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I. INTRODUCTION

The phenomenon of di�raction is familiar to us from
many areas of physics and is generally understood to arise
from the constructive or destructive interference of waves.
One such example, a plane wave impinging on a single
slit is shown in Fig. 1. In the strong interactions, di�rac-
tive events have long been interpreted as resulting from
scattering of sub-atomic wave packets via the exchange of
an object called the Pomeron (named after the Russian
physicist Isaac Pomeranchuk) that carries the quantum
numbers of the vacuum. Indeed, much of the strong in-
teraction phenomena of multi-particle production can be
interpreted in terms of these Pomeron exchanges.

FIG. 1:

In the modern strong interaction theory of Quan-
tum ChromoDynamics (QCD), the simplest model of
Pomeron exchange is that of a colorless combination
of two gluons, each of which individually carries color
charge. In general, di�ractive events probe the com-
plex structure of the QCD vacuum that contains color-
less gluon and quark condensates. Because the QCD vac-
uum is non–perturbative and because much of previously
studied strong interaction phenomenology dealt with soft
processes, a quantitative understanding of di�raction in
QCD remains elusive.

Significant progress can be achieved throught the study
of hard di�ractive events at collider energies. These al-
low one to study hadron final states with invariant masses
much larger that the fundamental QCD momentum scale
of � 200 MeV. By the uncertainity principle of quantum
mechanics, these events therefore provide considerable
insight into the short distance structure of the QCD vac-
uum.

A QCD diagram of a di�ractive event is shown in
Fig. 2. It can be visualized in the proton rest frame as
the electron emitting a photon with virtuality Q2 and
energy �, that subsequently splits into a quark–anti-
quark+gluon dipole; other wave packet dipole configura-
tions are also feasible. These dipoles interact coherently
with the hadron target via a colorless exchange. The
figure depicts this as a colorless gluon ladder, which as
discussed previously, is a simple model of Pomeron ex-
change.

Because the spread in rapidity between the dipole and
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Exclusive diffraction in the Dipole Model
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The “Pion Cloud”- 
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Exclusive Diffraction
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Pion Longitudinal Structure
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The Pion Thickness
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The Pion Thickness
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The nucleus thickness
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Incoherent Scattering
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The nucleus as a collection of nucleons
Independent scattering approximations:
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Hotspot model for incoherent ep-scattering
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Even though coherent events dominate, the large  tails have a significant effect on the cross sections! 
Subnucleon structure becomes important for 

| t |
| t | > 0.2 GeV2

A-A UPC at the LHC & RHIC
TT: SciPost Phys.Proc. 8 (2022) 148


STAR Collaboration, e-Print: 2311.13632 [nucl-ex]

https://arxiv.org/abs/2311.13632
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rrms = 2BG(xIP)

The proton thickness revisited
A Kumar, TT, Phys.Rev.D 105 (2022) 11, 114011  arXiv: 2202.06631
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Arjun Kumar, TT, Phys.Rev.D 105 (2022) 11, 114011  arXiv: 2202.06631 

The proton thickness revisited
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Arjun Kumar, TT, Phys.Rev.D 105 (2022) 11, 114011  arXiv: 2202.06631 

The incoherent cross section gets suppressed as hotspots begin to overlap!

For similar predictions in the IP-Glasma framework, see:  
H. Mäntysaari, B. Schenke, Phys.Rev.D 98 (2018) 3, 034013; B. Schenke, Rept. Prog. Phys. 84 (2021) 8, 082301

The proton thickness revisited
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Tension in the heavy ion data

The proton thickness revisited

Heikki Mäntysaari, Farid Salazar, Björn Schenke e-Print: 2312.04194 [hep-ph]

https://inspirehep.net/authors/1074574
https://inspirehep.net/authors/1749681
https://inspirehep.net/authors/1027900
https://arxiv.org/abs/2312.04194
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JHEP 05 (2010) 085Phys. Lett. B 568 (2003) 205–218

Non-perturbative phenomenology. Only valid for .  
What about larger ?

| t | ≲ 1 GeV2

| t |

Large |t|?
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The transverse gluon structure: 

1. t-spectrum can be described by a self-similar 
structure of hotspots within hotspots 

2. Small-x partons are maximally entangled 
(described by the same wave function) 

This suggests that we can describe the hotspot  
t-spectrum with a linear,  
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Picture: Transverse part of gluon wavefunction 
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Increased resolution appears as hotspots splittings. 

.

log | t |

δb2 ∼
1

| t |
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Probing the Onset of Maximal Entanglement inside the Proton in Diffractive Deep Inelastic Scattering, 
Hentschinski, Kharzeev, Kutak, Tu: Phys.Rev.Lett. 131 (2023) 24, 241901

Arjun Kumar, TT,  Eur.Phys.J.C 82 (2022) 9, 837, arXiv: 2106.12855

https://inspirehep.net/literature/2657275


Tp(b⃗) =
1
Nq

Nq

∑
i=1

Tq( | b⃗ − b⃗i | )

Tq(b⃗) =
1

2πBq
e− b2

2Bq

Initial State at :t = t0
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Inital State Parameters:  
  
 

Bqc = 3.1 GeV−2

Bq = 1.25 GeV−2

Nq = 3

dPnosplit

dt
= exp (−∫

t

t0

dt′ 

dPsplit

dt′ )

dPsplit

dt
=

α
| t |

t−t0
t

dP
dt

=
α

| t |
t−t0

t
exp [−α ( t0

t
− ln

t0
t

− 1)]

Hotspot Evolution
We consider a parton shower-like evolution based on resolution, where a hotspot may split into two 

as the resolution increases.

Probability of a hotspot created at  splitting at t0 | t | > | t0 |



We consider a parton shower-like evolution based on resolution, where a hotspot may split into two 
as the resolution increases.

Generate offspring  from parent . 
Conserve Normalisation in each splitting.  

  Offspring hotspots  created at distance ,  

with widths  

Conditions for resolution: 

Probe resolution:     Geometry:  

Reject if not resolved. 
This becomes an effective hotspot repulsion.

b⃗i, j Tparent(b⃗i, j)

i, j dij = | b⃗i − b⃗j |

Bi, j =
1

| t |

dij >
2

| ⃗Δ |
dij > 2 Bi, j
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dP
dt

=
α

| t |
t−t0

t
exp [−α ( t0

t
− ln

t0
t

− 1)]

Hotspot Evolution

to= 2 GeV2

to= 4 GeV2

to= 7 GeV2

to= 12 GeV2
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Probability of a hotspot created at  splitting at t0 | t | > | t0 |
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α = 18.5
t0 = 1.1 GeV2

dP
dt

=
α

| t |
t−t0

t
exp [−α ( t0

t
− ln

t0
t

− 1)]

Hotspot Evolution

T(b) → T(b, t)

Model can describe all data points for 
 with only one extra 

parameter .
| t | > | t0 | = 1.1 GeV2

α



Into the heavy nucleus

x (fm)

y 
(f

m
)

| t | = 0
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| t |

log(dσ/dtinc.)

Max thickness: ∼ 1 ⋅ 10−1 GeV2 Q2
S ≃ T(b)



Into the heavy nucleus

x (fm)

y 
(f

m
)

| t | ≲ 0.2 GeV2
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| t |

log(dσ/dtinc.)

Max thickness: ∼ 2 ⋅ 10−1 GeV2 Q2
S ≃ T(b)



Into the heavy nucleus

x (fm)

y 
(f

m
)

0.2 ≲ | t | ≲ 2 GeV2

40

| t |

log(dσ/dtinc.)

Max thickness: ∼ 6 ⋅ 10−1 GeV2 Q2
S ≃ T(b)



Into the heavy nucleus

x (fm)

y 
(f

m
)

2 ≲ | t | ≲ 12 GeV2
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| t |

log(dσ/dtinc.)

Max thickness: ∼ 1 ⋅ 100 GeV2 Q2
S ≃ T(b)



Into the heavy nucleus

x (fm)

y 
(f

m
)

12 ≲ | t | GeV2
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| t |

log(dσ/dtinc.)

Max thickness: ∼ 1 ⋅ 100 GeV2 Q2
S ≃ T(b)
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W = 75 GeV,  x

2 = 0 GeV2 + n , Qπ + ψ J/→* + p γ

Tp(b) =
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ρπ*(b, z) =

m2
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∑
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Tp(b) =
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∑
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e− (b⃗ − b⃗i)
2

2Bq
A. Kumar, TT: Phys.Rev.D 105 (2022) 11, 114045
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T(b) → T(b, xIP)
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T(b) → T(b, t)

Arjun Kumar, TT,  Eur.Phys.J.C 82 (2022) 9, 837

H
. M

äntysaari, B
. Schenke  Phys. R

ev. Lett., 117(5)

STAR Collaboration, e-Print: 2311.13632 [nucl-ex]

H. Kowalski, L. Motyka, G. Watt, 

Phys.Rev.D 74 (2006) 074016

Summary

https://arxiv.org/abs/2311.13632


Outlook
Still to do:  

Extend all these studies to eA 
Investigate  

Implement in Sartre utilising the thickness functions. 
…and much more. 

All these compelling processes can be measured at the EIC 

T(b) → T(b, xIP, t)



Back Up
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= |⟨𝒜⟩π* |2 + (⟨ |𝒜 |2 ⟩π*
− |⟨𝒜⟩π* |2 )

ρπ*(b, z) =
m2

π

4π
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b2 + z2

Tπ*(b) = ∫
∞

−∞
dzρπ*(b, z)

Yukawa distribution

Tπ(b) =
1

2πBπ
e− −b2

2Bπ
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The Pion Thickness
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48

0 5 10 15 20 25 30

3−10

2−10

1−10

1

10]2
/d

t  
[n

b/
G

eV
σd

   bNonSat   

W = 100 GeV

H1 50 < W < 150 GeV 

ZEUS 30 < W < 160 GeV   

0 5 10 15 20 25 30

]2|t| [GeV

3−10

2−10

1−10

1

10]2
/d

t  
[n

b/
G

eV
σd

  bSat   
) k - bj - b

i
(b - bhhsT

)j - b
i

(b - bhsT

 

TP(b⃗) =
1

2πNqNhsNhhsBhhs

Nq

∑
i

Nhs

∑
j

Nhhs

∑
k

e−
(b⃗ − b⃗i − b⃗j − b⃗k)2

2Bhhs

Arjun Kumar, TT,  Eur.Phys.J.C 82 (2022) 9, 837, arXiv: 2106.12855

Large |t|? Self-similar hotspots within hotspots



Outlook
Sartre can utilise the dipole model with a thickness function to describe a plethora 

of exclusive diffractive processes:  Coherent ep, Leading neutron pion clouds, 
Coherent and Incoherent eA 

HERA measurements show that the t-slope has an energy dependence. This can be 
taken into account by modelling the thickness with an x-dependence:

 

We can also describe the total ep t-spectrum by introducing 
a t-dependent hotspot evolution to the thickness function: 

 

                   Still to do:  
                   Extend all these to eA studies 
                   Investigate  
                   Implement in Sartre utilising the thickness 
                   functions. 

                   All these compelling processes can be  
                   measured at the EIC 

T(b) → T(b, xIP)

T(b) → T(b, t)

T(b) → T(b, xIP, t)
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v2/ε versus particle density is sensitive test of ideal hydrodynamic:

v2
�2

=
h

1 +B/
⇣

1
S

dN
dy

⌘ S= transverse area,  
h = hydro limit of v2/ε and B ∝ η/s 
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3

The total energy density on the lattice at τ = 0 is given
by

ε(τ = 0) =
2

g2a4
(Nc − Re trU!) +

1

g2a4
trE2

η , (5)

where the first term is the longitudinal magnetic energy,
with the plaquette given by U j

!
= Ux

j Uy
j+x̂ U

x†
j+ŷ U

y†
j .

The explicit lattice expression for the longitudinal elec-
tric field in the second term can be found in Refs. [42, 43].
In Fig. (1) we show the event-by-event fluctuation in
the energy per unit rapidity at time τ = 0.4 fm. The
mean was adjusted to reproduce particle multiplicities
after hydrodynamic evolution. This and all following re-
sults are for Au+Au collisions at RHIC energies (

√
s =

200AGeV) at midrapidity. The best fit is given by a neg-
ative binomial (NBD) distribution, as predicted in the
Glasma flux tube framework [44]; our result adds further
confirmation to a previous non-perturbative study [23].
The fact that the Glasma NBD distribution fits p+p
multiplicity distributions over RHIC and LHC ener-
gies [33, 34] lends confidence that our picture includes
fluctuations properly.
We now show the energy density distribution in the

transverse plane in Fig. (2). We compare to the MC-KLN
model and to an MC-Glauber model that was tuned to
reproduce experimental data [4, 11]. In the latter, for
every participant nucleon, a Gaussian distributed energy
density is added. Its parameters are the same for ev-
ery nucleon in every event, with the width chosen to be
0.4 fm to best describe anisotropic flow data. We will
also present results for a model where the same Gaus-
sians are assigned to each binary collision. The resulting
initial energy densities differ significantly. In particu-
lar, fluctuations in the present computation occur on the
length-scale Q−1

s (x⊥), leading to finer structures in the
initial energy density relative to the other models. As
noted in [35], this feature of CGC physics is missing in
the MC-KLN model.
We next determine the participant ellipticity ε2 and

triangularity ε3 of all models. Final flow of hadrons vn is
to good approximation proportional to the respective εn
[45], which makes these eccentricities a good indicator of
what to expect for vn. We define

εn =

√

⟨rn cos(nφ)⟩2 + ⟨rn sin(nφ)⟩2

⟨rn⟩
, (6)

where ⟨·⟩ is the energy density weighted average. The re-
sults from averages over ∼ 600 events for each point plot-
ted are shown in Fig. 3. The ellipticity is largest in the
MC-KLN model and smallest in the MC-Glauber model
with participant scaling of the energy density (Npart).
The result of the present calculation lies in between,
agreeing surprisingly well with the MC-Glauber model
using binary collision scaling (Nbinary). This confirms
previous results in the CYM framework using average
initial conditions [46].

FIG. 2. (Color online) Initial energy density (arbitrary units)
in the transverse plane in three different heavy-ion collision
events: from top to bottom, IP-Glasma, MC-KLN and MC-
Glauber [11] models.

The triangularities are very similar, with the MC-KLN
result being below the other models for most impact pa-
rameters. Again, the present calculation is closest to the
MC-Glauber model with binary collision scaling. There
is no parameter dependence of eccentricities and trian-
gularities in the IP-Glasma results shown in Fig. 3. It
is reassuring that both are close to those from the MC-
Glauber model because the latter is tuned to reproduce
data even though it does not have dynamical QCD fluc-
tuations.

We have checked that our results for ε2, ε3 are insensi-
tive to the choice of the lattice spacing a, despite a log-
arithmic ultraviolet divergence of the energy density at
τ = 0 [47]. They are furthermore insensitive to the choice
of g, the ratio g2µ/Qs, and the uncertainty in Bjorken x
at a given energy.
Finally, in Fig. 4 we present results for the transverse

momentum spectrum and anisotropic flow of thermal
pions after evolution using music [4, 48] with boost-
invariant initial conditions and shear viscosity to entropy
density ratio η/s = 0.08. Average maximal energy densi-
ties of all models were normalized to assure similar final
multiplicities. More pronounced hot spots lead to harder
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3

The total energy density on the lattice at τ = 0 is given
by

ε(τ = 0) =
2

g2a4
(Nc − Re trU!) +

1

g2a4
trE2

η , (5)

where the first term is the longitudinal magnetic energy,
with the plaquette given by U j

!
= Ux

j Uy
j+x̂ U

x†
j+ŷ U

y†
j .

The explicit lattice expression for the longitudinal elec-
tric field in the second term can be found in Refs. [42, 43].
In Fig. (1) we show the event-by-event fluctuation in
the energy per unit rapidity at time τ = 0.4 fm. The
mean was adjusted to reproduce particle multiplicities
after hydrodynamic evolution. This and all following re-
sults are for Au+Au collisions at RHIC energies (

√
s =

200AGeV) at midrapidity. The best fit is given by a neg-
ative binomial (NBD) distribution, as predicted in the
Glasma flux tube framework [44]; our result adds further
confirmation to a previous non-perturbative study [23].
The fact that the Glasma NBD distribution fits p+p
multiplicity distributions over RHIC and LHC ener-
gies [33, 34] lends confidence that our picture includes
fluctuations properly.
We now show the energy density distribution in the

transverse plane in Fig. (2). We compare to the MC-KLN
model and to an MC-Glauber model that was tuned to
reproduce experimental data [4, 11]. In the latter, for
every participant nucleon, a Gaussian distributed energy
density is added. Its parameters are the same for ev-
ery nucleon in every event, with the width chosen to be
0.4 fm to best describe anisotropic flow data. We will
also present results for a model where the same Gaus-
sians are assigned to each binary collision. The resulting
initial energy densities differ significantly. In particu-
lar, fluctuations in the present computation occur on the
length-scale Q−1

s (x⊥), leading to finer structures in the
initial energy density relative to the other models. As
noted in [35], this feature of CGC physics is missing in
the MC-KLN model.
We next determine the participant ellipticity ε2 and

triangularity ε3 of all models. Final flow of hadrons vn is
to good approximation proportional to the respective εn
[45], which makes these eccentricities a good indicator of
what to expect for vn. We define

εn =

√

⟨rn cos(nφ)⟩2 + ⟨rn sin(nφ)⟩2

⟨rn⟩
, (6)

where ⟨·⟩ is the energy density weighted average. The re-
sults from averages over ∼ 600 events for each point plot-
ted are shown in Fig. 3. The ellipticity is largest in the
MC-KLN model and smallest in the MC-Glauber model
with participant scaling of the energy density (Npart).
The result of the present calculation lies in between,
agreeing surprisingly well with the MC-Glauber model
using binary collision scaling (Nbinary). This confirms
previous results in the CYM framework using average
initial conditions [46].

FIG. 2. (Color online) Initial energy density (arbitrary units)
in the transverse plane in three different heavy-ion collision
events: from top to bottom, IP-Glasma, MC-KLN and MC-
Glauber [11] models.

The triangularities are very similar, with the MC-KLN
result being below the other models for most impact pa-
rameters. Again, the present calculation is closest to the
MC-Glauber model with binary collision scaling. There
is no parameter dependence of eccentricities and trian-
gularities in the IP-Glasma results shown in Fig. 3. It
is reassuring that both are close to those from the MC-
Glauber model because the latter is tuned to reproduce
data even though it does not have dynamical QCD fluc-
tuations.

We have checked that our results for ε2, ε3 are insensi-
tive to the choice of the lattice spacing a, despite a log-
arithmic ultraviolet divergence of the energy density at
τ = 0 [47]. They are furthermore insensitive to the choice
of g, the ratio g2µ/Qs, and the uncertainty in Bjorken x
at a given energy.
Finally, in Fig. 4 we present results for the transverse

momentum spectrum and anisotropic flow of thermal
pions after evolution using music [4, 48] with boost-
invariant initial conditions and shear viscosity to entropy
density ratio η/s = 0.08. Average maximal energy densi-
ties of all models were normalized to assure similar final
multiplicities. More pronounced hot spots lead to harder
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The longitudinal inital state


