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• Our goal: The study of QCD under extreme conditions
• Strongly interacting matter (SIM): complex pase diagram

High T, high 𝜌: Quark Gluon Plasma (QGP)
Low T, high 𝜌: hadrons → ? SC phase → ? quark phase

Where?: 
• in the Universe ≈ 10-5 s after the Big-Bang
• in the core of neutron stars
• in high-energy hadronic collisions

from small ? to large systems

SA1_HQCD: QCD at IGFAE 

• Parton structure and saturation 
• QCD in the soft domain:

Phenomenological models and QCD based studies
• Hard probes in heavy-ion collisions: 

jet quenching and quarkonium
• Skyrme model applied to nuclear physics and astrophysics

4 Research activities to understand and 
characterise the properties of SIM:
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RA1: Parton structure and saturation
Members: N. Armesto, E. G. Ferreiro, C. Pajares, C. Salgado, F. Dominguez, Bin Wu

K. J. Eskola, P. Paakkinen, H. Paukkunen, C. A. 
Salgado, Eur. Phys. J. C82 (2022) 413

• Diffractive PDFs in future ep/eA colliders: 
EIC YellowReport, arXiv: 2103.05419
Conceptual Design Report of the LHeC
J.Phys.G 48 (2021) 11, 110501 

• QCD factorization:
Factorization and transverse phase-space parton
distributions. B. Wu, JHEP 07 (2021) 002
Precision boson-jet azimuthal decorrelation at     
hadron colliders Y.-T. Chien, R. Rahn, D. Y. Shao,  
W. J. Waalewijn, B. Wu,  arXiv:2205.05104
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Global fits of nuclear PDFs: using linear DGLAP evolution
=> observable consequences
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• nPDF analysis EPPS21: new set released
in 2021 that supersedes EPS16

• Proton structure at the precision front
Snowmass 2021 whitepaper, arXiv:2203.13923



• Angular correlations in pA collisions from CGC

Partonic structure of the nucleus in the non-linear parton saturated regime:
studies on particle production and correlations

• Multi-particle production in pA collisions in the CGC
P. Agostini, T. Altinoluk, N. Armesto, Eur. Phys. J. C 81 (2021) 760

RA1: Parton structure and saturation
Members: N. Armesto, E. G. Ferreiro, C. Pajares, C. Salgado, F. Dominguez, Bin Wu

T. Altinoluk, N. Armesto, A. Kovner ,M. Lublinsky, and V. Skokov, Eur. Phys. J. C 81 (2021) 583
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RA2: QCD in the soft domain
Members: Carlos Merino, Carlos Pajares, Ricardo Vázquez, Xabier Feal, Bin Wu

Multiparton interactions: non-perturbative string and Regge models

Models applicable from proton-proton to nucleus-nucleus collisions
• Studies on experimental observables usually considered as signatures of collectivity

M. A. Braun and C. Pajares, Flow coefficients in O-O Al-Al and Cu-Cu collisions at 200 
GeV in the fusing color string model, Phys. Rev. C 103 (2021) 5, 054902

• Related to RA1, approach to the thermalisation process

Relation between soft models and deconfinement
N. Mishra, G. Paić, C. Pajares, R. P. Scharenberg, and B. K. 
Srivastava, Deconfinement and degrees of freedom in pp
and AA collisions at LHC energies, Eur. Phys. J. A 57 (2021) 245
G.H. Arakelyan, C. Merino, Y.M. Shabelski, Multistrange hyperon
production on nuclear targets,  Phys. Rev. D 105 (2022) 114013

X. Feal, C. Pajares and R. Vazquez, Thermal and hard scales in   
transverse momentum distributions, fluctuations, and entanglement,   
Phys. Rev. C 104 (2021) 4, 044904 
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• QCD matter
Thermalization of gluons in spatially homogeneous systems, 
S. Barrera Cabodevila, C.A. Salgado, B. Wu, arXiv:2206.12376 



RA3: Hard probes in heavy-ion collisions
Members: N. Armesto, E.G. Ferreiro, C. Salgado, R. Vázquez, F. Domínguez, J. Barata, X. Feal, M.A. Escobedo

Jet quenching: to study the initial stages of HI collisions,  ERC AdG “Yoctosecond
Imaging of QCD collectivity using jet observables (YoctoLHC)” (C. Salgado 2019)

Main topic: time evolution of the in-medium parton cascade and how it is affected by
the early stages of the collision.

S. P. Adhya, , C. A. Salgado, M. Spousta, K. Tywoniuk,  Multi-partonic medium induced cascades in 
expanding media, Eur.Phys.J.C 82 (2022) 20

J. Barata, F. Dominguez, C. A. Salgado, V. Vila, A modified in-medium evolution equation with
color coherence, JHEP 05 (2021) 148
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Fig. 2 Left: jet RAA for static medium in four configurations: two
version of vacuum input parton spectra (“vacuum 1,2”), spectra with
nPDF effects (“nPDF”) and spectra with nPDF effects and vacuum-like
emissions included (“nPDF+VLE”). Right: jet RAA for “nPDF+VLE”

configuration for four medium profiles: static soft (black), static (green),
exponential (blue), and Bjorken with t0 = 0.1 fm (red) The q̂0 values
were optimized for each profile to reproduce the data (in gray) [44]

Table 2 The jet quenching parameter for different media profiles
obtained from fitting the calculation to the data from Ref. [44]. Full
description of the input parton spectra (first line) can be compared with

results using gluon-only cascades and power-law description of input
parton spectra (second line), published in Ref. [33]

Quenching Static (soft) Static Expo Bjorken
parameter (q̂) t0 = 0.1 fm

q̂0 (nPDF+VLE) [GeV3] 0.15 0.2 0.08 1.8

q̂0 (gluon-only) [GeV3] 0.20 0.2 0.09 2.6

The results in Fig. 2 shows that the single-parton descrip-
tion of the jet RAA used here describes the shape of the exper-
imental data in the pT region below ∼ 250 GeV. On the con-
trary, at pT ! 250 GeV the calculated RAA is steeper com-
pared to the data. This was already observed in Ref. [33] for
the gluon-only calculation and the more complete description
of jet energy loss used here does not lead to an improvement
in the description of the data. Comparison of “nPDF+VLE”
configuration with the data suggests that the flatting of RAA at
high-pT is due to the combination of nuclear PDFs, that pro-
duce a suppression at high-pT due to the EMC effect (see also
[56,57]), and the onset of the quenching of multiple resolved
partons in a jet [58]. These appear due to hard vacuum-like
splittings inside the medium [49], see also [59]. A resumma-
tion of such fluctuations leads to stronger suppression at high-
pT due to enhanced energy loss as discussed in Refs. [60–63].

The inability to describe the full pT region of measured
RAA in the configuration without the nPDF+VLE effects
is in contrast with parametric modeling presented in Refs.
[44,48], where the use of improved description of input par-
ton spectra and use of appropriate quark and gluon mixing
was shown to lead to a good description of the RAA over a
large pT range under the assumption of pT -dependence of
the energy loss which was close to

√
pT -dependence. Within

the BDMPS, the
√
pT -dependence of the lost energy holds at

low-pT , but does not hold at high-pT [31], where the single-
scattering contribution to the medium-induced energy loss
dominates in calculations [64], see also [62,63], and where
nPDF effects play a role. The power of 0.55 used in para-
metric modeling of Refs. [48] may effectively account for
these phenomena, however, without providing ability to dis-
tinguish them.

3.2 Initial-time dependence of jet suppression

The value of t0 in the Bjorken medium quantifies the time
during which no interaction with the medium occurs. This
reflects a situation with a finite time needed for the onset of
the quenching interactions in the medium. In this section, we
discuss the impact of the choice of t0 on the observable jet
suppression by comparing two different starting times of the
quenching in the Bjorken medium, namely t0 = 0.1 fm and
t0 = 1.0 fm, in the most simple configuration with no nPDF
effects and vacuum-like emissions included. Left panel of
Fig. 3 shows a comparison of the 〈q̂〉 for the Bjorken media
with these two choices of t0 evaluated as a function of L
calculated as

123



RA3: Hard probes in heavy-ion collisions

Jet quenching: to study the initial stages of HI collisions,  ERC AdG “Yoctosecond
Imaging of QCD collectivity using jet observables (YoctoLHC)” (C. Salgado 2019)

Other topics:
• correct interpolation between multiple-soft and single-hard scatterings.

• Exploration of the possibilities of quantum simulation in computing quantities of 
interest for high-energy and nuclear physics, including transport coefficients.

X. Feal, C. A. Salgado, R. A. Vazquez, Jet quenching test of the
QCD matter created at RHIC and the LHC needs opacity-
resummed medium-induced radiation, Phys.Lett.B 816 (2021) 
136251

J. Barata, N. Mueller, A. Tarasov, R. Venugopalan, Single-particle digitization strategy for quantum 
computation of a ϕ4 scalar field theory, Phys.Rev.A 103 (2021) 4, 042410 

J. Barata, C. A. Salgado, A quantum strategy to compute the jet quenching parameter qhat, 
Eur.Phys.J.C 81 (2021) 862
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RA3: Hard probes in heavy-ion collisions

Quarkonium: understanding the suppression pattern of different
quarkonia states in various colliding systems

• Especially relevant is the possibility to use the 
suppression pattern in pp collisions to identify 
the structure of exotic new states
Angelo Esposito, Elena G. Ferreiro, Alessandro Pilloni, 
Antonio D. Polosa, Carlos A. Salgado, 
The nature of X(3872) from high-multiplicity pp collisions, 
Eur.Phys.J.C 81 (2021) 669

• Different approaches for the quarkonium-medium interaction:
M. A. Escobedo and E. G. Ferreiro, 
Initial-state & hot-medium effects, Phys. Rev. D 105 (2022) 014019

N. Brambilla, M. A. Escobedo, M. Strickland et al, Bottomonium 
production in heavy-ion collisions …, Phys. Rev. D 104 (2021) 094049

N. Brambilla, M. A. Escobedo, M. Strickland et al, Heavy quarkonium 
dynamics …, arXiv 2205.10289
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FIG. 1. (Color online) The nuclear modification factor RAA of the ⌥(1S), ⌥(2S), and ⌥(3S) as a function of Npart compared
to experimental measurements from the ALICE [66], ATLAS [67], and CMS [68] collaborations. The bands in the theoretical
curves indicate variation with respect to ̂(T ) (left) and �̂ (right). The central curves represent the central values of ̂(T ) and
�̂, and the dashed and dot-dashed lines represent the lower and upper values, respectively, of ̂(T ) and �̂.

FIG. 2. (Color online) The nuclear modification factor RAA of the ⌥(1S), ⌥(2S), and ⌥(3S) as a function of pT compared to
experimental measurements. The experimental data are taken from the ALICE [66], ATLAS [67], and CMS [68] collaborations.
The bands represent theoretical uncertainties as in Fig. 1.

D. Feed down

The QTraj code allows for a computationally e�-
cient solution of the Lindblad equation describing the
in-medium evolution of bottomonium states in the QGP.
From this evolution, one can extract the survival proba-
bility of a state that has traversed the QGP. However, in
order to compare to experimental measurements of the
nuclear modification factor RAA, one must take into ac-
count the probability that an excited bottomonium state
emerging from the plasma decays to a lower-lying bot-
tomonium state in the vacuum before being experimen-
tally detected. At the level of the cross section, the exper-
imentally observed and direct production cross sections

are related by ~�exp = F~�direct where each entry of the �

vectors corresponds to a particular bottomonium state,
and F is a matrix related to the branching ratios of the
excited states. We consider the states {⌥(1S), ⌥(2S),
�b0(1P ), �b1(1P ), �b2(1P ), ⌥(3S), �b0(2P ), �b1(2P ),
�b2(2P )}. The entry Fij i < j is the branching ratio of
state j to state i, Fii = 1, and Fij = 0 for i > j. The
explicit values of Fij are taken from the Particle Data
Group [69] and presented in Eq. (6.4) of Ref. [24].

The resulting nuclear suppression RAA of each state is
computed using

R
i

AA
(c, pT ,�) =

(F · S(c, pT ,�) · ~�direct)
i

~�i
exp

, (22)
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RA4: Skyrme model applied to nuclear physics and astrophysics
Members: Christoph Adam, Joaquín Sánchez-Guillén, Ricardo Vázquez

Generalized Skyrme models applied to nuclear physics and astrophysics

• Skyrme matter at high density and neutron stars
C. Adam, A. García Martín-Caro, M. Huidobro, R. Vázquez, A. 
Wereszczynski, 
Quasiuniversal relations for generalized Skyrme stars, Phys. 
Rev. D103 (2021) 023022; 

Dense matter equation of state and phase transitions from a 
generalized Skyrme model, Phys. Rev. D105 (2022) 074019;

Quantum Skyrmion crystals and the symmetry energy of 
dense matter, arXiv: 2202.00953.

Spin-off:
C. Adam, J. Castelo, A. García Martín-Caro, M. Huidobro, R. 
Vázquez, A. Wereszczynski, 
Universal relations for rotating boson stars, 
arXiv: 2203.16558
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Applicability for GW, relation with SA2_GRWA



RA5: Probing new physics with EFT
Members: Pier P. Giardino

Probing new physics with EFT: Drell Yan, Z &W and Higgs production

• Drell Yan production as a sensitive probe of new 
physics calculated to high order in both the
electroweak and QCD sectors

Sally Dawson, Pier Paolo Giardino New physics through
Drell-Yan standard model EFT measurements at NLO
Phys.Rev.D 104 (2021) 7, 073004

• SMEFT implications for Higgs:
G. Degrassi,  B. Di Micco, P.P. Giardino, E. Rossi,  Higgs boson self-
coupling constraints from single Higgs, double Higgs and Electroweak 
measurements, Phys.Lett.B 817 (2021) 136307

S. Dawson, P.P. Giardino, S. Homiller, Uncovering the High Scale Higgs 
Singlet Model, Phys.Rev.D 103 (2021)  075016

N. Armesto QCD at IGFAE Santiago de Compostela, 04/07/2022



SA1_HQCD: Relation with experiments
Strong implication in the elaboration of new experimental proposals:

• Ions at the HL-LHC in Runs 3 and 4 and beyond
Perspectives for quarkonium studies at the high-luminosity LHC, Prog. Part. Nucl. Phys. 122    
(2022) 103906 

• Fixed Targets experiments at LHC (AFTER@LHC): coordination & organisation
A fixed-target programme at the LHC: Physics case and projected performances for heavy-ion,
hadron, spin and astroparticle studies, Phys. Rept. 911 (2021) 1-83

• ep and eA colliders (LHeC and EIC): coordination and convenerships
Conceptual Design Report of the LHeC,  J.Phys.G 48 (2021) 11, 110501 

Science Requirements and Detector Concepts for the Electron-Ion Collider: EIC Yellow Report
e-Print: 2103.05419 [physics.ins-det]

• Boards of the LHeC/FCC/EIC 
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SA1_HQCD: Other highlights

• Plenary talks, convenorship, IACs
Hard Probes 2022, Deep Inelastic Scattering 2021, 
International Conference on High Energy Physics (ICHEP) 2022

• Organisation
Deep Inelastic Scattering 2022 with SA1_LHCB
European Nuclear Physics Conference 2022 with SA3

• Participation in multiple Boards
Nuclear Physics Board European Physical Society
Executive & Governing Board STRONG2020
Plenary ECFA European Committee for Future Accelerators
Management Comittee COST Action 
Board members from European institutions EIC
AEI - Agencia Estatal de Investigación

• Research projects
ERC Advanced Grant:
Yoctosecond imaging of QCD collectivity using jet observables (YoctoLHC) 
Others: AEI-Agencia Estatal, Xunta de Galicia, STRONG2020 
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SA1 THE STANDARD MODEL TO THE LIMITS
SA1_STRI String theory and relation with other fields

SA1 THE STANDARD MODEL TO THE LIMITS
SA1_LHCB Beyond the Standard Model searches with
LHCb

SA2 COSMIC PARTICLES AND FUNDAMENTAL PHYSICS
Extremely energetic cosmic rays and neutrinos

SA3 NUCLEAR PHYSICS;
SA2_GRWA gravitational wave astronomy

SA1 THE STANDARD MODEL TO THE LIMITS
SA1_HQCD Hot and dense QCD in the LHC era and beyond
RA1 Parton structure and saturation 
RA2 Phenomenological models for QCD in the soft domain
RA3 Hard probes in heavy-ion collisions: jet quenching & quarkonium
RA4 Skyrme model applied to nuclear physics and astrophysics

SA1_HQCD : Relation with the other research fields of IGFAE  
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