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HIP theory project: Phases of Strongly Interacting Matter
QCD matter from colliders to stars

QCD in collider environment

Context: RHIC, LHC, EIC

Non-linear QCD at high energies

Partonic structure of protons and nuclei

Properties of the Quark Gluon Plasma

Dense QCD matter Equation of State

pQCD at high-µb ⇒ neutron star EoS

Holography

Non-perturbative approach to both
Equation of State (EoS) and collider
physics
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QCD in collider environment highlights since the previous SAB
Gluon saturation
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Searching for gluon saturation

Saturation effects in γ + Pb (LHC, EIC)

Sensitivity to nuclear structure at the LHC

Initial state for heavy ion collisions

H.M et al, Phys.Rev.D 114 (2026) 1
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Light-Cone Perturbation Theory

Two-loop DGLAP splitting in LCPT

Enables automatized computations in
gluon saturation regime

PhD student (Seppälä) co-supervised
from Helsinki and Jyväskylä

Lappi, Seppälä, Paatelainen, JHEP 05 (2026) 156
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QCD in collider environment, highlights since the previous SAB
Proton and Nuclear Parton Distribution Functions
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Figure 6: 17-point scale variations of the dimuon cross section in neutrino (top) and

antineutrino (bottom) scattering, normalized to the LO cross section. All contributions

are computed with the NLO EPPS21 PDF set and NLO FFs. The theoretical results are

compared with NuTeV data.

presents the same comparison as figure 5, but this time by using the NLO EPPS21 nuclear

PDF set [18]. This set of PDFs is based on the CT18ANLO set of proton PDFs [9], in which

the strangeness suppression is a compromise between what these dimuon data — within

a FFNS NLO calculation calculation using the factorized approximation eq. (1.1) — and

the LHC W and Z data prefer. There is now clearly a better correpondence to the shown

NuTeV data.

4 Conclusion and outlook

In this paper, we presented an NNLO-improved version of our NLO-level GM-VFNS imple-

mentation [68, 69] of dimuon production in neutrino-nucleus DIS, based on the zero-mass

NNLO SIDIS coe!cient functions calculated in ref. [71]. Despite using the zero-mass coef-

– 11 –

Dimuon production in ωN collisions — the SIDIS approach

• Probe s with charm production → dimuon production
• SIDIS: charm fragmentation with DGLAP-evolved NLO FFs
• Decay function: charmed-hadron decay to a muon

ω
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N

X

X X

µ

W

s(d)

c h
ε̂

PDF

FF !h→µ

2 / 12

New constraints on s quark from ν + A

Dimuon production in ν +A DIS

New precise calculation at NNLO

Helenius et al, 2605.00502
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QCD in collider environment, highlights since the previous SAB
Photon parton distirbution function, Quark Gluon Plasma properties
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New photon PDF (VALO 1.0)

Expanded our PDF expertise to photons

Unique: NLO with uncertainty estimates

Required for EIC phenomenology

Chithirasreemadam et al, arXiv:2606.07189

Global analysis of QGP properties

Event-by-event MC-EKRT initial state

Neural networks to speed up simulations

Infer fundamental QGP properties
Niemi et al, Phys.Rev.C 114 (2026)

Heikki Mäntysaari (JYU) Phases of strongly interacting matter August 25, 2026 4 / 8

https://inspirehep.net/literature/3165861
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QCD in collider environment, highlights since the previous SAB
Pythia
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Fig. 6: The reduced positron-proton cross-sections in unpolarized neutral-current deep inelastic scattering, as a function of x.
The predictions from PYTHIA are shown at leading-order (dashed line) and NLO+PS matched next-to-leading order (solid
line), with the 3-point factorization scale variations shown in the envelopes. The data points are from the combined H1 and
ZEUS measurements [53].
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Fig. 7: PYTHIA and VINCIA predictions at LO+PS and NLO+PS for the exclusive transverse momentum (left) and rapidity
(right) distributions of the first jet in the lab frame for EIC kinematics. Scale variations are considered only with the PYTHIA

results.

Perturbative QCD

• Hannu Paukkunen
• Ilkka Helenius

Ongoing research
• Nuclear Parton Distribution
Functions and evolution equations

• Heavy-flavour production
• Fragmentation Functions
• Ultra-peripheral collisions
• Pythia Monte-Carlo event generator
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Fig. 1: The inclusive DIS process ep → eX and momentum
assignments.

parton distribution functions fi,

d2!
dxdQ2 = !

i
fi ↑

d2!̂ i

dxdQ2 = !
i

∫ 1

0

d∀
∀

fi(∀ )
d2!̂ i

dxdQ2 (3)

where the sum runs over partons i = q,g and ∀ is the fraction
of proton momentum carried by the parton participating in
the hard scattering. The hadronic tensor can be written in
terms of dimensionless structure functions as

MWµ# =↓
(

gµ# ↓
qµ q#

q2

)
F1(x,µ2

F)

+

(
Pµ ↓ P ·q

q2 qµ

)(
P# ↓

P ·q
q2 q#

)
F2(x,µ2

F)

P ·q

↓ i∃µ#%&
P% q&

2P ·q
F3(x,µ2

F) ,

(4)

where the inclusion of weak interactions through Z-boson
exchange and the interference with photon exchange give
rise to the antisymmetric part in the hadronic tensor of Eq. (4),
resulting in additional contributions to the structure func-
tions F1 and F2 and the parity-violating structure function
F3.

Projecting the structure functions in terms of contrac-
tions with the partonic tensor (in D = 4↓ 2∃ dimensions)
gives

F2(x,µ2
F)

x
=

1
1↓ ∃

[
↓gµ#(MWµ#)

+(3↓2∃)
4x2

Q2 Pµ P#(MWµ#)

] (5)

FL(x,µ2
F)

2x
=

4x2

Q2 Pµ P#(MWµ#) (6)

F3(x,µ2
F) =

2x
Q2 i∃µ#%& P% q& (MWµ#). (7)

Extracting the NLO structure functions requires the calcula-
tion of these contractions with the diagrams contributing to
the unpolarized partonic NC DIS process, shown in Fig. 2.

(a) Aq(0) (b) Aq(V )

(c) Aq(R)
s (d) Aq(R)

t

(e) Ag(R)
t (f) Ag(R)

u

Fig. 2: The non-zero diagrams and the corresponding am-
plitudes contributing to deep inelastic scattering at next-to-
leading order.

Squaring the amplitudes and summing and averaging over
final- and initial-state colors, spins and polarizations we find
the following non-zero contractions for the electromagnetic
interaction: the Born-level amplitude

gµ# Aq(B)
µ Aq(B)↔

# = ↓2e2
qQ2(1↓ ∃) (8)

and the virtual part

gµ# 2Re
(
Aq(V )

µ Aq(B)↔
#

)
= ↓e2

q
%s

4∋

(
4∋µ2

Q2

)∃ 4Q2(1↓ ∃)

( (1↓ ∃)

↗CF

[
↓ 2

∃2 ↓ 3
∃
↓8+O(∃)

]
.

(9)

The real-emission contributions are defined in terms of in-
variants ŝ = (p+q)2, t̂ = (p↓ p2)

2 and û = (p↓ p1)
2, where

p1 and p2 are the momenta of the outgoing partons, as de-
picted in the real-emission graphs c) through f) of Fig. 2. For

First NLO matching in Pythia8

Match NLO pQCD to parton showers

Improved perturbative precision for DIS simulations
(HERA, EIC) Helenius et al, 2605.00502
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Equation of State: highlights

High-density QCD matter EoS to the full α3
s level (SAB25: “main goal for the next 3 years”)

⇒ achieved very recently (paper submission in ∼September Paatelainen et al, arXiv:2609.xxxxx)

p/pfree = 1 +#1 · αs +#2 · α2
s︸ ︷︷ ︸

N2LO: Freedman & McLerran 1977

+ c3,2 · α3
s ln

2 αs + c3,1 · α3
s lnαs︸ ︷︷ ︸

Paatelainen et al., PRL 2021 & 23

+ c0 · α3
s︸ ︷︷ ︸

HIP 2026

Summary

• After ~10 years of work, the full N3LO EoS of cold quark matter has been 
completed by evaluating the hard contribution c0
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→ tight constraints on the EoS at neutron star densities
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Holography: Highlights since previous SAB
Entanglement at finite density

First finite-density entanglement computation
in an interacting QFT (O(4) model ≈ QCD)

Entanglement response reproduces EoS.

Opens a new route for systems with a sign
problem ⇒ also for QCD?

0.2 0.5 1

0

0.05

0.10

0.15

0.20

ξmax(μ)/�

κ=1.2, j3=0.2

T/m0=0.408

T/m0=0.34

T/m0=0.292

T/m0=0.255

T/m0=0.227

T/m0=0.204

Jokela et al, 2603.07635

Pressure inside the proton

Gluonic gravitational form factors (GFF)
from holography.

Prediction for the pressure and shear-force
distributions inside the proton.

Crucial step towards contact with EIC

IHQCD

Burkert et al.

Hackett et al.

Shanahan et al.

0.5 1.0 1.5 2.0
ρ (fm)

-0.01

0.01

0.02

ρ2 p(ρ) (GeV/fm)

Hippeläinen et al, 2601.14939

Heikki Mäntysaari (JYU) Phases of strongly interacting matter August 25, 2026 7 / 8

https://inspirehep.net/literature/3127587
https://inspirehep.net/literature/3109800


Project updates since the previous SAB

O(25) PhD scientists + O(15) PhD students

Other funding: 2× RCF Centre of Excellence (JYU, CoE in Quark Matter; HU CoE in
Neutron Star Physics), ERC (CoG of HM, CoG of Paatelainen, AdG of Vuorinen), RCF
projects (Helenius, Vuorinen), RCF Research Fellow (Paatelainen, HM -8/26), private
foundations (O(10) PhD students) + doctoral pilot (4 PhD students)

8-9 new PhDs since the previous SAB/scheduled for 2026

Significant events since the previous SAB

Strong and Electroweak Matter in Helsinki (Paatelainen chair), ∼ 140 participants

New major funding: Paatelainen (ERC CoG), Vuorinen (ERC AdG), new RCF Centre of
Excellence (8yr, Vuorinen leads, Paatelainen key senior scientist), MSCA postdoc (Roch)

Paatelainen: full professor 4/2026– (University of Turku & University of Helsinki)
⇒ The project leader and both team leaders (Jokela and Paatelainen) secured
permanent/tenure-track positions during the first four years of the project!
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