B R O N I O W S K I ,  P L B 7 4 7  ( 2 0 1 5 )  1 3 5   
S C H E N K E ,  V E N U G O PA L A N ,  N PA 9 3 1  ( 2 0 1 4 )  1 0 3 9   
R O M A T S C H K E ,  E U R .  P H Y S .  J .  C 7 5  ( 2 0 1 5 )  3 0 5  
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The shape & fluctuations inside a proton

Quark structure (hotspots) → successful ansatz to describe DIS data
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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
via the mass term m. These tails e↵ectively increase
the proton size, and when combined with the constituent
quark model, weaken the fluctuations. It is the combi-
nation of Bqc, Bq and m that characterizes the degree of
geometric fluctuations in the IP-Glasma framework. We
have checked that reducing m increases Coulomb tails
and requires the reduction of Bqc and Bq to maintain
agreement with the experimental data.
In the limit t ! 0 the incoherent cross section gets

only a small contribution from geometric fluctuations.
However, color charge fluctuations in the IP-Glasma
model and possible Qs fluctuations are important in this
limit. The geometric fluctuations start to dominate at
|t| & 0.1 GeV2. See Ref. [17] for a more detailed discus-
sion.
Fig. 3 shows example proton configurations in the IP-

Glasma model with constituent quarks, demonstrating
the strong shape variations required to achieve compati-
bility with experimental data. For simplicity, the quan-
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

Mantysaari, Schenke, Phys. Rev. Lett. 117, 052301 (2016), Phys.Rev. D94 (2016) 034042

Gluon saturation +
Eccentric proton

Gluon saturation +
Round proton

Differential e-p DIS cross section  :  

(fits coherent &
incoherent data)

(fits coherent data)

Bottom line : DIS e+p data → crucial input on proton shape & fluctuations
2 

fm
2 

fm
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Steps towards computing Initial conditions

1

Collect Knowledge of 
Protons (shape, pdf)

2

Make nuclei 
from protons
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Constructing a nuclei from a proton

Nucleus → multiple scattering centers :  
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Less boost is needed to saturate a nucleus, larger A → larger QS 

8 fm

IP-Sat : Color charge distribution inside Nuclei

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

p

dip

(r?, x ,b?) ⇠ exp
�
�r

2
Q

2
sp

/2
�

The nuclear scattering matrix is obtained as

S

A

dip

(r?, x ,b?) =
AY

i=0

S

p

dip

(r?, x ,b?)
S

i

p

i ! nucleons are distributed according to Fermi distribution.

S

A

dip

! distribution of nuclear saturation scale Q

s

(b?, x) solving :

S

A

dip

(r?= r

S

, x ,b?) = exp(�1/2) =) Q

2
s

=
2

r

2
S

Iteratively solving x = Q

s

(b?,x)p
s

! Q

s

(b?,
p
s)

Lumpy color charge density distribution g

2µ(x?)⇠Q

s

(x?)

Kowalski, Lappi, Venugopalan 0705.3047

Lappi, arXiv:0711.3039, 1104.3725

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

R ∼ A1/3

IP-Sat : saturation models of DIS
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How do we know our nuclei are correct ?
Kowalski, Teaney hep-ph/0304189v3
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R ∼ A1/3

NMC collab. hep-ph/9503291
Kowalski, Lappi, Venugopalan

F2 data from DIS μ+Α provide some 
constraints, but measurements @EIC will 
be the best (my talk at the workshop) 

Bottom line : We need an EIC
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Steps towards computing Initial conditions

1

3

Collect Knowledge of 
Protons (shape, pdf)

Evolve protons/nuclei 
to desired kinematics

2

Make nuclei 
from protons
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Modeling the rapidity or energy dependence
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)])/N

c

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 V

z

⇠
z

V

†
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 R

p

' 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 R
p

can be fixed by fitting experimental data

on DIS cross sections within our model. We expect R
p

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 = x

0

,
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 x

0

, 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 ~x

CQ

= (x
CQ

, z

CQ

) of the three large
x constituent quarks according to a three dimensional
Gaussian distribution inside the proton, such that

h~x 2

CQ

i = R

2

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 = x

0

.
We divide this large x region into N

0

Y

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

V

0

(x) =

N

0
Y

Y

i=1

exp

✓

�ig

⇢

Yi
a

(x)ta

r2

? +m

2

◆

(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

Schenke, Schlichting 1407.8458
Mantysaari, Schenke arXiv:1806.06783  Proton

Nucleus

Small x, higher energy

fig : Schenke, Schlichting 1605.07158

RG evolution eqs. (BK-JIMWLK) describe such growth@high √s
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Steps towards computing Initial conditions

1

4

3

Collect Knowledge of 
Protons (shape, pdf)

Evolve protons/nuclei 
to desired kinematics

Simulate the 
collisions of 

protons/nuclei

2

Make nuclei 
from protons
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Simulating the collisions: Why challenging ?

Introduction to AA collisions

Bookkeeping

Inclusive gluon spectrum

Loop corrections

CERN

François Gelis – 2007 Lecture III / III – School on QCD, low-x physics, saturation and diffraction, Copanello, July 2007 - p. 9/65

Initial particle production

■ Dilute regime : one parton in each projectile interact
■ Dense regime : multiparton processes become crucial
(+ pileup of many simultaneous scatterings)

0.25 1 4 16
pT/Qs

adj

0

0.2

0.4

0.6

0.8

1

1.2

p T2  d
N

/d
2 p T

y = 0
y = 1.30
y = 2.59
y = 3.89
y = 5.18

Fig. 17: Left panel: a cartoon of the ‘dense–dense’ collision between two heavy nuclei, which illustrates the
complexity of the process. Non–linear effects enter via gluon saturation (in both nuclei) and multiple scattering.
Right panel: the gluon spectrum generated by this collision within the CGC formalism (from Ref. [26]).

where the last factor inside the integrand, (dN/dyd

2
p?)|class, represents the spectrum produced in the

scattering between two given configurations of classical colour sources (the ‘fast partons’) — one for
each nucleus. More precisely, as discussed in relation with Eq. (27), the right–moving nucleus is de-
scribed in a given event as a colour current having only a ‘plus’ component: Jµ,a

1 = �µ+⇢a1, with the
charge density ⇢a1 localized near x�

= 0 (due to Lorentz contraction) and independent of x+ (by Lorentz
time dilation). Similarly, the left–moving nucleus is represented by a colour current with only a ‘minus’
component: Jµ,a

2 = �µ�⇢a2, with ⇢a2 localized near x+
= 0 and independent of x�. At a classical level,

the ‘scattering’ between these two currents is described by the solution Aµ

a

to the Yang–Mills equation
including both types of sources (compare to Eq. (27)) :

Dab

⌫

F ⌫µ

b

(x) = �µ+⇢a1(x
�,x?) + �µ�⇢a2(x

+,x?) . (39)

This equation describes multiple scattering because it is non–linear: the collision begins at x+
= x�

= 0

(i.e. t = z = 0) and for positive values of x+ and x�, the solution Aµ

a

is non–linear to all orders
in both ⇢1 and ⇢2. This solution cannot be computed analytically, but numerical solutions are by now
available [26, 53–55]. The cross–section (dN/dyd

2
p?)|class for particle production is obtained via the

Fourier transform of this classical solution, that is, by projecting the field Aµ

a

onto modes with transverse
momentum p?. Finally, the average over the CGC weight functions of the two nuclei, cf. Eq. (38), is
numerically performed. It is this last procedure which introduces the dependence of the cross–section
upon the rapidity y, via the corresponding dependence of the two weight functions. Note that, in line with
the general philosophy of the CGC formalism, the only quantum effects to be included in the calculation
are those associated with the high–energy evolution of the projectile wavefunctions prior to scattering,
which are enhanced by the large logarithms Y

i

= ln(1/x
i

), with i = 1, 2. The final outcome of this
calculation is the gluon spectrum displayed in Fig. 17 (right panel) [26]. This is very similar to the
‘unintegrated’ gluon distribution in any of the incoming nuclei (compare to Fig. 16), in particular, it is
peaked at a value of p? of the order of the saturation momentum and which increases with y. Some
further consequences of the solution to Eq. (39) will be discussed in Section 3.7.

Note finally an important difference between p+A (dilute–dense) and A+A (dense–dense) colli-
sions: in the former, the particles produced by the collision do not interact with each other, but merely
evolve via fragmentation and hadronisation towards the final hadrons observed in the detectors; by con-
trast, in A+A collisions the partonic medium created in the early stages of the collisions is very dense,
so these partons keep interacting with each other — one then speaks about final state interactions, as
opposed to the initial state ones, which were associated with high density effects like saturation in the

29

1. Mostly t-channel processes
2. Only a fraction of the processes are perturbative (large p like jets)
3. Multiple scattering & soft processes dominate → highly non-perturbative

Even if we can learn a great deal about the colliding object, the biggest 
challenge is how to simulate the collision

fig: Iancu
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A closer look

This is an intrinsically complicated 
problem that is highly non-perturbative 

30

projectile

target

Multi particle production → collisions are really complicated

Collisions of hadrons/nuclei

Single gluon
emission

A single process could be quite complex

1. Dynamical modeling with effective theories
2. Geometry based Density prescriptions

How to handle this & compute the essential elements of an I.C. ? 
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Many approaches to the problem

DIPSY

IP-Jazma

AdS/CFT



Dynamical models
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Dynamical model of initial stages

AdS/CFT

Gribov 
Regge 
Theory

neXus, EPOS

pQCD mini-
jets, strings
EKRT, PYTHIA,
HIJING, AMPT, 

Angantyr

Color-Glass-
Condensate

MC-rcBK, MC-
KLN, IP-Glasma

Strength of coupling 

Density of partons 

- Implement approaches based on first principles 
- Constrained from independent analyses 
- Focus on broad aspects, can be multipurpose 
- Numerically intense 
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Modeling the collisions : pQCD approaches

Conventional pQCD Monte-Carlo: PYTHIA, HIJING, AMPT, Angantyr

Geometry pQCD + nPDF 

 Implementation of saturation when :

Time evolution → Bjorken like expansion

Computes NLO pQCD cross section of mini-jets :

Niemi, Eskola, Paatelainen 1505.02677

dET

d2rdy
(2 � 2) � dET

d2rdy
(3 � 2)

dET

d2s

�
p0,

�
s, �y, s,b

�
= TA(s + b/2)TB(s � b/2)��ET �p0,�y

EKRT : pQCD (shadowing) + saturation
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Modeling the collisions : effective theories

neXus, EPOS : Parton-Based Gribov 
Regge Theory

Werner, Liu, and Pierog, hep-ph/0506232  
Pierog, Karpenko, Katzy, Yatsenko, Werner, 1306.0121

to reproduced any kind of hadronic interactions from h-A to A-B where h can be π, K or

p and A or B range from 1 to 210 nucleons. The energy range is from 40 GeV lab to more

than 1000 TeV center-of-mass energy (about 1021eV lab).

The EPOS version EPOS LHC v3400 presented here differs from EPOS 2.x [11] and

EPOS 3.x [12] (under development) in that it does not take advantage of the complete

3D hydro calculation followed by the hadronic cascade done in EPOS 2 or 3, but it is a

released version which is freely available for any user 1. The fast covariant approach used in

EPOS 1.99 is still used but with an improved flow parametrization as described later. The

main reason to have different versions is that for a Pb-Pb central event EPOS 2 or 3 needs

about one hour while EPOS LHC will generate it in few tens of seconds and EPOS LHC

is not under development any more (public stable version). As a consequence EPOS LHC

has more parameters (and less predictive power) than EPOS 2 or 3 [13–15] and should not

be used for a precise study of pt distributions or particle correlations in HI collisions, but

is a good alternative model for p-p and p-A minimum bias analysis.

2 Update of the EPOS 1.99 model

2.1 Basic principles of EPOS 1.99

Nucleus-nucleus scattering - even proton-proton - amounts to many elementary collisions

happening in parallel. Such an elementary scattering is the so-called “parton ladder” , see

figure 2, also referred to as cut Pomeron [6].

quasi longitudinal
color electric field

via pair
production

decay

"flux tube" 

nucleon

nucleon

effects
nonlinear 

partons
low x

Figure 2. Elementary interaction in the EPOS model.

A parton ladder represents parton evolutions from the projectile and the target side

towards the center (small x). The evolution is governed by an evolution equation, in the

simplest case according to DGLAP. In the following we will refer to these partons as “ladder

1available with HepMC interface CRMC at : http://www.auger.de/~rulrich/crmc.html

– 3 –Flensburg,Gustafson, Lönnblad 1103.4321 
Flensburg 1108.4862

DIPSY : saturation + BFKL cascade

Drescher, Hladik, Ostapchenko, Pierog, Werner, hep- ph/0007198.
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Figure 5: (a) A parton chain stretched between projectile and target. (b) A backbone of
k⊥-changing gluons in a (y, ln q2

⊥
) plane. The transverse momentum of the virtual links ki are

represented by horizontal lines.

3.3 Giving proper weights to the emissions

In the cascade the gluons at the ends of a dipole are given opposite transverse momenta

k⊥ = 1/r (see further sec. 3.4). In eq. (2.1) an emitted dipole of length r is given a weight

containing the factor d2r/r2. However, if this dipole emits further dipoles, the new weight

is proportional to r2. Thus the associated weight is just d2r for dipoles which have split

and been replaced by new dipoles. In the cascades shown in figs. 7 and 9 these dipoles

are marked by dashed lines. In the following they will be referred to as “inner dipoles”.

The remaining dipoles, formed by colour-connected gluons, are marked by heavy lines, and

they all get a weight proportional to 1/r2. They will be referred to as “outer dipoles”.

Let us study the cascade shown in fig. 7, obtained after the absorption of the virtual

gluons as described in the previous subsection. The cascade starts from the dipole (01),

followed by emission of gluons 2, 3, etc. Here the dipoles are first smaller and smaller,

a ≫ b ≫ c ≫ d. The corresponding k⊥-values therefore become larger and larger in each

step. After the minimum dipole, with size d, the subsequent emissions, 5, and 6, give again

larger dipoles with correspondingly lower k⊥ values. The weight containing factors 1/r2

for all “remaining dipoles” is proportional to

d2r2
b2

·
d2r3
c2

·
d2r4
d0

·
d2r5
e2

·
d2r6
f2

·
1

f2
. (3.3)

In this event gluons 3 and 4 recoil against each other with large transverse momenta

kmax = 1/d. As all factors of d have canceled in eq. (3.3), this gives the proper weight

– 11 –

CGC factorization : KLN model, f-KLN, 
MC-KLN, MC-rcBK

Kharzeev, Levin, Nardi, hep-ph/0111315, Drescher, 
Nara 0707.0249, Albacete, Dumitru 1011.5161 
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Quantities of experimental interests
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Single gluon production

ρ
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Double gluon production
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P
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p
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Δφ = π

Trigger

0 π/2 π

Glasma Graph
Y(Δφ) 

Δφ

Δφ = π

Jet Graph
Δη   <|Δη|< Δη

Trigger

Back-to-back in 0 & πSymmetric around π/2

min max

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 v

n

. 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 v

n

. 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

⌧ Q
S

. p
T

, q
T

the resulting two-particle correla-
tions function as a direct sum of both contributions

d2N corr.

d2pT d
2

qT dypdyq
=

d2N corr.

Glasma

d2pT d
2

qT dypdyq
+

d2N corr.

Jet

d2pT d
2

qT dypdyq
.

(3)
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

[D
µ

, Fµ⌫ ] = J⌫ . (5)

ρ
P

ρ
T

p
qQuan	Wang	 ISMD	2016	

2-Par5cle	Correla5ons	

13	

1 

2 

trig 

assoc 

Δη	=	ηassoc	-	ηtrig	
Δϕ	= ϕassoc	-	ϕtrig	

65

Double gluon production

ρ
P

ρ
T

ρ
P

ρ
T

q

p

5

Δφ = π

Trigger

0 π/2 π

Glasma Graph
Y(Δφ) 

Δφ

Δφ = π

Jet Graph
Δη   <|Δη|< Δη

Trigger

Back-to-back in 0 & πSymmetric around π/2

min max

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 v

n

. 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 v

n

. 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
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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

[D
µ

, Fµ⌫ ] = J⌫ . (5)
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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 v

n

. 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 v

n

. 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
⇤
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⌧ Q
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. p
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the resulting two-particle correla-
tions function as a direct sum of both contributions
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Glasma

d2pT d
2

qT dypdyq
+

d2N corr.

Jet

d2pT d
2

qT dypdyq
.
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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

[D
µ

, Fµ⌫ ] = J⌫ . (5)
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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 v

n

. 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 v

n

. 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
⇤
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⌧ Q
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. p
T
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T

the resulting two-particle correla-
tions function as a direct sum of both contributions
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=
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+
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(3)
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

[D
µ

, Fµ⌫ ] = J⌫ . (5)
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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 v

n

. 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 v

n

. 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
⇤
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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

[D
µ

, Fµ⌫ ] = J⌫ . (5)
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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 v
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. 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 v
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. 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
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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
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(x±,x?). (4)

The color charge densities ⇢
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(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
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Modeling the collisions: CGC perturbative 
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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 v
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. 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 v
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. 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
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The relative strength of the di-jet production represented
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the features of the observed di-hadron correlations as
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graphs are enhanced by a relative factor of ↵�4

S

com-
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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.
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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
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. Beyond the lowest order processes depicted
in the left panel of Fig. 4, further contributions to the az-
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can be included in a classical Yang-Mills description and
will be discussed in more detail in a following section.
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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
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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
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Beyond factorization/perturbative: IP-Glasma
IP-Glasma model in a nutshell 

Colliding nuclei:  
→  Classical color charge distribution   

→  Classical color fields that follows   

〈
ρa(x⊥)ρ

b(y⊥)
〉
∝ δabδ2(x⊥ − y⊥)Q

2
s(x⊥)

[Dµ, Fµ� ] = J�

After collisions: 
→  Glasma gluon fields 

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 @

µ

Aµ = 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

V
A(B)

(x?) = P exp

✓

�ig

Z

dx� ⇢A(B)(x�,x?)

r2

T

+m2

◆

, (9)

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

Ai

A(B)

(x?) = ✓(x�(x+))
i

g
V
A(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]:

Ai = Ai

(A)

+Ai

(B)

, (12)

A⌘ =
ig

2

h

Ai

(A)

, Ai

(B)

i

, (13)

@
⌧

Ai = 0 , (14)

@
⌧

A⌘ = 0 (15)

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/Q
s

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 ⇢a(x?)
(suppressing x from now on) according to

h⇢a
k

(x?)⇢
b

l

(y?)i = �ab�kl�2(x? � y?)
g2µ2

A

(x?)

N
y

, (16)

5 The metric in the (⌧,x?, ⌘) coordinate system is gµ⌫ =
diag(1,�1,�1,�⌧

2) so that A⌘ = �⌧

2
A

⌘ . The ± components
of the gauge field are related by A

± = ±x

±
A

⌘ .
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IP-Glasma: what are the unique features

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

Input to PYTHIA, p+p/A collisions

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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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-
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Two unique features of IP-Glasma

Negative Binomial fluctuations Full stress-energy tensor/ initial flow 

These features of IP-Glasma are not put by hand but appears naturally

fig: McDonald et al, arXiv:1704.07680
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Features that are important for small systems

Effect of initial flow and viscous tensor

!40 B j ö r n  S c h e n k e ,  B N L

B. Schenke, C. Shen, P. Tribedy, in preparation

PHENIX Collaboration, e-Print: arXiv:1805.02973
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IP-Glasma + 
MUSIC + UrQMD

Flow in d+A using a hybrid framework constrained by A+A data at RHIC

RHIC system scan

!32 B j ö r n  S c h e n k e ,  B N L

B. Schenke, C. Shen, P. Tribedy, in preparation



Density prescriptions
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Geometry based Density prescriptions

- Tuned to capture many features of the dynamical models but not all.
- Most widely used framework
- Requires an ansatz to compute densities
- Less numerically intense. 

MC-Glauber (2-component) 

Which one is the right prescription ? 
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1. Data that nailed it down: vn @ RHIC/LHC
Retinskaya, Luzum, Ollitrault 1311.5339

RHIC and LHC vn data rules out several initial state models 
Rules out Mc-Glauber (Npart) but not Mc-Glauber (Ncoll) 

vn @ RHIC/LHC Constraints @ RHIC/LHC
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2. Data that nailed it down: P(vn)
〉

part
N〈

0 100 200 300 400

 w
id

th
2v

0

0.02

0.04

0.06

 

ATLAS Pb+Pb

=2.76 TeVNNs

-1bµ = 7 intL

2vσ

2vδ

1/22)/)2{4}calc
2-v2{2}calc

2
=((v1F

|<2.5η>0.5 GeV, |
T

p

〉
part

N〈

0 100 200 300 400

 r
e

la
tiv

e
 f

lu
ct

u
a

tio
n

s
2v

 

0.3

0.4

0.5

0.6

0.7

0.8
0.9
1.0

1.5 〉
2

v〈/
2vσ

RP
2v/

2vδ

1/2
))

2
{4}

calc

2
(2v/)2

{4}calc
2-v

2
{2}

calc

2
=((v2F

 
1/2

))
2

{4}calc
2+v

2
{2}

calc

2
(v/)2

{4}calc
2-v

2
{2}

calc

2
=((v3F
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Figure 18 compares the EbyE v2 distributions with the distributions of the eccentricity

ϵ2 of the initial geometry, calculated via eq. (1.2) from the Glauber model [36] and the

MC-KLN model [45]. The MC-KLN model is based on the Glauber model but takes into

account the corrections to the initial geometry due to gluon saturation effects. Three

– 26 –

v2

P(
v 2

)

Glauber, KLN EKRT IP-Glasma

ATLAS Collaboration, 1305.2942
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3. Data that nailed it down: ultra-central U+U 

Energy density (✏) from IP-Glasma model (at ⌧ = 0)
Schenke, Tribedy, Venugopalan 1403.2232

A

u

+

A

u

(

n

o

-

d

e

f

o

r

m

a

t

i

o

n

)

A

u

+

A

u

(

s

i

d

e

-

s

i

d

e

d

e

f

o

r

m

e

d

)

C

u

+

A

u

(

a

s

y

m

m

e

t

r

i

c

)

Prithwish Tribedy

Quark Matter 2014, Darmstadt, Germany

12/23

Gold nucleus  
(little deformation)

Uranium nucleus  
(large prolate deformation)

Energy density (✏) from IP-Glasma model (at ⌧ = 0)

Schenke, Tribedy, Venugopalan 1403.2232

U+U (Tip-Tip) U+U (Side-Side) U+U (Random)
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collisions
on sides

collisions
on tipsTransverse overlap is different 
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Correlation between geometry and multiplicy
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3. Data that nailed it down: ultra-central U+U 

Density prescription : Glauber Dynamical model : CGC
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Data: STAR collaboration, arXiv: 1505.07812

Energy density (✏) from IP-Glasma model (at ⌧ = 0)
Schenke, Tribedy, Venugopalan 1403.2232
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Energy density (✏) from IP-Glasma model (at ⌧ = 0)
Schenke, Tribedy, Venugopalan 1403.2232
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Correlation of shape (elliptic anisotropy) vs. no. of produced particles 
indicate 2-component Glauber model cannot explain data

Au+Au

U+U

U+U

Au+Au

Glauber IP-Glasma

3. Data that nailed it down: ultra-central U+U 



“Improved” density prescriptions
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Geometry based Density prescriptions

Eremin, Voloshin nucl-th/0302071,  
PHENIX 1509.06727, Welsh, Singer, 
Heinz, 1605.09418 

Moreland, Bernhard, Bass 1412.4708 Chatterjee et al 
1510.01311, 1601.03971

TRENTO Quark-Glauber Shadowed Glauber

A recent development, inspired by dilute-dense saturation model : 

IP-Jazma 
Nagle, Zajc 1808.01276 

dS/dy � f(TA, TB)

� � g2Q2
s(x, y)projQ

2
s(x, y)targ

dET /d�, dN/d� � Nqp � �
Npart�

n

e�n�

Failure to describe vn distribution and ultra-central U+U data 
—> Improved MC-Glauber prescriptions :  

IP-Jazma ⇒large Nc limit of IP-Glasma, p=0 TRENTO
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TRENTO: improved MC-Glauber prescription 
Moreland, Bernhard, Bass 1412.4708

f = TR(p; TA, TB) �
�

T p
A + T p

B

2

�1/p

TA,B = wA,B
1

2�B
exp

�
� (x � xA,B)2 + (y � yA,B)2

2B

�

Pk(wA,B) =
kk

�(k)
wk�1

A,B
exp

�
�kwA,B

�

(dN/dy) | (dS/dy) | �(x, y) � f(TA, TB)

-1
 0

 1 -1

 0

 1

x[fm]
y[fm]

1. A Gaussian density profile for each colliding nucleons

2. Fluctuating weight to incorporates sub-nucleonic fluctuations 

3. Generalized scheme for density after collision  

TRENTO provides event-by-
event distributions of 
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TRENTO: Reproducing existing models
The energy deposition scheme 
in TRENTO can be tuned to 
reproduce features of many 
different initial conditions 

TRENTo

 28

•Fast MC-Glauber type model that can mimic  
features of IP-Glasma, EKRT, depending on  
how energy is deposited
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Available for download at:
https://github.com/Duke-QCD/trento
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include participant matter. The two-component Glauber
ansatz adds a quadratic term to account for binary col-
lisions, i.e. f ⇠ (TA + TB) + ↵TATB .

However, recent results from ultra-central uranium-
uranium collisions at RHIC [29, 30] show that particle
production does not scale with the number of binary
collisions, excluding the two-component Glauber ansatz
[31]. Therefore N one-on-one nucleon collisions should
produce the same amount of entropy as a single N -on-N
collision, which is mathematically equivalent to the func-
tion f being scale-invariant:

f(c TA, c TB) = c f(TA, TB) (3)

for any nonzero constant c. Note, this is clearly broken
by the binary collision term (↵TATB). We will justify
this constraint later in the text; for the moment we take
it as a postulate.

With these constraints in mind, we propose for f the
reduced thickness

f = TR(p;TA, TB) ⌘
✓
T

p
A + T

p
B

2

◆
1/p

, (4)

so named because it takes two thicknesses TA, TB and
“reduces” them to a third thickness, similar to a reduced
mass. This functional form—known as the generalized
mean—interpolates between the minimum and maximum
of TA, TB depending on the value of the dimensionless
parameter p, and simplifies to the arithmetic, geometric,
and harmonic means for certain values:

TR =

8
>>>>>>><

>>>>>>>:

max(TA, TB) p ! +1,

(TA + TB)/2 p = +1, (arithmetic)
p
TATB p = 0, (geometric)

2TATB/(TA + TB) p = �1, (harmonic)

min(TA, TB) p ! �1.

(5)

Physically, p interpolates among qualitatively di↵erent
physical mechanisms for entropy production. To see
this, consider a pair of nucleon participants colliding with
some nonzero impact parameter, as shown in Fig. 1. For
p = 1, the reduced thickness is equivalent to a Monte
Carlo wounded nucleon model and deposits a blob of
entropy for each nucleon, while for p = 0, the model
deposits a single roughly symmetric blob at the mid-
point of the collision, and as p becomes negative, it sup-
presses entropy deposition along the direction of the im-
pact parameter. Similar behavior was discussed in the
context of small collision systems in [32]. Note that the
values 1, 0,�1 are only special cases—p is a continuous
parameter—and the scale-invariant constraint (3) is al-
ways satisfied.

We now detail the construction of the thickness func-
tions TA,B(x, y), which combined with the definition of
the reduced thickness completes the specification of the
model. The procedure is constructed from the ground
up to handle a variety of collision systems; we begin with
the simplest case.

FIG. 1. Reduced thickness of a pair of nucleon participants.
The nucleons collide with a nonzero impact parameter along
the x-direction as shown in the upper right. The grey dashed
lines are one-dimensional cross sections of the participant nu-
cleon thickness functions TA, TB , and the colored lines are the
reduced thickness TR for p = 1, 0,�1 (green, blue, orange).

Consider a collision of two protons A,B with impact
parameter b along the x-direction and nuclear densities

⇢A,B = ⇢

proton

(x± b/2, y, z), (6)

and assume that the integral
R
dz ⇢

proton

either has a
closed form or may be evaluated numerically, so that the
proton thickness functions can be calculated. The pro-
tons collide with probability [33]

P

coll

= 1� exp


��gg

Z
dx dy

Z
dz ⇢A

Z
dz ⇢B

�
, (7)

where the integral in the exponential is the overlap in-
tegral of the proton thickness functions and �gg is an
e↵ective parton-parton cross-section tuned so that the
total proton-proton cross-section equals the experimen-
tal inelastic nucleon-nucleon cross-section �

NN

.
The collision probability is sampled once to determine

if the protons collide; assuming they do, we follow a pro-
cedure similar to [36] and assign each proton a fluctuated
thickness

TA,B(x, y) = wA,B

Z
dz ⇢A,B(x, y, z), (8)

where wA,B are independent random weights sampled
from a gamma distribution with unit mean,

Pk(w) =
k

k

�(k)
w

k�1

e

�kw
. (9)

These gamma weights introduce additional multiplicity
fluctuations in order to reproduce the large fluctuations
observed in experimental proton-proton collisions. The
shape parameter k may be tuned to optimally fit the
data: small values (0 < k < 1) correspond to large mul-
tiplicity fluctuations, while large values (k � 1) suppress
fluctuations.

7

where the saturation momentum p

sat

depends on nuclear
thickness functions TA and TB , as well as phenomeno-
logical model parameters K

sat

and �. Calculating the
saturation momentum in the EKRT formalism is com-
putationally intensive, and hence—in its Monte Carlo
implementation—the model parametrizes the saturation
momentum p

sat

to facilitate e�cient event sampling [19].
The energy density in Eq. (20) can then be recast as
an entropy density using the thermodynamic relation
s ⇠ e

3/4 to compare it with the previous models.
Note that Eq. (20) is expressed as a function of nuclear

thickness T which includes contributions from all nucle-
ons in the nucleus, as opposed to the participant thick-
ness T̃ . In order to express initial condition mappings as
functions of a common variable one could, e.g. relate T̃

and T using an analytic wounded nucleon model. The
e↵ect of this substitution on the EKRT model is small,
as the mapping deposits zero entropy if nucleons are non-
overlapping, e↵ectively removing them from the partici-
pant thickness function. We thus replace T with T̃ in the
EKRT model and note that similar results are obtained
by recasting the wounded nucleon, KLN, and TRENTo
models as functions of T using standard Glauber rela-
tions.

Figure 4 shows one-dimensional slices of the entropy
deposition mapping predicted by the KLN, EKRT, and
wounded nucleon models for typical values of the par-
ticipant nucleon density sampled in Pb+Pb collisions atp
sNN = 2.76 TeV. The vertically staggered lines in each

panel show the change in deposited entropy density as a
function of T̃A for several constant values of T̃B , where
the dashed lines are the entropy density calculated using
the various models and the solid lines show the gener-
alized mean ansatz tuned to fit each model. The figure
illustrates that the ansatz reproduces di↵erent initial con-
dition calculations and quantifies di↵erences among them
in terms of the generalized mean parameter p. The KLN
model, for example, is well-described by p ⇠ �0.67, the
EKRT model corresponds to p ⇠ 0, and the wounded
nucleon model is precisely p = 1. Smaller, more negative
values of p pull the generalized mean toward a minimum
function and hence correspond to models with more ex-
treme gluon saturation e↵ects.

The three models considered in Fig. 4 are by no means
an exhaustive list of proposed initial condition models,
see e.g. Refs. [91, 101–105]. Notably absent, for instance,
is the highly successful IP-Glasma model which combines
IP-Sat CGC initial conditions with classical Yang-Mills
dynamics to describe the full pre-equilibrium evolution
of produced glasma fields [18, 60, 106]. The IP-Glasma
model lacks a simple analytic form for initial energy (or
entropy) deposition at the QGP thermalization time and
so cannot be directly compared to the generalized mean
ansatz. In lieu of such a comparison, we examined the
geometric properties of IP-Glasma and TRENTo through
their eccentricity harmonics "n.

We generated a large number of TRENTo events using
entropy deposition parameter p = 0, Gaussian nucleon

0 2 4 6 8 10 12 14
IPpact paraPeter b [IP]

0.0

0.1

0.2

0.3
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0.5

0.6

ε n

ε2

ε3

TRENTo + FS, p = 0 ± 0.1

I3-GlasPa

FIG. 5. Eccentricity harmonics "2 and "3 as a function of
impact parameter b for Pb+Pb collisions at

p
sNN = 2.76 TeV

calculated from IP-Glasma and TRENTo initial conditions.
IP-Glasma events are evaluated after ⌧ = 0.4 fm/c classical
Yang-Mills evolution [18]; TRENTo events after ⌧ = 0.4 fm/c

free streaming [73, 99] and using parameters p = 0 ± 0.1,
k = 1.6, and nucleon width w = 0.4 fm to match IP-Glasma
[100].

width w = 0.4 fm, and fluctuation parameter k = 1.6,
which were previously shown to reproduce the ratio of
ellipticity and triangularity in IP-Glasma [38]. We then
free streamed [73, 99] the events for ⌧ = 0.4 fm/c to
mimic the weakly coupled pre-equilibrium dynamics of
IP-Glasma and match the evolution time of both models.
Finally, we calculated the eccentricity harmonics "

2

and
"

3

weighted by energy density e(x, y) according to the
definition

"ne
in� = �

R
dx dy r

n
e

in�
e(x, y)R

dx dy e(x, y)
, (21)

where the energy density is the time-time component of
the stress-energy tensor after the free streaming phase,
T

00. The resulting eccentricities, pictured in Fig. 5, are
in good agreement for all but the most peripheral colli-
sions, where sub-nucleonic structure becomes important.
This similarity suggests that TRENTo with p ⇠ 0 can
e↵ectively reproduce the scaling behavior of IP-Glasma,
although a more detailed comparison would be necessary
to establish the strength of correspondence illustrated in
Fig. 4.

Additionally, a participant quark model has been pro-
posed to describe the multiplicity and transverse-energy
distributions of a variety of collision systems without a
binary collision term [77, 107]. The model can be re-
cast using an analytic Glauber formalism to construct
an e↵ective entropy deposition mapping in the form of
Eq. (13). However, the resulting mapping cannot be en-
capsulated by a single value of the parameter p, so we do
not attempt to support or exclude the participant quark
model in the present analysis.

Most compatible “p~0” parameter 
in TRENTO —> Bayesian analysis

Bernhard et al, 
1605.03954

TRENTO consistent to ultra-central U+U data



Going to 3D

“Flatland” 
- E.A. Abbott, 1884
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A glimpse of 3D-initial states

arXiv: 1511.04131 arXiv: 1506.02817 arXiv: 1509.04103 arXiv: 1605.07158
Longitudinal strings Torqued-fireball 3D-Glauber 3D-Glasma

Main question is at what scale does the boost invariance break 
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How to constrain 3D-initial states ?

P.Tribedy, Initial Stages, Sept 18-22, 2017

Definition of the observables

Cm,n,m+n = ⟨⟨cos(mφ1 + nφ2 − (m+ n)φ3)⟩⟩

General 3-particle correlator : 
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FIG. 7. (Color online) The pT-dependent factorization ratios r2

and r3 as a function of event multiplicity in pPb and PbPb collisions.
The curves show the calculations for PbPb collisions from viscous
hydrodynamics in Ref. [24] with MC-Glauber and MC-KLN initial-
condition models and η/s = 0.12, and also from hydrodynamic
predictions for PbPb and pPb data in Ref. [25]. The horizontal solid
lines denote the r2 (top) and r3 (bottom) value of unity. The error bars
correspond to statistical uncertainties, while systematic uncertainties
are negligible for the rn results and thus are not shown.

ηa and ηb. However, the main issue with this approach is
that the requirement of |"η| > 2 for removing short-range
two-particle correlations cannot be fulfilled anymore because
the denominator of the factorization ratio takes the Vn"(ηa,ηb)
components, where ηa ≈ ηb. The correlation signal from
collective flow is strongly contaminated by short-range jet-like
correlations. To avoid this problem, an alternative observable is
developed for the study of η-dependent factorization by taking

advantage of the wide η coverage of the CMS tracker and HF
calorimeters.

The η-dependent factorization ratio rn(ηa,ηb) is defined as

rn(ηa,ηb) ≡ Vn"(−ηa,ηb)
Vn"(ηa,ηb)

, (7)

where Vn"(ηa,ηb) is calculated in the same way as Eq. (4)
but for pairs of particles taken from varied ηa and ηb regions
in fixed pa

T and pb
T ranges. Here, particle a is chosen from

charged tracks with 0.3 < pa
T < 3.0 GeV/c and |ηa| < 2.4,

while particle b is selected from the HF calorimeter towers
with the energy exceeding 1 GeV (with a total coverage of
2.9 < |η| < 5.2) without any explicit transverse energy (ET)
threshold for each tower. With this approach, the η values of
both particles from a pair can be varied over a wide range,
while it is possible to ensure a large η gap by combining
detector components covering central and forward η regions.
As illustrated by the schematic in Fig. 8, for 4.4 < ηb < 5.0
from the HF calorimeters, a minimum η gap of two units
between a calorimeter tower and any charged particle from
the silicon tracker is guaranteed. Away-side back-to-back jet
correlations could still be present but they are shown to have
a negligible contribution at low pT because of very high
multiplicities [22], especially in central PbPb collisions. To
account for any occupancy effect of the HF detectors due to
large granularities in η and φ, each tower is weighted by its ET
value when calculating the average in Eq. (4). For consistency,
each track is also weighted by its pT value. The finite azimuthal
resolution of the HF towers (0.349 radians) has negligible
effects on the Vn" calculation, which takes an ET-weighted
average of 36 tower segments over a 2π coverage.

If, for each event, the event-plane angle %n does vary for
particles produced at different η regions, the following relation
for rn(ηa,ηb) can be derived:

rn(ηa,ηb) = ⟨vn(−ηa)vn(ηb) cos{n[%n(−ηa) − %n(ηb)]}⟩
⟨vn(ηa)vn(ηb) cos{n[%n(ηa) − %n(ηb)]}⟩

.

(8)
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FIG. 8. (Color online) A schematic illustration of the acceptance coverage of the CMS tracker and HF calorimeters, and the procedure for
deriving the η-dependent factorization ratio rn(ηa,ηb).
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2-particle de-correlation observable :
η-η η

-1<η<1

baa

STAR measurements (Au+Au) :
r2  , r3 (200 GeV), C112, C123, C224, C235, 
C246, C336 (200 GeV & BES program)

Cn{2} = Vn∆ = ⟨⟨cos(nφ1 − nφ2)⟩⟩

STAR 1701.06496, 1701.06497

CMS 1503.01692
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FIG. 7. (Color online) The pT-dependent factorization ratios r2

and r3 as a function of event multiplicity in pPb and PbPb collisions.
The curves show the calculations for PbPb collisions from viscous
hydrodynamics in Ref. [24] with MC-Glauber and MC-KLN initial-
condition models and η/s = 0.12, and also from hydrodynamic
predictions for PbPb and pPb data in Ref. [25]. The horizontal solid
lines denote the r2 (top) and r3 (bottom) value of unity. The error bars
correspond to statistical uncertainties, while systematic uncertainties
are negligible for the rn results and thus are not shown.

ηa and ηb. However, the main issue with this approach is
that the requirement of |"η| > 2 for removing short-range
two-particle correlations cannot be fulfilled anymore because
the denominator of the factorization ratio takes the Vn"(ηa,ηb)
components, where ηa ≈ ηb. The correlation signal from
collective flow is strongly contaminated by short-range jet-like
correlations. To avoid this problem, an alternative observable is
developed for the study of η-dependent factorization by taking

advantage of the wide η coverage of the CMS tracker and HF
calorimeters.

The η-dependent factorization ratio rn(ηa,ηb) is defined as

rn(ηa,ηb) ≡ Vn"(−ηa,ηb)
Vn"(ηa,ηb)

, (7)

where Vn"(ηa,ηb) is calculated in the same way as Eq. (4)
but for pairs of particles taken from varied ηa and ηb regions
in fixed pa

T and pb
T ranges. Here, particle a is chosen from

charged tracks with 0.3 < pa
T < 3.0 GeV/c and |ηa| < 2.4,

while particle b is selected from the HF calorimeter towers
with the energy exceeding 1 GeV (with a total coverage of
2.9 < |η| < 5.2) without any explicit transverse energy (ET)
threshold for each tower. With this approach, the η values of
both particles from a pair can be varied over a wide range,
while it is possible to ensure a large η gap by combining
detector components covering central and forward η regions.
As illustrated by the schematic in Fig. 8, for 4.4 < ηb < 5.0
from the HF calorimeters, a minimum η gap of two units
between a calorimeter tower and any charged particle from
the silicon tracker is guaranteed. Away-side back-to-back jet
correlations could still be present but they are shown to have
a negligible contribution at low pT because of very high
multiplicities [22], especially in central PbPb collisions. To
account for any occupancy effect of the HF detectors due to
large granularities in η and φ, each tower is weighted by its ET
value when calculating the average in Eq. (4). For consistency,
each track is also weighted by its pT value. The finite azimuthal
resolution of the HF towers (0.349 radians) has negligible
effects on the Vn" calculation, which takes an ET-weighted
average of 36 tower segments over a 2π coverage.

If, for each event, the event-plane angle %n does vary for
particles produced at different η regions, the following relation
for rn(ηa,ηb) can be derived:

rn(ηa,ηb) = ⟨vn(−ηa)vn(ηb) cos{n[%n(−ηa) − %n(ηb)]}⟩
⟨vn(ηa)vn(ηb) cos{n[%n(ηa) − %n(ηb)]}⟩
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FIG. 8. (Color online) A schematic illustration of the acceptance coverage of the CMS tracker and HF calorimeters, and the procedure for
deriving the η-dependent factorization ratio rn(ηa,ηb).
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Results from STAR (rn measures)  
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FIG. 7. (Color online) The pT-dependent factorization ratios r2

and r3 as a function of event multiplicity in pPb and PbPb collisions.
The curves show the calculations for PbPb collisions from viscous
hydrodynamics in Ref. [24] with MC-Glauber and MC-KLN initial-
condition models and η/s = 0.12, and also from hydrodynamic
predictions for PbPb and pPb data in Ref. [25]. The horizontal solid
lines denote the r2 (top) and r3 (bottom) value of unity. The error bars
correspond to statistical uncertainties, while systematic uncertainties
are negligible for the rn results and thus are not shown.

ηa and ηb. However, the main issue with this approach is
that the requirement of |"η| > 2 for removing short-range
two-particle correlations cannot be fulfilled anymore because
the denominator of the factorization ratio takes the Vn"(ηa,ηb)
components, where ηa ≈ ηb. The correlation signal from
collective flow is strongly contaminated by short-range jet-like
correlations. To avoid this problem, an alternative observable is
developed for the study of η-dependent factorization by taking

advantage of the wide η coverage of the CMS tracker and HF
calorimeters.

The η-dependent factorization ratio rn(ηa,ηb) is defined as

rn(ηa,ηb) ≡ Vn"(−ηa,ηb)
Vn"(ηa,ηb)

, (7)

where Vn"(ηa,ηb) is calculated in the same way as Eq. (4)
but for pairs of particles taken from varied ηa and ηb regions
in fixed pa

T and pb
T ranges. Here, particle a is chosen from

charged tracks with 0.3 < pa
T < 3.0 GeV/c and |ηa| < 2.4,

while particle b is selected from the HF calorimeter towers
with the energy exceeding 1 GeV (with a total coverage of
2.9 < |η| < 5.2) without any explicit transverse energy (ET)
threshold for each tower. With this approach, the η values of
both particles from a pair can be varied over a wide range,
while it is possible to ensure a large η gap by combining
detector components covering central and forward η regions.
As illustrated by the schematic in Fig. 8, for 4.4 < ηb < 5.0
from the HF calorimeters, a minimum η gap of two units
between a calorimeter tower and any charged particle from
the silicon tracker is guaranteed. Away-side back-to-back jet
correlations could still be present but they are shown to have
a negligible contribution at low pT because of very high
multiplicities [22], especially in central PbPb collisions. To
account for any occupancy effect of the HF detectors due to
large granularities in η and φ, each tower is weighted by its ET
value when calculating the average in Eq. (4). For consistency,
each track is also weighted by its pT value. The finite azimuthal
resolution of the HF towers (0.349 radians) has negligible
effects on the Vn" calculation, which takes an ET-weighted
average of 36 tower segments over a 2π coverage.

If, for each event, the event-plane angle %n does vary for
particles produced at different η regions, the following relation
for rn(ηa,ηb) can be derived:

rn(ηa,ηb) = ⟨vn(−ηa)vn(ηb) cos{n[%n(−ηa) − %n(ηb)]}⟩
⟨vn(ηa)vn(ηb) cos{n[%n(ηa) − %n(ηb)]}⟩

.

(8)

TrackerHF- HF+

η

a a b

5.2-5.2 3.0-3.0 2.4-2.4 0

)bη,aη(∆nV

)bη,aη(-∆nV

)bη,aη(∆nV
)bη,aη(-∆nV

≡)bη,aη(nr

FIG. 8. (Color online) A schematic illustration of the acceptance coverage of the CMS tracker and HF calorimeters, and the procedure for
deriving the η-dependent factorization ratio rn(ηa,ηb).
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Longitudinal de-correlation show interesting energy dependence : 
not scalable by beam rapidity at RHIC energies 

Very first measurements form STAR 
were shown at this conference 
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Recent developments
Ke, Moreland, Bernhard, Bass, arXiv:1610.08490  

4

FIG. 1. Left: Unregulated skewness values lead to ill-
behaved rapidity distributions. The distributions scale non-
monotonically with skewness parameter � and go negative at
large rapidities. Right: Replacing � by Eq. (18) achieves de-
sired monotonic scaling and suppresses negative regions.

the center of mass rapidity ⌘

cm

= 1

2

log(TA/TB). Al-
ternatively, tilted initial conditions omit a translational
rapidity shift and opt for a linear tilting factor

s(x, ⌘s) = s(x)[1 + ⌘s A(x)], (14)

where A is some local measure of nuclear thickness asym-
metry, with the property that

A(TA, TB) = �A(TB , TA). (15)

In terms of cumulants, the shifted model alters the mean
µ of the local rapidity distribution, and the tilted model
mainly a↵ects the skewness �. However, in general, all
of the first few cumulants of the distribution could be
nonzero, i.e. nature may opt for an initial entropy depo-
sition scheme which is both shifted and tilted along the
beam axis.

We therefore parametrize the first three cumulants
µ, �, and � of the local rapidity distribution g(x, y)
using three corresponding coe�cients µ

0

, �

0

, and �

0

which modulate the local rapidity distribution’s shift,
width, and skewness, respectively. These parametriza-
tions, listed in Table I, include two di↵erent models for
the skewness factor �. The first, a relative-skewness
model, uses a common dimensionless asymmetry mea-
sure

A(TA, TB) = �

0

TA � TB

TA + TB
, (16)

which saturates when TA � TB and vice versa, while the
second, an absolute-skewness model, employs a dimen-
sionful construction given by

A(TA, TB) = �

0

TA � TB

T

0

, (17)

where T

0

= 1 fm�2 restores the desired dimensionality.

There is, however, a problem with the reconstructed
function in Eq. (12). Rapidity distributions with large
skewness are ill-behaved and oscillate to negative values
for large ⌘, as shown in the left panel of Fig. 1. The
conditions to ensure a positive definite Fourier transform
are quite involved; instead, we employ the following sub-
stitution for � to regulate the distribution:

� ! � exp

✓
�1

2
�

2

k

2

◆
. (18)

This leaves the skewness of the distribution intact while
contributions from higher-order cumulants are included
systematically. The performance of the procedure de-
pends on the domain of reconstruction. For reasonable
values of skewness, it is found to perform well within
the range �3.3�  ⌘  3.3�. Fig. 1 shows the recon-
structed function before and after the regulation proce-
dure using four di↵erent skewness values. The procedure
strongly suppresses negative regions of charged particle
density (in realistic calculations they are set to zero), and
preserves a clear monotonic trend with increasing skew-
ness. The regulated generating function approach thus
produces distributions which are both positive and well
behaved over a wide range of rapidity and skewness.
In Fig. 2 we show the resulting entropy density s(x, ⌘s)

produced by randomly generated Pb+Pb and p+Pb col-
lisions (top and bottom panels respectively) using a set of
typical parameter values, annotated in the figure caption.
The left column shows the entropy density at midrapid-
ity ⌘s = 0, while the right column shows a cross section
of the entropy density in the plane defined by x = 0. We
observe large entropy density fluctuations in the trans-
verse plane arising from nucleon position fluctuations as
well as significant forward-backward rapidity fluctuations
which track the local asymmetry of projectile and tar-
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[fP
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0
3
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−8 −4 0 4 8
ηs

p+3b

FIG. 2. Initial entropy density in sample Pb+Pb (upper) and
p+Pb (lower) events for cross sections of the ⌘ = 0 and x = 0
planes (left and right columns). Event is constructed using
the relative skewness model in Table I with µ0 = 1, �0 = 3
and �0 = 6 along with midrapidity parameters from [10].

3

a tunable shape parameter. This additional source of
fluctuation is added to reproduce the negative binomial
distribution of the charged particle multiplicity in mini-
mum bias proton-proton collisions [51].

Initial entropy deposition at midrapidity is then de-
scribed by an eikonal function s(x, 0) / f(x) which maps
participant nucleon density to local entropy deposition.
For this mapping, the TRENTo model adopts a flexible
parametric form known as the generalized mean,

f(x) /
 
T̃

p
A + T̃

p
B

2

!
1/p

, (6)

where the continuous parameter p smoothly interpolates
among di↵erent types of entropy deposition schemes [10].
For example, p = 1 is exactly a wounded nucleon model,
while p ⇠ �0.67 simulates entropy deposition in the orig-
inal KLN model [12], and p ⇠ 0 closely mimics the be-
havior of both IP-Glasma [13] and EKRT [8] saturation
calculations.

TRENTo initial condition parameters have been con-
strained using Bayesian parameter estimation and cali-
brated to fit identified particle yields, mean transverse
momenta, and flow cumulants in

p
sNN = 2.76 TeV

Pb+Pb collisions [10]. The analysis established
90% credible intervals for the e↵ective nucleon width
w ⇡ 0.5 ± 0.1 fm and entropy deposition parameter
p ⇡ 0.0± 0.2, while the nucleon fluctuation shape pa-
rameter k was essentially unconstrained by data. Cor-
responding model predictions simultaneously fit charged
particle yields, mean transverse momenta, and flow cu-
mulants at the 10% level or better across all centralities
and hence corroborate the e↵ective initial condition map-
pings predicted by IP-Glasma and EKRT theory calcu-
lations.

B. Extension to nonzero rapidity

The factorized expression in Eq. (1) extends entropy
deposition at midrapidity f(x) to nonzero rapidity using
a rapidity-dependent mapping g(x, ⌘) which multiplies f
to incorporate nontrivial longitudinal structure. Before
constructing the form of this longitudinal dependence,
we elucidate our use of spacetime rapidity ⌘s, rapidity y,
and pseudorapidity ⌘.

Assuming for simplicity that, at early times, the ini-
tially produced partons are massless and free-streaming
in the z direction, then

z

t

=
pz

|p| . (7)

This approximation allows the equivalence of ⌘s and ⌘ at
early stages of the collision:

⌘s =
1

2
log

t+ z

t� z

⇠ ⌘ =
1

2
log

|p|+ pz

|p|� pz
. (8)

TABLE I. Rapidity-dependent initial condition parametriza-
tions with two di↵erent models for the skewness parameter.
The constant T0 = 1 fm�2 preserves desired dimensionality.

Distribution cumulant:

Model mean µ std. � skewness �

Relative 1
2µ0 log(TA/TB) �0 �0

TA � TB

TA + TB

Absolute 1
2µ0 log(TA/TB) �0 �0(TA � TB)/T0

Experimentally, the event-averaged rapidity (y) distribu-
tion of charged particles in proton-proton collisions re-
sembles a Gaussian, while the conversion to pseudora-
pidity creates a dip at midrapidity due to the Jacobian
dy/d⌘. Therefore, we first parametrize the rapidity de-
pendence of the system and then perform a change of
variables from y to ⌘ using the relations

g(x, ⌘) d⌘ = g(x, y) dy, (9)

dy

d⌘

=
J cosh ⌘p

1 + J

2 sinh2 ⌘
, (10)

where the species-dependent factor J is replaced with an
e↵ective value J ⇡ hpT i/hmT i. We then invoke ⌘s ⇠ ⌘

for an initial condition of massless partons, so that the
rapidity-dependent entropy profile is

s(x, ⌘s)|⌧=⌧0 / f(x) g(x, y)
dy

d⌘

. (11)

At this point, we require a parametric mapping
g(x, y) which encodes nontrivial longitudinal structure
and extends the model to forward and backward rapid-
ity. Rather than assert an explicit functional form, we
parametrize g using cumulants and construct the func-
tion from the inverse Fourier transform of its cumulant-
generating function,

g(x, y) = F�1{g̃(x, k)}, (12)

log g̃ = iµk � 1

2
�

2

k

2 � 1

6
i��

3

k

3 + · · · (13)

The function is then normalized, g(x, 0) = 1, in order
to preserve the desired scaling behavior at midrapidity.
This ansatz naturally enables us to control di↵erent as-
pects of the longitudinal entropy deposition (width, skew-
ness, etc) independently. In the present study, we con-
sider the first three cumulants; including higher-order cu-
mulants is possible but increases the model complexity.
Di↵erent rapidity-dependent initial condition mod-

els are described by di↵erent parametrizations of the
generating-function cumulants. Two existing approaches
include so-called “shifted” and “tilted” models for longi-
tudinal entropy deposition [28]. Shifted initial conditions
assume that each participant’s entropy profile is Gaus-
sian in rapidity space with its mean rapidity shifted to

3D-Trento 3D-LeXus

5

FIG. 4. The space-time distribution of the strings at their thermalization in a Au+Au collision at 200 GeV and 19.6 GeV in
t� z and ⌧ � ⌘s coordinates. The black dots indicate the space-time position of the net baryon charges.

Let us note here that while we describe the decelera-
tion of string ends dynamically, for the sake of simplicity
we do not model string breaking or the emerging sub-
structure of strings explicitly. Including string fragmen-
tation as done for example in [30–32] can be added in
future extensions of the model and will likely a↵ect the
detailed longitudinal structure of the deposited energy
and net baryon numbers. Comparison to experimental
observables discussed in Section IV can then be used to
constrain the detailed mechanisms of string breaking and
deceleration.

C. Choice of participants

So far we have assumed that strings are connected to
participant nucleons and disregarded any possible nucle-
onic substructure. In that case the initial rapidities are
fixed to y

i
l = �y

beam

and y

i
r = y

beam

. Alternatively, for
every wounded nucleon valence quarks can be sampled
from the parton distribution function (PDF) and strings
are spanned between two such quarks. Their initial ra-

pidity can be estimated from the following formula,

yq = arcsinh

 
xq

r
s

4m2

q

� 1

!
. (16)

In the high energy limit, s ! 1, Eq. (16) reduces to the
often used expression yq = log (xq

p
s/mq), which would

however lead to negative yq when xq
p
s < mq.

Sampling initial rapidities for the constituent quark
participants leads to fluctuations of the strings’ lengths.
The transverse position of the valence quarks are sampled
from a 2D Gaussian distribution [19].

D. Rapidity loss fluctuations

Alternatively to using a constant thermalization time
for every string, in every nucleon-nucleon collision the
rapidity loss of the incoming nucleons in their pair rest
frame can be sampled from a probability distribution

P (y
loss

) =
cosh(2yin

lrf

� y

loss

)

sinh(2yin
lrf

)� sinh(yin
lrf

)
, (17)

Schenke, Shen arXiv:1710.00881 

Modeling rapidity dependence: Construct strings between 
quarks in rapidity from LeXus 
model & evolve in time

Will be mostly important for beam energy scan (BES) program at RHIC
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Holographic initial conditions 
NEW: COLLISION WITH A CONSERVED CHARGE

4/
17

• Same set-up, but include Maxwell field

J. Casalderrey-Solana, D. Mateos, WS and M Triana, Holographic heavy ion collisions with baryon charge (to appear)

Wilke van der Schee, MIT

fig: W. Van der Schee QM’15

MUSIC RESULTS, RHIC
Particle spectra in longitudinal direction:

Width comes out too narrow, rescaled initial energy by factor 6

Includes `dynamical cross-over’ (i.e. non-universal rapidity)

20
/1

7

Wilke van der Schee, MIT
Chesler, Kilbertus, Van der Schee 1507.02548, Van der Schee, 
Romatschke, Pratt 1307.2539, Heller and Janik, hep-th/0703243

Use AdS/CFT correspondence & matching 
longitudinal profile of energy density 

E(t) =
N2

c �4

2�2

�
1

(�t)4/3
� 2�0

(�t)2

�
Weller, Romatschke 1701.07145

Van der Schee, 
Schenke 1507.08195

superSONIC: 
Glauber + AdS motivated flow



Beyond Heavy Ion Collisions
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We are in the middle of a transition

What insight do we heavy ion physicists bring in ?

EIC-era

RHIC-era

Transition to an EIC era
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P.Tribedy, APS April meeting, Ohio, 2018 2

Outline

• Learn about proton shape from e+p Deep Inelastic scattering 

• Model relativistic Proton-HeavyIon (p+A) collisions

• Look for glimpse of proton shape in p+A collisions

γ*

P →

P Tribedy, Rutgers Nuclear Physics Seminars, 2018 11

The reactions/collisions at relativistic energies (E>>m)
A standard model of heavy ion collisions:

A+A : fig:S.Bass

fig:S.Bass

Initial
SingularityCGC Glasma sQGP Hadron Gas

p+A :

p+p :

3/55

A+A p+A p+p

Relativistic collisions

e+A
The future (>2025) : The Electron Ion collider

p

A

Mostly based on work done in collaboration with : 

H. Mäntysaari, B. Schenke and C. Shen (arXiv:1705.03177)

2007 .  .  .  . 

10/20/18, 12:54 PMCenter for Frontiers in Nuclear Science | Center for Frontiers in Nuclear Science: A Center for the Promotion of the Electron Ion Collider

Page 1 of 2https://www.stonybrook.edu/cfns/

Welcome to the Center for Frontiers in Nuclear Science
The Electron-Ion Collider (EIC) is essential for our understanding of quantum chromodynamics (QCD) and in particular the role of  gluons and sea quarks

in the structure of nucleons and nuclei. The mission of this Center is to promote and facilitate the realization of the U.S. based EIC by enhancing the

science case and collaborations amongst the scientists around the world interested in the EIC.

 

CFNS Postdoctoral and Graduate Student Fellowship Program
CFNS offers three kinds of fellowship programs to work on Electron-Ion Collider activities: CFNS Postdoctoral Fellows are located at CFNS Stony Brook

full time.  CFNS-University Joint Postdoctoral Fellows spend 30%-50% of their time at CFNS and the rest at their home institutions. CFNS Graduate

Student Fellows can be located at Stony Brook University or their home university. The programs will start in Fall 2018. Application information will

apear here. For more information, contact cfns_contact@stonybrook.edu.  

 

CFNS News
 

2029 .  .  .  .  .  .  .  . 

HERA
EIC

RHIC/LHC

RHIC era changed our view of nuclei at high energies

Can our knowledge of colliding nuclei make a difference to EIC physics?

Transition to an EIC era
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Summary

- Computing the initial conditions of heavy ion collisions is a 
challenging due to non-perturbative nature of the problem 

- Successful effective first principles approaches have been 
developed over the years, such as IP-Glasma, EKRT

- Improved density scheme can reproduce features of dynamical 
models, satisfy requirements to initialize hydro

- Apart from Bayesian analyses independent constraints on initial 
conditions from HERA and future EIC are most desired 

A few recent developments that I couldn’t cover in this 
talk: Approach to thermalization, Initial conditions at low 
energy collisions, Small systems and ridge 



Thanks


