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QCD at high energies and densities

Proton structure at high energy

Experiments at HERA e+ p collider (92–07):
Deep Inelastic Scattering e+ p→ e+X

Anythingp : P

e : k

e′ : k′

γ∗ : q = k − k′

Q2 = −q2: photon virtuality ∼ 1/length scale

P
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Observation: proton is full of gluons!

x = Q2/(2P · q): fraction of the proton momentum carried by the quark or gluon
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QCD at high energies and densities

QCD at high energies

QCD is non-abelian ⇒ non-linear

L = −1

2
FµνFµν︸ ︷︷ ︸

∼(Aµ)3, (Aµ)4

+ψ( i /D︸︷︷︸
∼Aµ

−m)ψ

Gluons (∼ Aµ) have self-couplings:
g → gg increases density at low x

Non-linear when g density large:
gg → g balances g → gg

Effective theory at high energy:
Color Glass Condensate (CGC)

When is non-linear QCD visible?

Transverse size probed ∼ 1/Q2

Number of gluons xg(x,Q2)

Proton transverse area πR2
p

QCD coupling strength αs

Non-linearities important when

αsxg(x,Q
2)

1

Q2
≳ πR2

p

Pronounced in nuclei: xg(x,Q2)/πR2
p ∼ A1/3

Perturbative evolution

Small-x/high-E

Perturbative evolution
High-x/small-E
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How to shine light on saturated gluons?

“Standard” experimental access to high-density QCD at the LHC

No unambiguous signal of non-linearities seen so far. Look for densest possible systems!

p+A collisions

Probe: proton (complex substructure)

Target: heavy (dense) nucleus Particle production in the forward
(proton-going) direction

Proton: xp ∼ 1

Nucleus: xA ≪ 1

Access to small-xA, but messy
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How to shine light on saturated gluons?

Light in GlueSatLight

Ultra Peripheral Collisions

Impact parameter |B| > 2RA:
Hadronic interaction suppressed

Probe: photon (elementary particle)

Target: heavy (dense) nucleus

Ultraperipheral AA collision

b & 2RA: strong interactions suppressed, nucleus creates photon flux n(!)

E

Z e1

Z e2

J. Nystrand et al, nucl-ex/0502005

�AA!AA+V ⇠ n(!)��A!VA(!)

Probes gluons with x = MV ey/
p

s

Forward LHC: x ⇠ 0.02 and x ⇠ 10�5.

Midrapidity LHC: x ⇠ 10�3

Dipole model is valid only at x . 10�2 ) at LHC limit |y | . 2 . . . 3.

Heikki Mäntysaari (JYFL) Coherent and incoherent AA 3.6.2014 6 / 20

B

GlueSatLight

γ +A scattering at WγN ∼ O(TeV):
Clean probe of gluon saturation &
geometry at small-x and large-A

Focus: exclusive vector meson production

EM field of the fast nucleus
∼ quasi-real photon flux
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How to shine light on saturated gluons?

Light in 2030s: Electron-Ion Collider (EIC)

Electron Ion Collider (EIC)

Approved by the US DOE, data ∼ 2032

First e+A collider

Polarized protons (and light nuclei)

High luminosity L ∼ 1034 cm−2s−1

EIC physics program & requirements

3D imaging (luminosity) ERC

Proton spin (polarized beam)

Saturation (large E and A) ERC

CoE QM theory groups involved

Interaction via virtual photon exchange

Kinematics known (measure e)

Access different length scales ∼ photon
virtualities Q2
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Snapshots of protons and nuclei at high energies

Non-perturbative input from structure function measurements
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Perturbative
√
s evolution: BK/JIMWLK

Requires a non-perturbative input with uncertainties

Necessary ingredient for all CGC calculations

Cleanest observable: total γ∗p→ X cross section

GlueSatLight

Precision: NLO, finite-
√
s corrections

Global analyses: include diffraction, p+A, . . .

Impact of future EIC data 2

x0

x1

x2

ω→

(a) qq̄g

x0

x1

ω→

(b) qq̄

FIG. 1. Example diagrams contributing to the elastic ω→p
amplitude at NLO. The blue band represents the dipole–
shockwave interaction.

merical calculation of the heavy quark structure func-
tions in the dipole picture at NLO. The successful de-
scription of the HERA data demonstrates that future
global analyses are feasible and can be applied to probe
in detail gluon saturation at the LHC and future EIC,
where nuclear targets with larger saturation scales are
available.

Structure functions at high energy — Using the opti-
cal theorem, the total virtual photon (ω→) – proton (p)
cross section can be obtained from the forward elastic
ω→ + p → ω→ + p scattering amplitude. In the dipole pic-
ture, the ω→+p scattering is described in terms of eikonal
interactions between the partonic Fock states of the pho-
ton and the target color field, and perturbatively calcu-
lable impact factors describing the photon fluctuations
to the given partonic states. Eikonal interactions with
the target are encoded in the Wilson lines, which are the
scattering matrix elements for bare partons propagating
through the target color field.

At NLO the contributing photon Fock states are the
quark-antiquark |qq̄↑ and quark-antiquark-gluon |qq̄g↑
states. Therefore, at NLO the total virtual photon cross
section can be schematically decomposed into two parts.
The first contribution (illustrated in Fig. 1a) corresponds
to the case where the qq̄g system crosses the shockwave:

εω→

qq̄g = Kqq̄g ↓ N012. (1)

The second contribution (illustrated in Fig. 1b), which
includes the lowest-order part (interaction with an un-
evolved target) and the one-gluon-loop QCD corrections
to it, reads

εω→

qq̄ = Kqq̄ ↓ N01. (2)

Here Kqq̄ and Kqq̄g refer to the perturbatively computed
NLO impact factors obtained with massive quarks in [26–
28] and in the massless quark limit in [29–31]. In addi-
tion, the notation ↓ refers to an integral over the par-
ton transverse coordinates xi and longitudinal momen-
tum fractions in the mixed space. Additionally, N01 and
N012 are correlators of two or three Wilson lines, where
the subscripts 0, 1, 2 refer to the transverse coordinates of

the quark, antiquark and the gluon. In terms of the Wil-
son lines V (x) in the fundamental representation these
correlators read:

S01 =
1

Nc

〈
Tr

{
V (x0)V

†(x1)
}〉

, (3)

S012 =
Nc

2CF

(
S02S21 ↔

1

N2
c

S01

)
. (4)

Here ↗· · · ↑ refers to the average over the target color
charge configurations, Nc is the number of colors, CF =
(N2

c ↔ 1)/(2Nc), Sij = 1 ↔ Nij and Sijk = 1 ↔ Nijk. In
addition, we have used the mean-field limit (which is a
precise approximation [32]) to factorize the expectation
value of the product to a product of expectation values.

The Wilson lines and their correlators satisfy small-
xBj evolution equations describing their dependency on
the center-of-mass energy (see [33] for a detailed discus-
sion of the evolution variable). The dipole amplitude N01

satisfies the BK equation [22, 23] and via Eq. (4) N012

also depends on the center-of-mass energy. The evolu-
tion rapidity depends on the lower limit of the emitted
gluon longitudinal momentum fraction [24, 34]. The in-
tegration over the emitted gluon phase space in Eq. (1)
contributes a large logarithm of energy that modifies the
scattering amplitude of the original dipole N01. These
logarithms are resummed into the BK equation [34]. The
BK equation and a numerical solution to it are known
at NLO [35–37]. We use the initial condition fitted to
the HERA data in [24] including only massless quarks,
where the full (numerically heavy) NLO BK equation
has been approximated by evolution equations that use
di!erent schemes to resum the most important higher-
order corrections. The same evolution equations, Re-
sumBK [38, 39], KCBK [40] and TBK [33] referring to
di!erent resummation schemes, are used in this work as
in [24].

The structure functions are written in terms of the
total virtual photon-target cross sections as F2 =

Q2

4ε2ϑem

(
εω→

T + εω→

L

)
, and FL = Q2

4ε2ϑem
εω→

L . Here the sub-

scripts T and L refer to the transverse and longitudinal

virtual photon polarization, respectively, and εω→

T,L cor-
respond to a sum of qq̄ and qq̄g contributions. The ex-
perimental data is reported in terms of the reduced cross
section

εr(y, x, Q2) = F2

(
x, Q2

)
↔ y2

1 + (1 ↔ y)2
FL

(
x, Q2

)
, (5)

where y = Q2/(sx) is the inelasticity and
↘

s is the
lepton-nucleon center-of-mass energy.

Results — We calculate the proton reduced cross sec-
tion εr and the charm and bottom contributions to it
(εr,c and εr,b). We use the NLO dipole-proton scatter-
ing amplitudes determined in [24], available at [41]. In
particular, we use the “light quark” fits of [24] where only
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Snapshots of protons and nuclei at high energies

Exclusive vector meson production at the EIC and in UPCs
γ +A→ (J/ψ, ρ, . . . ) +A

Lowest order in perturbation theory:

AΩ ∼ i
∫
d2b e−ib·∆Ψ∗ ⊗NΩ ⊗ΨJ/ψ

1 γ∗ → qq̄: photon wave function Ψ (QED)

2 qq-target interaction: dipole amplitude NΩ

3 qq̄ → J/ψ: meson wave function ΨJ/ψ

Calculation of F2, F2,D similar

Ω: target configuration
∆: J/ψ transverse momentum

r: qq̄ transverse size
b: qq̄ center-of-mass

z: long. momentum fraction

Diffractive scattering

Theory: no net color charge transfer

Experimental signature: rapidity gap
(empty detector) around J/ψ

b and ∆ Fourier conjugates:
access to geometry!
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Snapshots of protons and nuclei at high energies

Coherent and incoherent vector meson production
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Figure 1: The coherent (left) and incoherent (right) exclusive vector meson production in eA collisions.

called coherent production, and the associated cross section measures the average spatial distribution of gluons in
the target. On the other hand, if the nucleus scatters inelastically, i.e., breaks up due to the pT kick given to the
nucleus, the process is denoted incoherent production. In this case, one sums over all final states of the target nucleus,
except those that contain particle production. The associated cross section probes the fluctuations and correlations
in the gluon density. In both cases, the final state is characterized by a rapidity gap. It is expected that the coherent
production dominates at small squared transverse momentum transfer t (|t| · R2

A/3 ⌧ 1, where RA is the nuclear
radius), with its signature being a sharp forward diffraction peak. On the other hand, incoherent production should
dominate at large t (|t| · R2

A/3 � 1), with the associated t-dependence being to a good accuracy the same as in the
production off free nucleons. As the momentum transfer is Fourier conjugate to the impact parameter, the coherent
and incoherent exclusive vector meson production are sensitive to different aspects of the geometric structure of the
target, which at high energies can be identified with the spatial gluon distribution of the target. In the coherent case,
the averaged density profile of the gluon density is probed. In contrast, the incoherent cross sections constrain the
event - by - event fluctuations of the gluonic fields in the target.

Our goal in this paper is to present a detailed investigation of the coherent and incoherent exclusive vector meson
electroproduction in eA collisions considering the energy-dependent hot – spot model proposed in Ref. [21] for a
proton target and extended for the nuclear case in Refs. [22, 23] (For similar approaches see, e.g. Refs. [24, 25, 26]).
In this model, the hadronic structure is described in terms of subnucleonic degrees of freedom representing regions of
high gluon density, denoted hot – spots, which increase in number with the decreasing of the Bjorken - x variable.
Such energy dependence is motivated by the fact that the non - linear QCD dynamics predicts that the transverse
density profile of the target change with the energy. As demonstrated in Refs. [22, 23, 27], such model is able to
describe the current data for the exclusive and dissociative production of vector mesons in ep collisions, as well find a
satisfactory agreement with the data for the exclusive J/ photoproduction in ultraperipheral heavy ion collisions. In
this paper we will estimate the coherent and incoherent cross sections for the production of light (⇢ and �) and heavy
(J/ and ⌥) vector mesons considering different nuclear targets (A = Au, Xe and Ca) and assuming two distinct
models for the nuclear profile. We will present predictions for the dependencies of the cross sections on the energy,
atomic number, photon virtuality and squared momentum transfer. Our results demonstrate that the ratio between
the incoherent and coherent cross sections is strongly sensitive to the presence of subnucleonic degrees of freedom in
the form of hot spots.

This paper is organized as follows. In the next Section, we present a brief review of the formalism and discuss the
two models for the nuclear profile used in our calculations. In Section 3 we present our results for the coherent and
incoherent cross sections, considering the kinematical range that will be probed by the electron – ion facilities that
are under design: the EIC in the USA and the LHeC project at CERN. Finally, in Section 4 we summarize our main
conclusions.

2 Review of the formalism
The coherent and incoherent exclusive vector meson electroproduction in eA collisions are represented in the left and
right panels of the Fig. 1, respectively. The reaction is given by e(l)+A(P ) ! e(l0)+Y (P 0)+V (PV ), where Y = A in
the coherent case and Y = A⇤ for incoherent interactions. Moreover, l and l0 are the electron momenta in the initial

2

Coherent Incoherent

Coherent: target remains intact, initial state |i⟩ = final state |f⟩
Good, Walker, Phys. Rev. 1960: dσ

d∆2 ∼ |⟨A⟩Ω|2
⇒ Probe average interaction ⇒ average geometry

Incoherent: |i⟩ ≠ |f⟩, target breaks up: dσ
d∆2 ∼

〈
|A|2

〉
Ω
−

∣∣∣
〈
A
〉
Ω

∣∣∣
2

Variance ⇒ access to event-by-event fluctuations in the target structure
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Coherent and incoherent vector meson production
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Figure 1: The coherent (left) and incoherent (right) exclusive vector meson production in eA collisions.
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Snapshots of protons and nuclei at high energies

Proton shape from: γ + p→ J/ψ + p
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HERA data can be described with large event-by-event fluctuations in the proton geometry
H.M, B. Schenke, PRL 117, 052301 (2016), PRD 94, 034042, H1: EPJC73, 2466, later many papers by different groups
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Snapshots of protons and nuclei at high energies

Nuclear density profile from Pb + Pb → Pb + Pb + J/ψ
γ + Pb at the LHC: very high density, saturation can modify the nuclear geometry
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UPC data from LHC (x = 6 · 10−4, WγN = 125 GeV)

Coherent γ + Pb → J/ψ + Pb

Saturation effects modify nuclear goemetry
⇒ Supported by the ALICE data

Saturation: nucleus ≈ black disc at the center

GlueSatLight

Nucleon&nuclear (fluctuating) x-dependent geometry

Nuclear modification to nucleon substructure fluctuations

DIS + LHC J/ψ data: probe saturation in global analyses

Promote phenomenology to NLO accuracy
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Towards precision level

Gluon saturation at precision level
This talk so far: LO (but αs ln 1/x ∼ O(1) resummed to all orders)

CGC calculations are now entering the NLO era (αs ln 1/x ∼ O(1), NLO = α2
s ln 1/x)

Factorization at small-x

dσ ∼ Impact factor⊗Wilson line correlator

Building blocks for NLO accuracy

Perturbative calculations at NLO accuracy need

Impact factors (perturbative calculation)

Perturbative energy evolution for Wilson lines

Non-perturbative input from fits

Probe QCD in the high-density domain at precision level

Wilson line V (x)

Quark propagating through the
target, include multiple scattering

(as density ∼ 1/coupling)

Look for gluon saturation & Impact on heavy ion phenomenology

Properties of the initial state at precision level
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Towards precision level

Progress towards the NLO accuracy – our contributions so far
Significant contributions from the CoE QM, for example

Impact factors at NLO

Total cross section in γ∗ +A
Beuf, Lappi, Paatelainen, Hänninen, 2017–2022

Exclusive γ∗ +A→ V +A (V = ρ, J/ψ,Υ)
H.M, Penttala, 2021–2022

Total diffractive γ∗ +A cross section
Beuf, Lappi, H.M, Paatelainen, Penttala, 2024

Evolution equations at NLO

First numerical solution Lappi, H.M, 2015

Initial condition from e+ p data:
Hänninen, H.M, Paatelainen, Penttala 2023

Diagrammatic calculations using Light
Cone Perturbation Theory

V (x)

V †(y)

Examples for qq̄ and qq̄g production
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Towards precision level

Towards NLO phenomenology4
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FIG. 2. Charm reduced cross section predictions calculated
using the di↵erent NLO fits from [24] for the dipole amplitude
that result in a good description of the charm data. The
results are compared to the combined HERA data from [25].

ducing, for example, additional parameters that render
the proton probed by a charm quark dipole di↵erent from
the proton probed by a light quark dipole [12]. A similar
approximative NLO evolution equation as in this work
was used in [14] but coupled to the LO impact factor. In
that case, it was also found impossible to simultaneously
describe the inclusive and heavy quark production data.

When the computation is promoted to full NLO ac-
curacy the mass dependence is modified for two reasons.
First, after including higher-order corrections to the BK
equation (in projectile rapidity), the dipole amplitude
does not anymore evolve towards an asymptotic shape
with an anomalous dimension � < 1 (at small dipole sizes
r the amplitude behaves as N ⇠ r2�) [47]. Instead, the
anomalous dimension (which is � & 1 in the fits reported
in [24]) remains approximatively constant suppressing
the dipole amplitudes at small dipoles [24, 37]. Hence,
the heavy quark production cross section is suppressed
relative to light quark production. Second, adding the
NLO corrections to the massive impact factor enhances
the heavy quark production. With TBK evolution we
have opposite systematics: a small � is developed and the
impact factor suppresses heavy quark production. The
net e↵ect of these two competing NLO corrections is such
that the mass dependence of the cross section matches
that of the HERA data when the three fits identified in
this work are used.

Finally, we illustrate the remaining theory uncertainty
when performing NLO CGC calculations. We calculate
predictions for the the proton longitudinal structure func-
tion FL, and for the charm and bottom quark contribu-
tions to it, in the EIC kinematics. We take xBj = 2·10�3,
and show in Fig. 4 the structure functions as a function
of Q2 calculated using the three fits determined above.
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FIG. 3. Total reduced cross section calculated using the dipole
amplitude fits allowed by the heavy quark production data.
Note that as the �r depends on inelasticity y, the theory
curves connecting the calculated points are not smooth.
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FIG. 4. Total (solid lines), charm (dashed lines), and bottom
(dotted lines) longitudinal structure functions as a function of
photon virtuality in the EIC kinematics calculated using the
three dipole amplitude fits compatible with the heavy quark
data.

For the bottom structure function, the di↵erent fits re-
sult in almost identical predictions for the EIC, whereas
for charm production the predictions begin to di↵er at
Q2 & 20 GeV2. On the other hand, in the total longitu-
dinal cross section a significant di↵erence up to 20% is
seen at all Q2. Therefore, an inclusion of the future FL

data in the global analysis will provide further constraints
for the initial condition of the small-xBj evolution. The
currently available FL data from HERA [48] is not able
to distinguish between the di↵erent fits.

Discussion — We have calculated heavy quark produc-
tion cross sections in DIS at NLO in the CGC framework.
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Figure 4: Total exclusive J/ production at next-to-leading order, with HERA data from

[7–9, 14], ALICE data from [19, 20], and LHCb data from [22, 23].

case of TBK evolution) result in W slope which is not compatible with the data. The next-

to-leading order corrections also become extremely large, even rendering the cross section

negative. As we will demonstrate in Appendix A, the results obtained with Y0,BK = 0

(⌘0,BK = 0) in the low-W region are also sensitive to the wave function renormalization

scheme, but this is not the case for the fits with Y0,BK = 4.61 (⌘0,BK = 4.61). We consider

this behavior in the low-energy region to be an artifact of the unphysical initial condition

obtained in the BK evolution fits in Ref. [66] when the evolution is started at Y0,BK = 0,

in which case there is a long evolution before one enters in the region probed by small-x

structure function data. In that case the fit results in unphysical parameters, and especially

the anomalous dimension � is very large at the initial condition1. As heavy vector meson

production is sensitive to smaller size dipoles than the structure function fitted in [66],

similar unrealistically large NLO corrections were not observed in the NLO fit of Ref. [66].

1The dipole amplitude behaves as N01 ⇠ (x2
01Q

2
s)

� in the dilute region, and large � corresponds to e.g.

negative unintegrated gluon distribution [117].
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(a) KCBK, parent-dipole coupling (b) KCBK, Balitsky and smallest-dipole coupling

(c) ResumBK, parent-dipole coupling (d) TBK, parent-dipole coupling

FIG. 2. Inclusive p + Pb ! ⇡0 + X cross section as a function of pion transverse momentum, p?, using di↵erent resummation
schemes and di↵erent running coupling prescriptions in the BK evolution compared with the LHCb data from Ref. [5]. Here,p

s = 8.16 TeV and the pion rapidity is y = 3. The blue band is obtained by varying the factorization scale from µ = 2p? to
µ = 8p?, and the central lines is obtained with µ = 4p?. The statistical and systematic uncertainties for the LHCb data are
added in quadrature.

pling scheme (as defined in Ref. [46]) is used in which case
the spectrum falls more steeply than the data. Similarly,
the overall normalization of the LHCb data is typically
slightly overestimated, except in the Balitsky+smallest
dipole running coupling setup in which case the normal-
ization is also underestimated by a factor ⇠ 2 . . . 3. As
we show in Appendix. A, the overall normalization de-
pends slightly (up to ⇠ 50%) on the running coupling
prescription applied in the impact factor, but the shape
of the p? spectra and the nuclear modification factor
are insensitive to this scheme choice. We recall that in
Ref. [46] all resummation schemes for the BK equation
applied here result in identical �⇤p cross sections. This
demonstrates that single inclusive hadron production at
the LHC provides additional complementary constraints
to the extraction of the non-perturbative initial condi-
tion for the dipole-proton scattering amplitude. Similar
conclusions have been made previously in studies involv-
ing exclusive vector meson production [50, 51] and heavy
quark production [52] in DIS. This complementarity is
due to the fact that the ⇡0 cross section in forward pA
collisions is sensitive to the dipole amplitude at di↵erent
length scales than the total DIS cross section. In par-
ticular, small dipoles do not contribute to the structure

function F2, but on the other hand the shape of the dipole
amplitude at small dipole size can have a dramatic e↵ect,
even rendering the (parton-level) cross section negative
if the dipole amplitude vanishes faster than r2

? at small
r? as discussed in Sec. III and in Ref. [62].

We note that in Ref. [46] more fits than the four that
we use in Figs. 2 are reported. We will further demon-
strate the sensitivity of our results to the details of the
NLO DIS fit later in this Section, but note that only the
fits with parent dipole prescription used in Figs. 2 have
anomalous dimensions, � ⇡ 1. This is preferred as the
parton level cross section is then positive definite and the
optical Glauber model extension to the dipole-nucleus
scattering is more natural. For comparison, we show
in Fig. 2b the result obtained using the KCBK evolu-
tion with the Balitsky+smallest dipole running coupling
prescription, a fit that has the anomalous dimension of
� = 1.21 at the initial condition. As discussed above, in
the NLO evolution the anomalous dimension � does not
change significantly [34, 46], and as such there remains
a sensitivity to the initial anomalous dimension even at
the LHC energies. Larger anomalous dimensions typi-
cally result in more steeply falling spectra as observed
e.g. in Ref. [14] in a leading-order calculation. This is

p+A→ π0 +X

First NLO calculations applied to HERA&LHC phenomenology (our speciality):
Total γ + p cross section, exclusive J/ψ production, forward particle production in p+A

ERC project GlueSatLight

No single “smoking gun” for gluon saturation expected

Probe gluon saturation by performing global analyses at NLO accuracy

Apply these results to heavy ion phenomenology

Hänninen, H.M, Paatelainen, Penttala, PRL 2023; Penttala, H.M, JHEP 2022; H.M, Tawabutr, PRD 2024Heikki Mäntysaari (JYU) GlueSatLight Nov 28, 2024 18 / 24



Connections to heavy ion phenomenology

Outline

1 QCD at high energies and densities

2 How to shine light on saturated gluons?

3 Snapshots of protons and nuclei at high energies

4 Towards precision level

5 Connections to heavy ion phenomenology
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Connections to heavy ion phenomenology

Heavy ion collisions

High-E Pb+Pb collisions

Goal: determine properties of
the deconfined QCD matter
Quark Gluon Plasma

4 QGP characterization with high-pT probes: photons, hadrons and jets

at the RHIC, in Au-Au collisions at center-of-mass energy of ps
NN

= 200 GeV (and an energy scan
at lower energies down to p

s
NN

= 7.7 GeV) and at the LHC, with Pb–Pb collisions at p
s
NN

= 2.76
and 5.02 TeV. In both HIC programmes, it is of special relevance the pp and pA collisions at the
same p

sNN as in AA collisions, since the particle production is expected to be modified by the QGP
with respect to pp collisions, if AA collisions were just an ensemble of pp or pn or nn collisions.
Also, pA collisions have their interest since they are sensitive to "cold nuclear matter effects" present
in AA collisions and not in pp collisions [5]. Such effects are related to the initial wave function of
the nucleus (initial state) and the Parton Distribution Function (PDF) inside the nucleus (nPDF),
different to the one of protons, which can generate different multi-parton interactions (MPI) during
the collisions, and therefore, different particle yields when comparing pp and pA collisions properly
scaled by the average number of binary nucleon-nucleon collisions.

Figure 1.1 shows schematically the different phases that can be considered in the HIC produced
at the LHC or RHIC delivered collisions. In each phase, different probes are produced that can be
used to infer the properties of the QGP medium generated in the collision.

Figure 1.1: Simulation of a HIC phases.

One may consider as phases [6, 7, 8]: (i) Pre-equilibrium, a short phase with �t ⇠ 1 fm/c

where the ensemble of nucleons is transformed into a non thermalized parton soup and where high-
energy 2 ! 2 parton collisions happen; (ii) Equilibrium and de-confinement (hydrodynamic evolu-
tion), the parton plasma is thermalized and expands cooling down till de-confinement is lost, lasting
�t ⇠ 5 � 10 fm/c. During this phase, the strong force rules the parton interactions that will affect
the final particle composition and kinematics. Among multiple possible effects, one can expect to
observe the following effects on selected probes: collective behavior (movement) in the final particle
expansion from the fireball, "particle flow" (see Sect. 1.2); thermal particle emission, "direct photons
(Sect. 1.4), strangeness enhancement"; color screening of q-q̄ pairs, "quarkonia suppression"; and,
high-energy partons originated at the high-energy interactions of the pre-equilibrium phase will loose
energy while traversing the medium as suggested by Bjorken [9], "jet quenching" (see Sect. 1.3); (iii)
Hadronization, when the temperature cools down below T ⇠ 160 MeV, a phase transition from QGP
to hadron gas happens. This gas is still thermally equilibrated and interactions between particles
can still be present, which will be difficult to disentangle from QGP effects; (iv) Chemical freeze-out,
particle interactions do not happen anymore and particle yields are fixed. On HIC, this final particle
composition is what will be measured by the experiments and used to study the QGP.

In my research work, I have concentrated mainly but not exclusively on the so called "hard"
probes or high-transverse-momentum (pT) probes2, photons and jets, using the ALICE detectors at
the LHC. Recent results using such probes at the LHC and RHIC experiments are briefly presented
in this chapter together with the flow, a "soft" sign of QGP mentioned along the document.

2High-pT particles or jets means pT & 5 � 10 GeV/c, which is still low pT in other close physics communities like
high-energy particle physics.

Multi-stage process

Describing all stages + measurements:
CoE in Quark Matter

ERC project: 0th stage
= dense saturated nuclei before collision
⇒ input to simulations
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Connections to heavy ion phenomenology

Initial state description from e+p in heavy ion collisions

LHC surprise

Initially p+Pb considered as a baseline, too small system for collectively evolving QGP

However, a large flow was observed, comparable to Pb+Pb measurements
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Schenke, Venugopalan, 1405.3605

Same hydro framework failed with p+Pb. . .

. . . However, a round proton was assumed,
and nature is quantum mechanical

(more complicated)
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Connections to heavy ion phenomenology

Initial state description from e+p in heavy ion collisions

Geometry from DIS

Can use e+ p / e+A to constrain the
proton/nuclear fluctuating geometry

GlueSatLight

JIMWLK evolution in IP-Glasma

Input from DIS/global analyses

Nucleon substructure in [deformed] nuclei

Effect on the extraction of QGP properties

Proton geometry from HERA
⇒ LHC flow measurements !
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Connections to heavy ion phenomenology

Example of recent developments
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FIG. 3. The elliptic (a) and triangular (b) flow ratios between
129Xe+129Xe collisions at

→
sNN = 5.44 TeV and 208Pb+208Pb

collisions at
→

sNN = 5.02 TeV with di!erent simulation set-
tings. For nuclear structure parameters, we use 129Xe(1) and
208Pb(default) in Table I.

at
→

sNN = 5.44 TeV and 208Pb+208Pb collisions at→
sNN = 5.02 TeV with four di!erent parameter sets. We

find that the elliptic flow ratios between the two collision
systems are largely insensitive to the QGP viscosity used
in the hydrodynamic simulations. Despite the transverse
overlap areas in 129Xe+129Xe collisions being approxi-
mately 25% smaller than those in 208Pb+208Pb colli-
sions at the same centrality, the final-state interactions in
the hydrodynamics + hadronic transport phases are can-
celed to very high precision in the ratios of anisotropic
flow between two collision systems across all centrality
bins. This result demonstrates that experimental mea-
surements of this observable can be used to probe fea-
tures related to the initial state of heavy-ion collisions.

The IP-Glasma initial-state model includes multiple
length scale fluctuations from nuclear and sub-nucleonic
structures. To further disentangle their e!ects in the
identified observables, we perform additional simulations
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FIG. 4. The ratios of vn{2}(n = 2(a), 3(b)) between
129Xe+129Xe and 208Pb+208Pb collisions with di!erent
Woods-Saxon parameters for the 129Xe nucleus in Table I.
The insert in panel (a) zooms in on the most central events
where the e!ects are largest.

with the full shear and bulk viscosity but without sub-
nucleonic fluctuations. Figure 3 shows that the elliptic
flow v2{2} ratios up to 40% in centrality are insensitive
to the sub-nucleonic structures in the initial state model.

For triangular flow v3{2} ratios, the QGP’s specific
shear viscosity and sub-nucleonic fluctuations show siz-
able e!ects for centralities larger than the 20% centrality
class because the triangular flow is more sensitive to the
shorter length scale fluctuations than elliptic flow. The
specific shear viscosity also slightly a!ects the ratio of
flow coe”cients, particularly at mid-central and periph-
eral collisions because of the system size di!erence be-
tween 129Xe+129Xe and 208Pb+208Pb collisions. We have
checked that the centrality bin window in which v4{2}
and v5{2} ratios are insensitive to the sub-nucleonic fluc-
tuations further shrinks to 0-10%.

Figure 4 shows the ratios of anisotropic flow coe”-
cients for di!erent shapes of 129Xe nuclei with respect to

Recent development

arXiv:2409.19064 [hep-ph]: initial state with (approximative) JIMWLK evolution in IP-Glasma,
show that LHC Xe+Xe measurements are sensitive to deformed Xe geometry at small-x
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Connections to heavy ion phenomenology

Conclusions: GlueSatLight

Background: path to gluon saturation

Soft gluon emission is favored in QCD ⇒ protons and nuclei dense at high energy

Eventually g → gg and gg → g balance: new state of matter with non-linear dynamics

Open questions answered in this project

Is non-linear QCD dynamics visible in current collider energies? (discover)

How do these saturation effects modify the nuclear high-energy structure? (quantify)

What is the effect on the extraction of the Quark Gluon Plasma properties? (apply)

Energy

?

4 QGP characterization with high-pT probes: photons, hadrons and jets

at the RHIC, in Au-Au collisions at center-of-mass energy of ps
NN

= 200 GeV (and an energy scan
at lower energies down to p

s
NN

= 7.7 GeV) and at the LHC, with Pb–Pb collisions at p
s
NN

= 2.76
and 5.02 TeV. In both HIC programmes, it is of special relevance the pp and pA collisions at the
same p

sNN as in AA collisions, since the particle production is expected to be modified by the QGP
with respect to pp collisions, if AA collisions were just an ensemble of pp or pn or nn collisions.
Also, pA collisions have their interest since they are sensitive to "cold nuclear matter effects" present
in AA collisions and not in pp collisions [5]. Such effects are related to the initial wave function of
the nucleus (initial state) and the Parton Distribution Function (PDF) inside the nucleus (nPDF),
different to the one of protons, which can generate different multi-parton interactions (MPI) during
the collisions, and therefore, different particle yields when comparing pp and pA collisions properly
scaled by the average number of binary nucleon-nucleon collisions.

Figure 1.1 shows schematically the different phases that can be considered in the HIC produced
at the LHC or RHIC delivered collisions. In each phase, different probes are produced that can be
used to infer the properties of the QGP medium generated in the collision.

Figure 1.1: Simulation of a HIC phases.

One may consider as phases [6, 7, 8]: (i) Pre-equilibrium, a short phase with �t ⇠ 1 fm/c

where the ensemble of nucleons is transformed into a non thermalized parton soup and where high-
energy 2 ! 2 parton collisions happen; (ii) Equilibrium and de-confinement (hydrodynamic evolu-
tion), the parton plasma is thermalized and expands cooling down till de-confinement is lost, lasting
�t ⇠ 5 � 10 fm/c. During this phase, the strong force rules the parton interactions that will affect
the final particle composition and kinematics. Among multiple possible effects, one can expect to
observe the following effects on selected probes: collective behavior (movement) in the final particle
expansion from the fireball, "particle flow" (see Sect. 1.2); thermal particle emission, "direct photons
(Sect. 1.4), strangeness enhancement"; color screening of q-q̄ pairs, "quarkonia suppression"; and,
high-energy partons originated at the high-energy interactions of the pre-equilibrium phase will loose
energy while traversing the medium as suggested by Bjorken [9], "jet quenching" (see Sect. 1.3); (iii)
Hadronization, when the temperature cools down below T ⇠ 160 MeV, a phase transition from QGP
to hadron gas happens. This gas is still thermally equilibrated and interactions between particles
can still be present, which will be difficult to disentangle from QGP effects; (iv) Chemical freeze-out,
particle interactions do not happen anymore and particle yields are fixed. On HIC, this final particle
composition is what will be measured by the experiments and used to study the QGP.

In my research work, I have concentrated mainly but not exclusively on the so called "hard"
probes or high-transverse-momentum (pT) probes2, photons and jets, using the ALICE detectors at
the LHC. Recent results using such probes at the LHC and RHIC experiments are briefly presented
in this chapter together with the flow, a "soft" sign of QGP mentioned along the document.

2High-pT particles or jets means pT & 5 � 10 GeV/c, which is still low pT in other close physics communities like
high-energy particle physics.
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Connections to heavy ion phenomenology

Backups
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Connections to heavy ion phenomenology

Saturation effects: coherent γ + A→ J/ψ + A

Power of exclusive processes

Can measure total momentum transfer
⇒ geometry

No net color charge transfer
⇒ need to exchange at least 2 gluons
⇒ sensitivity

Extract γ +Pb → J/ψ+Pb cross section from
ultra-peripheral Pb+Pb data

Nuclear modification:

Scoh =

√
σγPb

Scaled σγp

101 102 103

W [GeV]
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h

CGC + shape fluct
CGC
ALICE
CMS

γ-nucleon c.o.m energy

Very strong suppression observed and predicted
H.M, Salazar, Schenke, arXiv:2312.04194
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Connections to heavy ion phenomenology

Geometry from exclusive scattering: Au + Au → Au + Au + ρ0

Total transverse momentum transfer: conjugate to distance ⇒ access to geometry
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Figure 8: d�/dt for coherent ⇢0 photoproduction in XnXn events (filled red circles) and 1n1n events (open
blue circles). The filled bands show the sum in quadrature of all systematic uncertainties listed in Tab. 5
and the statistical errors, which are shown as vertical lines. The red and blue lines show an exponential fit at
low t, as discussed in the text. The insert shows, with finer binning at low pT , the e↵ects of the destructive
interference between photoproduction with the photon emitted by any of the two ions.
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(Hankel transform) of the XnXn and 1n1n di↵raction patterns shown in Fig. 8. The integration is limited to
the region |t| < 0.06 (GeV/c)2. The uncertainty is estimated by changing the maximum �t to 0.05, 0.07 and
0.09 (GeV/c)2. The cyan band shows the region encompassed by these �t values. In order to highlight the
similarity of both results at their falling edges, the resulting histograms are scaled by their integrals from -12
to 12 fm. The FWHM of both transforms is 2 ⇥ (6.17 ± 0.12) fm, consistent with the coherent di↵raction of
⇢0 mesons o↵ an object as big as the Au nuclei.
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