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1 � B = 0: The transition from Hadrons to the Quark-Gluon Plasma
What is established?
Experimental view
Tracking particles through the chiral transition
Candidates for additional structure

2 � B > 0: Progress on the phase diagram
Extrapolations
Canonical ensemble
Density of states
Complex Langevin

3 Adding a magnetic �eld

4 Strong isospin breaking, adding �I
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What is established?

Electric Charge Fluctuations [Borsanyi:2026jbj]

Lattice setup

Nf = 2 + 1 QCD

physical quark masses

4HEX staggered action

N� = 8; 10; 12; 16

�rst continuum result for � Q
4

Findings

Signi�cant disagreement with HRG below Tc
Finite-volume e�ects too small to compensate

S-matrix pion interactions improve �Q4 , but worsen �Q2

Implication
Current descriptions of the hadronic phase appear incomplete for
electric charge 
uctuations. [Borsanyi:2026jbj], [Bellwied:2015lba], [Bollweg:2021vqf]

5 / 45



� B = 0: The transition from Hadrons to the Quark-Gluon Plasma � B > 0: Progress on the phase diagram Adding a magnetic �eld Strong isospin breaking, adding � I Summary

What is established?

Decon�nment

5 / 45



µB = 0: The transition from Hadrons to the Quark-Gluon Plasma µB > 0: Progress on the phase diagram Adding a magnetic field Strong isospin breaking, adding µI Summary

What is established?

Deconfinment

5 / 45



� B = 0: The transition from Hadrons to the Quark-Gluon Plasma � B > 0: Progress on the phase diagram Adding a magnetic �eld Strong isospin breaking, adding � I Summary

What is established?

Spatial string tension and screening correlators [Bala:2025ilf]

Method
1 Spatial Wilson-line correlators
2 Extract spatial potential
3 Determine �s(T )
4 Match lattice potential to EQCD
5 Solve 2D Schr•odinger equation
6 Predict screening masses

Lattice setup

Nf = 2 + 1 HISQ + Symanzik gauge action

N� = 8; 10

T ' 0:16 � 1 GeV

addtional quenched input

Main results

Spatial string tension remains non-perturbative up
to T � 5T pc .

Matching the lattice potential to perturbative
EQCD yields a quantitative description of meson
screening masses.

The observed vector / pseudo-scalar splitting is
reproduced.
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What is established?

Chiral symmetry breaking

In the chiral limit mu = m d = m s = 0; the QCD Lagrangian
is invariant under SU(Nf )L � SU(N f )R:

The QCD vacuum spontaneously breaks this symmetry,

SU(Nf )L � SU(N f )R ! SU(N f )V ;

leading to a non-vanishing chiral condensate

h�  i 6= 0:

Physical consequences

Goldstone bosons appear (� for Nf = 2)

Chiral partners are no longer degenerate

m� � m � ; m� 6= ma1

Physical quark masses explicitly break
chiral symmetry. Consequently, chiral
symmetry restoration is only
approximate in QCD.

A �nite density of near-zero Dirac
eigenmodes implies spontaneous chiral
symmetry breaking. 7 / 45
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What is established?

Chiral condensate on the lattice

Renormalized chiral condensate
The bare condensate contains additive and multiplicative
divergences. Common renormalization:

h�  i r =
ml

Xphys

�
h�  i l (0) � h �  i l (T )

�

Historical evolution

[Cheng:2006qk], [Aoki:2006br], [Aoki:2009sc], [Bazavov:2009zn], [Bor-
sanyi:2010bp], [Bazavov:2011nk], [Bazavov:2018mes], [Borsanyi:2020fev]

Today Tc = T pc ' 156 MeV

Width of the crossover region:

�T � 30 MeV
8 / 45
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What is established?

Polyakov loop and decon�nment

Center symmetry
In the in�nitely heavy quark limit QCD reduces to pure
gauge theory and becomes invariant under Z(Nc) center
transformations.

Polyakov loop
The Polyakov loop hLi is an order parameter for center
symmetry.

Static quark free energy: hLi = e �F Q =T

FQ = 1 ) hLi = 0; F Q < 1 ) hLi 6= 0

QCD

For physical quark masses the
symmetry is explicitly broken and no
exact order parameter exists.

[Clarke:2020vqy]:

2 + 1-
avor HISQ calculations
(N� = 8) show that the Polyakov loop
follows the universal scaling of an
energy-like observable near the chiral
transition.

Interpretation: The rise of hLi near
Tc is largely driven by chiral symmetry
restoration.
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Experimental view

Experimental signatures of the Quark-Gluon Plasma

Strangeness enhancement: Strange and
multi-strange hadrons are produced more abundantly
than expected from scaled proton-proton collisions,
consistent with e�cient strange-quark production in
a decon�ned medium.
[Koch:1986ud],[Rafelski:1982pu]

Quarkonium suppression: Color screening weakens
heavy quark-antiquark binding; suppression of J= 
and excited quarkonium states is a classic signal of
decon�nement. [Matsui:1986dk],[Mocsy:2007yj]

Jet quenching: High-energy partons lose energy
while traversing the medium, leading to suppressed
high-pT hadrons and modi�ed jet structures.
[Arsene:2004fa],[Gyulassy:1990ye]

Collective 
ow: Large elliptic 
ow v 2 and higher
harmonics indicate rapid thermalization and
hydrodynamic behavior of a strongly coupled 
uid.
[Kolb:2003dz],[Teaney:2000cw]

Thermal photons and dileptons: Electromagnetic
probes escape with little �nal-state interaction and
carry information about the temperature reached in
the collision. [Mohanty:2011nm],[Rapp:1999ej]

Heavy 
avor and statistical hadronization: Charm
and beauty hadron yields and quarkonium
regeneration test whether heavy quarks participate in
the medium and hadronize near the phase boundary.
[Braun-Munzinger:2000sh],[Andronic:2017pug]
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Tracking particles through the chiral transition

Fluctuations: disappearance of flavor correlations

O�-diagonal susceptibility �ud
11

Measures correlations between up and down
quark number.

Sensitive to the relevant degrees of freedom.
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[Bellwied:2015lba]

Physics

Below Tc

Quarks are confined into hadrons.

Pions dominate thermodynamics and
correlate u and d flavor.

HRG reproduces the lattice results.

Above Tc

Quarks become the relevant degrees of
freedom.

Flavor correlations rapidly disappear.

�ud
11 ! 0, consistent with weakly

interacting quarks.

�ud
11 provides a direct probe of the transition from hadronic to quark degrees of freedom.
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Tracking particles through the chiral transition

Static quark interactions [Bala:2021fkm], [Bazavov:2023dci], [Ali:2025iux]

Lattice setup

HotQCD Nf = 2 + 1 HISQ

Clover-improved Wilson heavy quarks

m� = 320 MeV (Tpc ’ 180 MeV)

a ’ 0:028 fm

N� = 24; 28; 32

The real part of the heavy-quark potential
shows only moderate in-medium
modification.

Color screening is weaker than expected
from a simple perturbative Debye potential.

Thermal effects depend on the heavy-quark
mass.
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�c : thermal broadening dominates, close to
dissolution by T �1:6Tpc.

�b: ground state remains well-defined,
moderate screening dominates.
! Viljami Leino, Fri 14:20 12 / 45
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Tracking particles through the chiral transition

Centre vortices as a probe of confinement [Mickley:2024vkm]

Lattice setup

FASTSUM Nf = 2 + 1 O(a)-improved
Wilson fermions, anisotropic lattices

Ns = 32, fixed scale, m� = 239(1) MeV

as = 0:11208(31) fm, as=a� = 3:453(6)

T = 47–760 MeV, Tc = 167(3) MeV

What are centre vortices?

Centre vortices are extended gauge-field
objects carrying quantized Z3 flux. A Wilson
loop encircling a vortex picks up a centre
phase. Percolating vortex sheets generate an
area law for large Wilson loops and are
therefore tied to confinement.

Centre vortices are extracted by maximal centre
gauge and projection to the nearest Z3 element.

Vortex percolation persists across the chiral
crossover and changes only at much higher
temperature.

Several vortex observables give a characteristic
scale around Td ’ 321 MeV ’ 1:9Tc :
may survive well above the chiral crossover.
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Tracking particles through the chiral transition

And what about the potential? Work in progress

An analysis based on the modelling framework employed in the HotQCD static-potential studies is
currently underway for the FASTSUM ensembles.
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Tracking particles through the chiral transition

Thermoparticle persistence

compute spatial pseudo-scalar meson correlators

extract low-energy spectral contributions

test the extracted spectral functions by
predicting temporal correlators

compare thermoparticle and Breit–Wigner
descriptions

Result

Pseudo-scalar mesons remain visible through the
crossover as broadened, bound-state-like
thermoparticle excitations.

Persitance seen at even higher T for Nf = 2
[Lowdon:2022xcl]
For scattering: [Hoffmann:2026tur]
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Renormalized l̄
5s spectral function: the
low-energy peak survives from T = 145:6MeV
to 172:3MeV, but becomes broadened.
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Tracking particles through the chiral transition

Thermal correlators across the crossover

FASTSUM lattice setup

Nf = 2 + 1 anisotropic lattices

Symanzik gauge + Wilson–clover fermions

Fixed-scale approach: T = 1/(a�N� )

as ≃ 0.12 fm, as/a� ≃ 3.5

Generation 2: m� ≃ 384 MeV

Generation 2L: m� ≃ 239 MeV

Gaussian-smeared baryon operators

Key observation

The correlators indicate a gradual loss of
well-defined hadronic quasiparticles across
the crossover. The response depends on
flavor and quantum numbers: light baryons
are modified near Tc , whereas quarkonia
remain comparatively robust.

Below Tc

Correlators show nearly exponential decay

Well-defined hadronic ground states

Negative-parity channel changes already below Tc

Positive-parity channel remains nearly unchanged

Above Tc

Loss of simple exponential behaviour

Parity doubling

Exponential fits no longer describe isolated hadrons

Heavy quarks

S-wave bottomonia: small correlator modifications

P-wave states: strong thermal modification immediately
above Tc

! Thurgood Marshall, Fri 14:00; Juan A. U. Nino, Poster

[Aarts:2015mma], [Aarts:2017rrl], [Aarts:2014cda], [Skullerud:2022yjr], . . . 16 / 45
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Tracking particles through the chiral transition

Heavy quarkonia with extended operators [Larsen:2026qvs],[Ding:2025fvo]

Shared lattice setup

HotQCD Nf = 2 + 1 HISQ ensembles

ml = m s=20, mG
� ' 160 MeV

Mostly 643 � N � , temperature varied through
N�

Heavy-quark treatment

Charmonium: relativistic Wilson-clover
valence charm

Bottomonium: lattice NRQCD valence
bottom

Key improvement

Extended meson operators

Gaussian smearing

Wave-function optimized sources

Better overlap with 1S, 2S, 1P states

Why this matters

Extended operators suppress the
vacuum-continuum contribution and make the
correlators more sensitive to in-medium
quasiparticle peaks.

! Jorge Luis Dasilva Golan, Fri 14:40
17 / 45
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Candidates for additional structure

Infrared transition above the crossover [Meng:23nxf], [Alexandru:2024tel]

Proposal

A second thermal transition may occur above the
chiral crossover: TIR � 200{230 MeV, continuum
extrapolateed, physical m�

Infrared Dirac modes separate from the bulk

Emergence of a distinct IR component

Associated with non-analytic behavior in the
Dirac spectrum

Possible new thermal regime of QCD [Alexandru:2024tel]
Plenary talk by Antonio Smecca, Tue 11:30Implications

Suggests a second thermal transition at TIR > T c

May provide a microscopic origin for the strongly coupled nature of the QGP
Connects QCD infrared dynamics to Anderson-critical phenomena
Raises the possibility of novel collective gluonic excitations in the medium
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Candidates for additional structure

Localization at the QCD crossover [Giordano:2026bqj]

Lattice setup

Nf = 2 + 1 stout-smeared staggered fermions

Nt = 8, physical m�

Volumes up to Ns=Nt = 10

Continuum check using Nt = 6; 8; 10 at
T = 165 MeV

The onset of localization coincides with the chiral
crossover temperature.

[Kehr:2023wrs]:

overlap valence quarks on Nf = 2 + 1 + 1 twisted-mass
ensembles with m� ' 210{370 MeV
They �nd T loc � T �

c � 20{30 MeV below transistion
with m � 6= 0.
New results with a magnetic �eld where presented at the
con�nment conference.

Relation to the IR phase

The IR phase in [Alexandru:2024tel] emerges
� 200{230 MeV and is associated with a
di�erent mobility edge and a distinct infrared
spectral peak.
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Candidates for additional structure

Monopole condensation and decon�nement

Dual superconductor picture

The QCD vacuum behaves as a dual
superconductor:

magnetic monopoles condense

dual Meissner e�ect squeezes
chromo-electric 
ux into 
ux tubes

con�nement emerges from the resulting
linear potential

Thermal monopoles
Above Tc , monopoles appear as thermal
quasiparticles.
Their wrapping-number distribution can be
analyzed as a Bose gas.
In pure SU(2) and SU(3), the condensation
coincides with decon�nement

Main result

For Nf = 2 + 1 QCD at physical quark masses,

TBEC � 275 MeV;

on �nite lattices Nt = 6; 8, well above the chiral
crossover temperature. [Cardinali:2021mfh]

Experimental evidence

A 2025 Bayesian analysis of jet quenching data
found substantial chromo-magnetic monopole
content in the 1-2Tc region, providing the strongest
data-driven evidence for their importance in QGP
properties. [Guo:2025tsf]

[Montesi:1998gw], [Ramamurti:2018evz],[Dehghan:2024blw]
20 / 45
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Candidates for additional structure

Chiral-Spin-Symmetry and stringy 
uid

Chiral spin symmetry, often denoted SU(2)CS, is a symmetry that extends beyond the standard chiral
symmetry. It is not a symmetry of the full QCD Lagrangian but rather a symmetry of the color charge
and the con�ning electric part of the Lagrangian. [Glozman:2022lda],[Glozman:2022zpy], [Cohen:2023vcl],[Glozman:2024dzz],[Glozman:2025twe]

Degeneracy patterns

Chiral Symmetry:
SU(2)L � SU(2) R : vector�axial-vector
U(1)A: scalar�pseudoscalar, axial-tensor�tensor
Chiral Spin Symmetry:
axial-vector�tensor� axial-tensor

seen for Nf = 2 m•obius domain-wall, �nite
lattice spacing [Aoki:2025mue], [Rohrhofer:2017jfo], [Rohrhofer:2019aus],

[Rohrhofer:2019rnz] (JLQCD)

more approximate for Nf = 2 + 1 + 1 optimal
domain-wall, �nite lattice spacing [Chiu:2023hnm]

Expected Nc scaling of �, P, s

Hadronic Phase: N0c
Stringy Fluid: N1

c
Free Quarks and Gluons: N2c

[Chiu:2023hnm]
21 / 45
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Candidates for additional structure

SQGB: Spagetti of Quarks with Glueballs

SQGB is a proposed intermediate QCD phase occurring between the pseudocritical temperature
(T c � 160 MeV) and the pure-gluonic decon�nement temperature (Td � 285 MeV), where quark
thermal degrees of freedom are decon�ned while gluons remain con�ned in glueballs.
[McLerran:2007qj],[Cohen:2024�x], [Cohen:2023hbq],[Fujimoto:2025sxx]

Comes from large, but �nite, Nc computation.

Chiral symmetry is believed to be restored,
meaning it is chirally symmetric despite quarks
still being con�ned at large Nc
Both, SQGB and stringy 
uid, describe a phase
that is chiral symmetric and center symmetric.

[Fujimoto:2025sxx] 22 / 45
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UA(1) restoration

Classical symmetry

For massless quarks, the classical QCD
Lagrangian has SU(Nf )L � SU(Nf )R � UA(1):

Contributions to UA(1) breaking

Light quark masses
Explicit symmetry breaking. Vanishes in the
chiral limit.

Chiral condensate
Spontaneous symmetry breaking associated with
h ̄ i 6= 0: Disappears above the chiral transition.

Axial anomaly
Quantum effect generated by topological
gauge-field fluctuations. Even for mq = 0.

Vacuum consequences

Large �0 mass

Splitting of UA(1) partners

Symmetry restoration
Restoration of SU(Nf )L � SU(Nf )R does not
automatically imply restoration of UA(1):

Key questions

How can UA(1) restoration be defined?
Suggested coupling to IR Dirac eigenmodes
[Shanker:2026mtu]
When does it happen?

[Aarts:2026kpq],[Bignell:2026ybw], [Chiu:2026sxy], [Shanker:2026mtu], [Chiu:2024jyz],

[JLQCD:2024xey], [Ward:2024tdm],. . .

Plenary talk by Antonio Smecca, Tue 11:30
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Conclusion

My Perspective on Decon�nement

Below the crossover, QCD is well described in terms of hadrons and con�nement.
Above T ' 140 MeV the medium changes continuously: hadrons do not disappear abruptly, but
gradually acquire thermal widths. Heavy quarkonia appear to survive longer than light hadrons.
Above T ' 160 we refer to the medium as the quark-gluon plasma. This does not imply weakly
interacting quarks and gluons, but rather a dense, strongly interacting 
uid, consistent with its
hydrodynamic description.
Many additional mechanisms have been proposed.

My current interpretation

Di�erent observables identify di�erent characteristic temperatures, but I do not yet see compelling lattice
evidence for an additional thermodynamic phase transition separating two distinct high-temperature phases of
QCD.

For this reason, I would not reserve the terms decon�nement or quark{gluon plasma for a weakly interacting
gas of quarks and gluons. Instead, I would continue to use them for the high-temperature phase of QCD,
while keeping in mind that this phase remains strongly interacting up to � 2Tc � 3T c .
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1 � B = 0: The transition from Hadrons
to the Quark-Gluon Plasma

What is established?
Experimental view
Tracking particles through the chiral
transition
Candidates for additional structure

2 � B > 0: Progress on the phase diagram
Extrapolations
Canonical ensemble
Density of states
Complex Langevin

3 Adding a magnetic �eld
4 Strong isospin breaking, adding �I

Dealing with the sign (complex action) problem

Reweighting techniques

Canonical ensemble! Shinji Ejiri, Thu 14:20

Lefshetz Thimble

Contour deformations
! Emmanuel Ortiz Pacheco, Thu 15:20

Density of state methods

Dual variables

Complex Langevin! Daniel Unterhuber, Thu 14:00

Analytic continuation! Marco Aliberti, Thu 14:40

(Taylor-) expansion! Piyush Kumar, Thu 15:00

. . .
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Extrapolations

Analytic continuation from imaginary chemical potential

Common technique:

[deForcrand:2002hgr]

[Bonati:2015bha]

[Cea:2015cya ]

[DElia:2016jqh]

[Bonati:2018nut]

[Borsanyi:2018grb]

[Borsanyi:2020fev]

[Bellwied:2021nrt]

. . .
! Marco Aliberti , Cauchy formula inverse problem, Thu 14:40
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Extrapolations

Expansion from � = 0

Taylor expansion

p
T 4 =

1X

j=0

1X

k=0

1
j!k!

� BS
jk �̂ j

B �̂ k
S

with �̂ = �
T

rapid convergence in
Stephan-Boltzmann (T = 1) limit

expansion coe�cients are lattice
observables

T 0-expansion

� B
1 (�̂ B ; T )

�̂ B
= � B

2

0

@0; T

0

@1 +
1X

j=1

� j (T )�̂ j
B

1

A

1

A

with �̂ = �
T

This works well as long as �1 mostly shifts in
temperature when �B is changed

Fails at high temperatures, there are ways
around this

� j can also be calculated from imaginary �B

! Piyush Kumar, Comparison of various extrapolation schemes, Thu 15:00
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Extrapolations

Using strangeness [Borsanyi:2025kiv]

Lattice setup

Nf = 2 + 1 4HEX staggered fermions

DBW2 gauge action, Physical quark
masses

163 � 8; 203 � 10; 243 � 12

Additional 243 � 8 finite-volume check

strangeness neutrality: nS = 0

 130

 135

 140

 145

 150

 155

 160

 0  100  200  300  400  500

T
 [
M

eV
]

µB [MeV]

chiral crossover [2002.02821]
µS/µB, continuum

χ2
S, continuum

µS/µB, HRG

χ2
S
, HRG

Strategy

Build a Taylor expansion in (�B ; �S)

Solve for �?S(T ; �B)

Construct proxies: �S
2 = const:; �S=�B = const:

Main message

At the crossover, �S
2 ’ 0:3; �S=�B ’ 0:25 remain

approximately constant.

Proxies have mild finite-volume effects and are weakly
coupled to critical fluctuations under nS = 0.

Continuum N2LO contours agree with the known chiral
crossover up to �B ’ 400 MeV.

N4LO results on 163 � 8 extend beyond �B ’ 500 MeV
and suggest separation from chemical freeze-out around
400–500 MeV.
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Extrapolations

Constraints on the QCD critical point [Borsanyi:2025dyp]

Method

Improved continuum equation of state

Continue entropy contours from imaginary �B to
real � B

A �rst-order transition appears when di�erent
entropy contours merge.

Main result

New zero-density EoS with roughly a factor of two
improved precision around Tc

At 2� � CEP
B > 450 MeV

First lattice-based lower bound on the CEP
location with controlled continuum systematics.

Lattice setup

Nf = 2 + 1 + 1 staggered, physical
quark masses

N� = 8; 10; 12; 16 continuum
extrapolated

Large volumes (LT = 4)

Strangeness neutrality imposed

30 / 45



� B = 0: The transition from Hadrons to the Quark-Gluon Plasma � B > 0: Progress on the phase diagram Adding a magnetic �eld Strong isospin breaking, adding � I Summary

Canonical ensemble

Canonical ensemble [Adam:2026rnt]

Idea

Generate ensembles at �B = 0

Reweighting to imaginary �B =T = i'

Constract the grand-canonical partition function ZGCR (')

The canonical partition function Z(NB ) is obtained by a
Fourier transform of ZGCR (').

Lattice setup

Nf = 2 + 1 QCD

Physical pion mass

Continuum extrapolation

� B . 500 MeV

Why is this interesting?

No Taylor truncation

Direct access to �nite-density thermodynamics

Independent benchmark for �nite-�B lattice QCD

Equation of state obtained from the
canonical formulation. Contours of
constant baryon density are
determined directly and extend to
� B � 500 MeV.
! Shinji Ejiri, Canonical partition
function in the heavy quark region,
Thu 14:20 31 / 45
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Lifting the curtain - Density of states
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Density of states

Density of States, work in progress

Basic idea Instead of expanding the
full partition function around � B = 0,
decompose it into sectors of �xed
Polyakov loop c:
Z(� B ) =

R
dc �(c; 0) e V (c;� B ) :

�(c; 0) is the density of
constrained con�gurations,

V (c; � B ) is obtained from a
Taylor expansion within each
sector.

Lattice details

2+1 HEX smeard, physical quark masses

a = 0:2 fm, 243 � 8 lattice

Why is this useful?

Samples both hadronic and QGP-like sectors explicitly (reduced overlap problem)

Performs a sector-wise resummation rather than one global Taylor expansion
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