EPJ Web of Conferences 364, 01025 (2026) https://doi.org/10.1051/epjconf/202636401025
Quark Matter 2025

Summary: Experiment
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Abstract. This proceedings summarizes the experimental results presented at
the QM2025 conference along with an outlook on future experimental pro-
grams.

The Quark Matter conference series has a rich and somewhat organic history, shaped by
entwined developments in theory and experiment that converged in the early 1980s. As H.
Satz and R. Stock recalled in their proceedings of the 25th QM conference [1], the 1982
meeting in Bielefeld, following a 1980 theory symposium in Bielefeld and an experimental
workshop at the GSI Darmstadt, marked the first dedicated forum for exploring the thermo-
dynamics of strong interaction matter through high-energy nuclear collisions. Since then, the
conference has grown not only in size, but also in the scope and complexity of the physics
observables studied, transforming the investigation of the QGP from its “nebulous begin-
ning” [1] in the 1980s, into a field of precision science. This year’s conference, held in
Frankfurt, brought the series back to Germany, not far from the locations where its earliest
steps were taken.

1 Search for QCD critical point

A central goal of heavy-ion physics has long been the search for a possible QCD critical
point (CP) associated with the Ist order phase transition. At the conference, STAR pre-
sented high-precision measurements of net-proton factorial cumulants and their ratios from
the RHIC BES-II program (/syn = 7.7-27 GeV), corresponding to baryochemical potential
up = 400-150 MeV [2]. Compared with non-critical baseline calculations, a minimum in
the net-proton cumulant ratio C4/C, (Fig. 1) is observed, deviating by about 2-50 around
Vsyy = 19.6 GeV. Although this resembles the expected CP behavior, dynamical models
including critical effects are needed to interpret the data. STAR also reported fixed-target re-
sults (+/syy = 3.0-7.7 GeV), extending the search to higher baryochemical potential, where
C4/C; remains consistent with UrQMD predictions without critical effects included. Before
RHIC concludes operations, it is essential that STAR acquire additional fixed-target data near
vsny =4 GeV to clarify the energy dependence relevant to the CP search. Ongoing searches
at NA61/SHINE [3, 4] and HADES [5, 6] likewise remain inconclusive.

2 Spin related phenomena

The velocity and vorticity fields in the evolving QGP are expected to polarize produced parti-
cles via spin—orbit coupling. In non-central collisions, the initial shear generates a net “global
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Figure 1. Net-proton cumulant ratio C,/C, together with the significance of deviation
(data—reference)/o o, measured by STAR during the RHIC BES-II program. Figure adopted from [2].

polarization” of particles along the system’s orbital angular momentum. Recent A-hyperon
polarization measurements have opened new avenues to study QGP spin dynamics. New
BES-II STAR results with greatly reduced uncertainties confirm that A polarization decreases
with increasing beam energy, show no significant splitting between A and A, and place an
upper limit on the late-stage magnetic field of B < 10'* T. Similar behavior, though with
larger uncertainties, was also reported for = and Q [7]. Polarization may also occur along
the beam axis, where anisotropic flow generates vorticity and induces “local” polarization.
STAR BES-II measurements of A and A local polarization P, (Fig. 2, left), motivated by
the predicted baryonic spin Hall effect, show no strong energy dependence, underscoring the
need for simultaneous fits to global and local polarization. In p+Pb collisions, CMS observed
a significant positive A polarization P_ y, (Fig. 2, right) [8], challenging models.

We conclude the selection of spin-related results with a novel measurement probing the
transition from quark pairs to hadrons, directly addressing the problem of confinement. It ex-
ploits spin correlations of AA pairs, tracing them to their entangled s5 origin where spins are
expected to align. Interactions with the QCD medium during hadronization can induce deco-
herence of this entanglement, offering a new probe of QCD dynamics. The STAR data show
the first evidence of AA spin correlation in pp collisions at /s = 200 GeV, with a relative po-
larization of (18+4)% linking entangled quark pairs in the vacuum to their hadronic states [9].
The correlation disappears at large angular separations, consistent with decoherence.

3 Exploring the limits and origins of collectivity

Precise measurements from the LHC and RHIC presented, now let us tackle key open ques-
tions related to collectivity: up to what transverse momentum (pr) hadrons flow, what is the
origin of collectivity in small systems, and what is physics interpretation of it.
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Figure 2. Dependence of local A polarization on energy in Au+Au collisions from STAR (left) and
multiplicity in p+Pb collisions at /syy = 8.16 TeV by CMS (right). Figures adopted from [7] and [8].
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Figure 3. Transverse momentum dependence of v, in Pb+Pb collisions from ALICE Run 3 (left) and
ATLAS (right). Figures taken from [10, 11].

Both ALICE [10] and ATLAS [11] measured elliptic (v;) and triangular (v3) anisotropies
of charged particles produced in Pb+Pb collisions with unprecedented precision to very high
pr. The observed positive values up to py =~ 100 GeV/c for v, (Fig. 3) and 25 GeV/c for
v3, respectively, suggest that the parton energy loss in QGP is influenced by the event-by-
event initial geometry and the data can be used to constrain the path-length dependence of
jet quenching. The baryon—-meson grouping observed in heavy-ion collisions from LHC en-
ergy [12] down to top RHIC energies, commonly regarded as a signature of partonic collec-
tivity, breaks down around +/syy = 4.5 GeV [13], offering new insight into how the onset of
the QGP depends on collision energy, although this interpretation may not be unique.

Small collision systems have revealed unexpected features in recent years, and the confer-
ence provided new insights into the origin of long-range correlations and collectivity. ALICE
reported ultra-long-range two-particle azimuthal correlations with pseudorapidity separation
|An] > 5 in both pp and p+Pb collisions [14] (Fig. 4). Neither hydrodynamic calculations,
CGC-based models, nor PYTHIA with string shoving reproduce the signal, placing strong
constraints on theoretical descriptions of collective-like effects across multiplicities. LHCb
measured v, in p+Pb collisions at forward/backward rapidities, observing an increase with
multiplicity but no beam-direction dependence, suggesting limited initial-state effects [15].
The results, generally below hydrodynamic predictions, provide key input for understanding
collectivity and longitudinal dynamics in small systems. At RHIC, O+O collisions have now
been studied, offering further insight into the onset of collectivity. STAR presented v, and vs3
in d+Au and O+O collisions scaled by eccentricity (Fig. 5). The consistent scaling in both
systems indicates a common mechanism translating initial geometry into final-state flow, de-
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Figure 4. Multiplicity dependence of v, from two-particle correlations in pp and p+Pb collisions with
large |An| separation measured by ALICE at +/syy = 5.02 TeV. Figures adopted from [14].
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spite similar multiplicities from different initial configurations. The data favour a sub-nucleon
Glauber model [16], supporting a geometry-driven interpretation. The upcoming LHC run
with O+0O and Ne+Ne collisions, together with new LHCb SMOG?2 capabilities for flexible
targets and energy scans, will further probe these effects at higher energies. Another probe
of QGP and its expansion dynamics is the radial flow, which has received attention through
pr-differential radial-flow fluctuations vy(p7), which, unlike v, that is primarily sensitive to
shear viscosity, probe the bulk viscosity [17]. ATLAS measured vy(py) for charged parti-
cles in Pb+Pb collisions, observing long-range pseudorapidity correlations, pr factorization,
and a centrality-independent shape [18]. ALICE reported results for inclusive charged par-
ticles and identified 7, K, and protons [19], showing low-p; mass ordering consistent with
hydrodynamic flow and, at higher p7, a baryon—meson splitting suggestive of quark recombi-
nation. Together, these measurements confirm the collective nature of radial flow and provide
complementary constraints on QGP transport properties.

4 Hyperon-nucleon and many-body interactions

Femtoscopic correlations, originally used to study the size and lifetime of the particle-
emitting source, now provide new insights into the fundamental interactions between hyper-
ons and nucleons as well as many-body interactions, important for understanding the structure
of hypernuclei, searching for exotic multiquark states or understanding neutron star EoS. Us-
ing measurements of d—A correlations in Au+Au collisions at /syy =3 GeV, STAR reported
new results on the binding energy of 3 H. The measured value, 0.067)05 MeV/c?, corresponds
to a radius of approximately 16 + 5 fm, consistent with the world average but with notably
smaller uncertainty [21]. The study of exotic multi-quark states, especially strange dibaryons,

is challenging due to short lifetimes and difficulty distinguishing them from scattering states.
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STAR presented measurements of the p — Z~ and p — Q correlations, where the latter shown
in Fig. 6 are featuring a shallow bound state, with a binding energy E = 1.64_’(1):‘5t MeV (3.2,
spin J = 2), indicating formation and possibly the first evidence of a strange dibaryon [20].

A-nucleon interactions are essential for modeling neutron-star cores, where strangeness
may appear, yet short-range two- and three-body forces remain poorly constrained even at
saturation density. Femtoscopic correlations in high-energy pp collisions could provide a
unique probe of three-hadron dynamics beyond conventional scattering experiments. ALICE
demonstrated the feasibility of such studies (Fig. 7) [22], and upcoming high-statistics data
are expected to constrain models, with initial predictions already available for p—p—p and
p—p—A systems.

5 Electromagnetic probes: Photons and dileptons

Photons and dileptons serve as unique probes, escaping the medium without strong interac-
tions and carrying information from all collision stages, from early hard scatterings to thermal
radiation of the QGP and hadronic phase. Dilepton spectra reveal in-medium vector meson
modifications, while both probes constrain the system’s temperature and space—time evolu-
tion. For some time, calculations struggle to explain simultaneously direct y spectra and v»,
which culminated in the so called ’direct photon puzzle’: observed large yield points to early
emission time at higher 7', large v, in contrast to late emission and lower 7. PHENIX pre-
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Figure 8. Multiplicity dependence of integrated direct-photon yield (1-5 GeV/c) (left) and v, (right) in
Au+Au collisions at 4/syy = 200 GeV measured by PHENIX. Figures adopted from [23, 24].
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sented measurement of direct-y v, in Au+Au collisions at +/syy = 200 GeV [24] shown in
Fig. 8 with improved statistics and higher pr reach. Above pr ~ 8-10 GeV/c, where hard
scattering dominates direct-y production, v, is consistent with zero, while at lower pr it fol-
lows that of 7°s, though somewhat smaller. Although calculations have improved over time,
no model fully explains the data. The conference once again emphasised a tension between a
tension between PHENIX [23] and STAR [25] integrated non-prompt direct y yields, which
follow a power-law dependence on multiplicity but scale differently when combined with
ALICE data [26], requiring resolution.

We now turn to dilepton measurements and the extracted temperature, a fundamental
yet still poorly constrained quantity. Following major upgrades, HADES presented dilep-
ton spectra and related thermal dilepton excess in Ag+Ag collisions at /syy = 2.42 and
2.55 GeV [5] (see Fig. 9), further extending measurements in Au+Au collisions [27]. The
measured average fireball temperatures are well above universal freeze-out region. STAR
reported new dilepton results from the BES-II [28] and isobar data, finding, in the low-mass
region (0 dominated), temperatures consistent with statistical hadronization [29] and the
critical T, from lattice QCD [30, 31], while in the QGP dominated intermediate-mass re-
gion T ~ 300 MeV. ALICE has reported the first dielectron spectrum in pp collisions at
/s = 13.6 TeV [32]. The improved resolution allows prompt and non-prompt sources to be
separated using DCA template fits, an important step toward isolating QGP thermal radia-
tion in future LHC runs. A similar DCA-based method has been demonstrated at RHIC by
PHENIX[33].

6 Unraveling different QCD scales with jets

Jet quenching has been studied for more than two decades, evolving from early observations
of high-p7 hadron suppression to detailed investigations of fully reconstructed jets and their
substructure. These efforts aim to disentangle the underlying mechanisms of quenching and
to clarify the roles of medium recoil and medium response across different collision ener-
gies and systems. At the conference, many new results were presented. Notably, LHCb
reported the first direct observation of the dead-cone effect in beauty-quark jets [34], fol-
lowing ALICE’s earlier measurement in charm-initiated jets [35]. These results, based on
detailed analyses of the Lund jet plane in pp collisions at /s = 13 TeV, provide a precision
test of QCD. New ALICE results also highlighted the strong potential of Run 3 data, showing
significant improvements over Run 2, particularly those involving charm-tagged jets. Last
but not least, STAR presented first measurements of jet quenching signal in O+O collisions
at /syny = 200 GeV [36]. If confirmed, this would represent the first observation of jet
quenching in a small collision system.

Recently, energy—energy correlators (EECs) have been proposed as complementary
probes of both perturbative and non-perturbative QCD, offering sensitivity to color coher-
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ence, where gluons radiate independently above a critical angle, and to the “jet wake,” in
which a high-py parton drags medium particles. ALICE and CMS reported significant mod-
ification of EECs in central Pb+Pb relative to pp collisions displayed in Fig. 10. Models
including color coherence or medium response predict qualitatively similar modifications. A
new prediction from the Hybrid Model [41] discussed at the conference strongly motivates
ALICE to extend their measurement by lowering the track-py threshold to 150 MeV/c and
studying separations larger than the jet radius R, which cannot come from two hard core par-
tons, to look for enhancement that would signal the jet wake. ATLAS has also studied jet
substructure using the Soft Drop angle dR;, in R = 1 jets from R = 0.2 subjets. The nuclear
modification factor Rq4 (Fig. 11) decreases with dR;, and plateaus for dR;, > 0.2. Compari-
son with the Hybrid Model [39] favors a finite medium resolution length, L5 ~ (1-2)/(xT),
providing the first quantitative bounds.

Unlike strongly interacting particles, photons and Z bosons traverse the QGP without
significant modification, making them clean probes of the initial hard scattering and provid-
ing a determination of the hard-scattering scale. We highlight here the CMS correlations of
charged-hadrons with Z boson in Pb+Pb collisions for three different py ranges of charged-
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Figure 11. Raa as a function of dRy, for R = 1 jets constructed from skinny reclustered subjets reclus-
tered and the Soft Drop grooming procedure compared with Hybrid Model. Figure adopted from [39].
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hadron momenta shown in Fig. 12. For charged hadrons with py= 1-2 GeV/c, the distri-
butions manifest a dip at small angular separation A¢.,z ~ 0 accompanied by an excess at
A¢enz ~ m with significance of 30~. This observation is consistent with expectations of a
hydrodynamic wake created as the QGP is depleted of energy by the hard parton propagat-
ing through it. Models that omit medium-response effects fail to describe the data, whereas
those that incorporate medium response achieve significantly better agreement. However, the
current statistical uncertainties do not yet permit more definitive conclusions.

We conclude the section with studies of jet hadrochemistry. As discovered at RHIC
and confirmed at the LHC, baryon-to-meson ratios are strongly enhanced at intermediate
pr = 2-5 GeV/c in heavy-ion compared to pp collisions, commonly attributed to strong hy-
drodynamic flow and parton recombination in the QGP, though it remains to be seen whether
a similar effect occurs in jets. ALICE [42] and STAR [43] measurements of proton-to-pion
(p/m) and pion-to-kaon (7r/K) ratios, show no significant p/m enhancement in Au+Au colli-
sions at RHIC, but the LHC data suggest possible baryon and strangeness enhancement at
intermediate pr in Pb+Pb collisions. More precise determinations will require higher statis-
tics and additional identified particle species to constrain jet hadrochemistry modifications.
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Figure 13. In-jet p/z ratios in Au+Au (+/syy = 200 GeV) by STAR [43] (left) and Pb+Pb collisions
(+/syny = 5.02 TeV) by ALICE [42] compared with the pp data. Figures adopted form [42, 43].

7 Quarkonia and open charm

production

Also in the open heavy-flavor and quarkonium sector, many new measurements were pre-
sented. Starting with open charm, ALICE has performed the first reconstruction of B® mesons
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Figure 14. (Left) v, of D°, D*, D, I/, and A} in Pb+Pb collisions at +/syy = 5.36 TeV measured by
ALICE [44]. (Right) Correlation between the normalized v, of D° and hadrons in semi-central Pb+Pb
collisions at /syy = 5.02 TeV by CMS [45]. Figures adopted from [44, 45].

in Run 3, thanks to its improved inner tracker resolution, completing the mapping of the
beauty production cross section at LHC energies down to low pr. At the lower SPS energies,
NAG61/SHINE reported the first-ever measurement of open charm production at SPS energy,
in Xe+Laat y/sny = 16.8 GeV, enabled by upgraded vertexing capabilities using the detector
prototype [3]. The data pose a clear challenge to models as microscopic approaches tend to
underestimate the yields, while statistical hadronization models overestimate them. Upcom-
ing high-statistics Pb+Pb data are expected to provide further insight into charm production
in this energy regime.

Recent heavy-ion data also reveal clear collectivity in charm production, indicating strong
coupling of ¢ quarks to the medium. ALICE presented new v, data of charm-hadrons down
to low pr along with the first v; measurement for a charmed baryon A, (Fig. 14) [44]. As
for light-flavor hadrons, a mass hierarchy and baryon-meson splitting at intermediate pr is
present. Separating prompt and non-prompt contributions to D° and A.. v,, reveals a stronger
degree of equilibration for ¢ than for b quarks. To study the role of initial-state geometry,
CMS measured the v, of prompt D° mesons in Pb+Pb collisions using event-shape engineer-
ing [45]. The linear correlation between the v, of prompt D° mesons and of low-p; charged
particles across centrality (Fig. 14), indicates that the c-quark flow is primarily driven by the
initial-state geometry. At high pr, existence of small deviations could hint at additional mech-
anisms such as path-length dependent energy loss. Overall, these observations reinforce the
picture that also ¢ and b quarks experience significant rescattering and partial thermalization
in the QGP, offering a powerful probe of the transport properties of the medium.

Quarkonia measurements continue to provide precise probes of medium effects, refining
our understanding of suppression and regeneration mechanisms. We highlight some of the
new measurements of excited quarkonia states, motivated by suppression patterns not fully
explained by initial-state effects and serving as sensitive probes of possible final-state effects,
including the formation of a QGP droplet in small collision systems. For the first time in
p+A collisions, CMS observed a statistically significant multiplicity-dependent suppression
of prompt ¥/(25) relative to J/y production in p+Pb collisions at /sny = 8.16 TeV [46],
while non-prompt production shows no trend (Fig. 15 left). These results indicate final-state
effects preferentially dissociating weakly bound states, consistent with co-mover interactions
or possible QGP formation and providing valuable input for models. At forward rapidity,
the prompt (2S) to J/y ratio in p+Pb collisions (Fig. 15 right) [47] matches pp results,
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Figure 15. (Left) Multiplicity dependence of the prompt and non-prompt (25 )-to-J/y cross section
ratio measured by CMS in p+Pb collisions at +/syy = 8.16 TeV. (Right) Comparisons of the same ratio
in pp, p+Pb, Pb+p from LHCb with Pb+Pb collisions from ALICE [50]. Figures adopted from [46, 47].

while Pb+p shows a trend closer to Pb+Pb data, suggesting additional mechanisms beyond
co-mover effects. Looking ahead to Run 3, the new muon forward tracker (MFT) extends
ALICE capabilities to separate prompt and non-prompt charmonia at forward rapidity, as
demonstrated in Fig. 16 and [48, 49], surpassing Run 2 in precision and promising stronger
constraints on quarkonium production mechanisms at LHC energies.

While charmonium and bottomonium states (not discussed) provide established probes,
top-quark measurements open a new window onto the earliest QGP stages. The ¢ signal
reported by ATLAS [51] observed with a significance of 5o in dilepton channels, is consistent
with earlier CMS data [52] and nPDF predictions. This observation consolidates evidence for
the presence of all quark flavors in the pre-equilibrium QGP stage at the LHC energies and
paves the way for further time-resolved studies of the QGP formation and dynamics.

8 Ultra-peripheral collisions

The search for gluon saturation remains a central question in QCD. Although many observ-
ables have been proposed, existing measurements can often be explained without invoking
saturation. Ultra-peripheral collisions (UPC) offer a sensitive probe, allowing studies of vec-
tor meson photoproduction over broad kinematics, revealing strong nuclear modifications of
cross sections and testing gluon distribution models. At the conference, ALICE and CMS
presented results on incoherent J/i photoproduction. Fig. 17 shows the ALICE measure-
ment [53, 54], the first multi-differential study of incoherent J/¢ production as a function of
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Figure 16. ALICE preliminary Run 3 results on J/y fraction originating from B-hadron decays in pp
collisions [48] (left) and centrality dependence of /(25 )-to-J/¢ compared with Run 2 results, other
experiments aand models [49]. Figures adopted from [48, 49].
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energy and momentum transfer |#| in ultra-peripheral Pb+Pb collisions at /syy = 5.02 TeV,
extending CMS data [55]. The cross section increases with energy for all |¢|, but the in-
crease is strongly suppressed at large |¢|, corresponding to small gluonic configurations. This
|f|-dependent suppression, not explained by leading-twist nuclear shadowing, is qualitatively
reproduced by saturation-based models, suggesting the onset of gluon saturation at subnu-
cleonic scales. A growing UPC program is also exploring charm production to probe parton
dynamics. CMS measured inclusive D° meson production for pr = 2-5 GeV/c (Fig. 18) [56].
The observed rapidity-dependent suppression relative to proton PDFs indicates reduced low-
x gluon densities, while predictions using EPPS21 and nNNPDF3.0 slightly overestimate but
remain consistent with the data. Preliminary ALICE Run 3 results further extend the D°
measurements to lower pr, providing new constraints on CNM effects at low x and Q7.
Finally, UPCs offer a unique environment to search for QGP-like behavior in small
systems. In past, ATLAS observed significant v, and vs flow in y+Pb events [58], with
vy smaller than in p+Pb collisions at comparable multiplicity. These results, interpretable
through hydrodynamic or glasma-based frameworks, suggest similar radial flow across sys-
tems. The possible formation of a small QGP droplet could also manifest as baryon/meson
and strangeness enhancement. This scenario was explored by ATLAS in photonuclear Pb+Pb
collisions [57], which reveal mass-ordered {pr) and enhanced A/ K(S) ratios at intermediate pr
(Fig. 18, right), both reminiscent of collective behavior. These features are not reproduced
by models without final-state interactions but are well described by hybrid hydrodynamic
approaches, suggesting QGP-like dynamics may emerge even in photonuclear collisions.
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(Left) Rapidity dependence of D° cross-section in photonuclear Pb+Pb collisions
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ratio in photonuclear Pb+Pb collisions at +/syy = 5.02 TeV measured by ATLAS [57].
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9 Outlook

Looking ahead, a number of exciting developments are expected in the coming years that
will significantly advance the study of QCD matter. The final high-statistics data-taking
campaign at RHIC will provide an unprecedented opportunity to explore QGP properties
at energies complementary to those at the LHC with extended kinematic reach, marking the
culmination of over two decades of discovery and bringing RHIC’s mission to map the QCD
phase diagram to its completion. In this context, SPHENIX is successfully taking data [59, 60]
and will provide high-precision measurements of hard probes over an extended kinematic
range, as demonstrated in the projected performance for the R44 measurement (cf. Fig. 19).
In parallel, STAR will continue to play a key role including its new forward physics program,
offering important complementarity to future studies at the Electron—Ion Collider.

At the LHC, Run 3 is already delivering high-quality data with enhanced detector ca-
pabilities, and the upcoming Run 4 and HL-LHC phases will bring further improvements in
statistical precision and detector performance. In parallel, several major detector upgrades are
being planned or proposed to meet the demands of next-generation measurements. Among
these, the ALICE 3 proposal [61] stands out as a dedicated heavy-ion experiment optimized
for rare and low-p7 probes. It will open up new opportunities for measurements of low-pr
beaty-hadrons, multi-charm states, EM radiation down to ultrasoft photon energies, and E-
by-E fluctuations such as net-baryon number, all key to probing the early QGP stages and
its dynamics. In parallel, future facilities such as the CBM experiment at FAIR and pro-
posed SPS-based programs (NA61/SHINE, NA60+/DiCE) at CERN will play a crucial role
in exploring the high-baryon-density region of the QCD phase diagram, complementing the
high-energy, low-up studies at RHIC and the LHC.

These advances come at a moment of growing recognition for the field: the 2024 Break-
through Prize in Fundamental Physics, awarded in part for the discovery of the QGP and the
study of its properties, underscores the impact of heavy-ion physics on our understanding of
the strong interaction and the early universe.
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