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Event-by-event transverse momentum correlations are sensitive to the equation of state of strongly
interacting matter and are expected to exhibit anomalous fluctuations in the vicinity of the QCD critical
point. We report the first measurements of two-particle transverse momentum (pT) correlations for
mid-rapidity charged particles in fixed-target Auþ Au collisions at nucleon-nucleon center-of-mass
energies

ffiffiffiffiffiffiffiffi
sNN

p ¼ 3.0–7.7 GeV, measured by the STAR experiment during the Beam Energy Scan (BES)
Phase II program. The dependence of the scaled correlator on the number of participating nucleons (Npart)
is studied to test expectations from an independent-source scenario, where the correlations are expected to
scale as 1=

ffiffiffiffiffiffiffiffiffiffi
Npart

p
. We observe a clear breakdown of the expected scaling behavior in central collisions and

identify a statistically significant nonmonotonic dependence of the pT correlations on collision energy, with
a significance of approximately 5σ. In contrast, transport-model calculations and data from mid-central
collisions yield significances of only 2σ and 1.4σ, respectively—insufficient to support a claim of
nonmonotonicity. These observations provide new constraints on the equation of state at high baryon
density and may be sensitive to the presence of a QCD critical point.

DOI: 10.1103/2xsn-rgx3

Introduction—The goal of the Beam Energy Scan (BES)
program at the Relativistic Heavy Ion Collider (RHIC) is to
study the phase structure of nuclear matter governed by
quantum chromodynamics (QCD) over a wide range of
temperatures and baryon densities [1–3]. Recently, a fixed-
target (FXT) mode, implemented in the Solenoidal Tracker
at RHIC (STAR) experiment, has extended the coverage to
even higher baryon densities, up to a baryon chemical
potential (μB) of approximately 760 MeV [4]. This region
is close to the conjectured critical point from recent

theoretical calculations near μB ¼ 600 MeV [5–11]. The
observation of nonmonotonic behavior in event-by-event
correlations and fluctuations of global quantities is often
quoted as a key search strategy for the QCD critical point
[12–15]. In the past, measurements of particle multiplicity
fluctuations have mainly been employed to probe critical
phenomena [16–21], but transverse-momentum correla-
tions have also been proposed, not only as a measure of
thermalization [22,23], but also as a probe for the critical
point [24]. As is the case for any kinematic observable,
transverse-momentum fluctuations are inherently suscep-
tible to noncritical dynamical backgrounds [25,26].
However, the extent to which these noncritical backgrounds
alone can account for the observed nonmonotonic beam-
energy dependence remains to be established.
Dynamical fluctuations of the mean transverse momen-

tum have been studied in nucleus–nucleus (A–A) collisions
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at the Super Proton Synchrotron (SPS), at RHIC [27–30],
and at the LHC [31,32]. These measurements are expected
to offer access to temperature and energy fluctuations
[33–35] and, arguably, their magnitude is proportional to
the heat capacity of the created hot QCD system. The
particular form of the temperature dependence of the heat
capacity in the vicinity of the QCD phase transition
depends on the order of the transition [36]. At a possible
critical point, which marks the onset of a first-order phase
transition, the heat capacity is expected to diverge; that is,
temperature fluctuations should then be strongly sup-
pressed [34,37,38].
Crucially, previous measurements of mean transverse

momentum fluctuations were conducted exclusively in
collider mode and focused on the lower-μB region of the
QCD phase diagram. In contrast, this Letter reports the first
measurement of dynamical fluctuations of the mean trans-
verse momentum in the high-baryon-density regime
accessed through the STAR FXT mode with upgraded
detectors, providing essential constraints on the properties
of QCDmatter in proximity to the anticipated critical point.
In addition to their sensitivity to critical fluctuations,
transverse momentum correlations probe the early time
pressure gradients in the medium. In hydrodynamic frame-
works, these correlations are directly linked to the speed of
sound, cs [39,40], and therefore provide sensitivity to the
equation of state of QCD matter [41,42].
In this Letter, we present an experimental study of the

collision-energy dependence of pT correlations (CpT
) using

Auþ Au collisions at nucleon-nucleon center-of-mass
energies of

ffiffiffiffiffiffiffiffi
sNN

p ¼ 3.0–7.7 GeV in the high-baryon-
density region (μB ≈ 760–400 MeV), taken during the
RHIC BES II program. We report the first systematic
measurement of CpT

in the μB > 400 MeV region and
observe a clear breakdown of the expected Npart-scaling
behavior. Most importantly, a significant non-monotonic
structure in the energy dependence of pT correlations for
central collisions is identified, providing new, stringent
constraints on the equation of state at high baryon densities.
Analysis—The primary FXT event selection criteria were

defined to ensure that collisions occurred within the Au
target volume and to reject background events. The primary
vertex position along the beam direction (Vz) was required
to be within 2 cm of the target center, which is located
200.7 cm from the center of the time projection chamber
(TPC) [43]. To exclude background events generated in the
vacuum pipe, the primary vertex radial position (Vr) was
constrained to be less than 2 cm. For

ffiffiffiffiffiffiffiffi
sNN

p ¼ 3.0 GeV,
only the TPC was used, covering the laboratory-frame
pseudorapidity range −2.0 < ηlab < 0. For higher fixed-
target energies (

ffiffiffiffiffiffiffiffi
sNN

p ¼ 3.2, 3.5, 3.9, 4.5, 5.2, and
7.7 GeV), the TPC combined with the inner TPC (iTPC)
upgrade [44] extended the coverage to −2.4 < ηlab < 0.
Additionally, 7.7 GeV collider-mode data were analyzed
within −1 < η < 1 in the center-of-mass frame.

The final dataset used for this analysis comprises the
following approximate event counts across the BES-II
program: 260 M (3.0 GeV), 200 M (3.2 GeV), 120 M
(3.5 GeV), 80 M (3.9 GeV), 86 M (4.5 GeV), 100 M
(5.2 GeV), 50 M (7.7 GeV, fixed target), and 126 M
(7.7 GeV, collider).
Collision centrality is determined from charged primary

tracks reconstructed in the TPC. For fixed-target data,
centrality is defined without an explicit pseudorapidity
requirement; the effective acceptance is approximately
−2.0 < ηlab < 0 for the TPC alone and extends to −2.24 <
ηlab < 0 when the iTPC is available. For collider data,
centrality is constructed using tracks within jηj < 0.5 and
pT > 0.15 GeV=c. The centrality calibration is corrobo-
rated using Monte Carlo Glauber simulations [45], with
corrections applied to account for collision vertex position
and the luminosity dependence.
The main detectors used were the TPC [43] and the time-

of-flight (TOF) detector [46], both located in a solenoidal
magnetic field of 0.50 T. Charged tracks reconstructed in
the TPC with 0.2 ≤ pT ≤ 2.0 GeV=c and jηc.m.j < 0.5
were used in this analysis. Here, ηc.m. ¼ ηlab − ηmid

accounts for the shift of midrapidity in the fixed-target
mode, where ηmid varies with

ffiffiffiffiffiffiffiffi
sNN

p
. Tracks in the TPC

were characterized by the distance of closest approach
(DCA), defined as the smallest distance between the
extrapolated track and the measured event vertex. Each
track was required to have at least 15 measured space
points. Each event was required to have at least two tracks
matched to TOF hits to minimize pileup. Statistical
uncertainties were estimated using the bootstrap method
[47]. Systematic uncertainties were evaluated by varying
key analysis cuts and selections. We varied the distance of
closest approach (DCA) cut from 2.8 to 3.2 cm, the
pseudorapidity acceptance from jηc.m.j < 0.45 to < 0.55,
the minimum number of hit points required for track
reconstruction (NhitsFit) to 12, and the lower pT cut from
0.18 to 0.22 GeV=c. In addition, two-dimensional closure
tests in ðpT; ηÞ were performed using acceptance and
efficiency maps from STAR embedding [48] for fixed-target
data. The observable calculated after applying detector
acceptance and efficiency effects was consistent with the
true value within statistical uncertainties, confirming that
the observable is insensitive to efficiency corrections. The
resulting closure uncertainty when extrapolating from fixed-
target to collider energies is estimated to be approximately
2–3% (relative); to preserve direct comparability with
previously published STAR measurements, this effect is
not quoted as a separate systematic contribution. Barlow
checks [49] confirmed that the observed variations are
significant relative to statistical uncertainties. For the most
central collisions, the average relative systematic uncertain-
ties associated with DCA, NhitsFit, η acceptance, and lower
pT cut are 0.03%, 0.04%, 0.07%, and 0.18%, respectively.
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Overall, systematic uncertainties dominate over statistical
ones and are shown as gray shading in the figures.
Observables—Fluctuations of the event-by-event mean

transverse momentum, hpTi, of charged particles are
investigated using two-particle pT correlators. The event-
by-event mean transverse momentum is defined as

hpTi ¼
PNch

i¼1 pT;i

Nch
; ð1Þ

where pT;i is the transverse momentum of the ith particle
andNch is the total number of charged particles in the event.
Alternatively, the standard moment method can be
employed for the event-by-event analysis of hpTi fluctua-
tions. This method calculates moments of the hpTi dis-
tribution, providing a comprehensive evaluation of the total
fluctuation by accounting for both statistical and dynamical
(nonstatistical) contributions.
In contrast, multiparticle pT correlators are sensitive only

to dynamical fluctuations and therefore provide a direct
measure of the correlations of interest. This feature makes
pT correlations comparatively robust against volume fluc-
tuations and minimally sensitive to the details of the
centrality selection, as supported by the consistency
observed between the 7.7 GeV collider and fixed-target
measurements despite their differing phase-space coverage
and centrality definitions (see Fig. S3 of Supplemental
Material [50] and Ref. [52]). The expression for the two-
particle pT correlator, hΔpT;iΔpT;ji, is given by

hΔpT;iΔpT;ji ¼
*PNch

i;j;i≠jðpT;i − ⟪pT⟫ÞðpT;j − ⟪pT⟫Þ
NchðNch − 1Þ

+
ev

¼
�

Q2
1 −Q2

NchðNch − 1Þ
�

ev
−
�
Q1

Nch

�
2

ev
; ð2Þ

where Qn ¼
PNch

i¼1ðpT;iÞn. Since Q2
1 contains contributions

from both distinct particle pairs (i ≠ j) and diagonal self-
pairs (i ¼ j), the subtraction of Q2 removes the self-
correlation terms and reproduces the original pair sum
restricted to i ≠ j. This well-established Q-vector frame-
work [53–56] also avoids the computational cost of nested
loops. The terms in Eq. (2) are evaluated using single loops
over particles per event. Here, h� � �iev denotes an event-
ensemble average and ⟪pT⟫ ¼ hQ1=Nchiev is the event-
averaged mean transverse momentum.
The final observable presented in this Letter is the

relative dynamical correlation,

CpT
≡

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffihΔpT;iΔpT;ji
p

⟪pT⟫
: ð3Þ

This two-particle transverse-momentum correlator is
directly related to the collective radial-flow fluctuation
v0 [57–59]. The variance of hpTi can be decomposed into a

purely statistical term and a dynamical contribution propor-
tional to hΔpT;iΔpT;ji, which reflects genuine two-particle
correlations.
The dimensionless form of CpT

enables direct compari-
son with previous measurements by the CERES [60] and
ALICE [31] Collaborations and offers several practical
advantages, including reduced sensitivity to momentum-
scale uncertainties, partial independence from the absolute
value of hpTi [31], and reduced sensitivity to collective
radial flow effects, since the flow-induced enhancement in
the numerator is largely canceled by the corresponding
increase in the average transverse momentum in the
denominator [61].
Results—Figure 1 illustrates the charged-particle distri-

butions in the pT–ηlab phase space for the energies studied:ffiffiffiffiffiffiffiffi
sNN

p ¼ 3.0, 3.2, 3.5, 3.9, 4.5, 5.2, 7.7 (FXT), and 7.7
(collider) GeV. In the fixed-target (FXT) configuration,
midrapidity (ηc.m. ¼ 0) shifts toward negative ηlab values as
the collision energy increases. This is in contrast to the
collider mode, where ηc.m. ¼ 0 is fixed near the center of
the detector (ηlab ≈ 0). The analysis window (jηc.m.j < 0.5)
is indicated by a black box, with the mid-pseudorapidity at
each energy marked by a blue dashed line.
For the lower FXT energies, the analysis window is well-

contained within the TPC volume. However, at
ffiffiffiffiffiffiffiffi
sNN

p ¼
7.7 GeV (FXT), the center-of-mass frame shift begins to
push the window toward the detector boundary, resulting in
a slight acceptance loss at the edges of the TPC. To ensure
that our physics conclusions are not biased by these edge
effects, we incorporate a complementary measurement from
7.7 GeV collider data. The collider setup provides full,
symmetric acceptance at the same center-of-mass energy
within jηc.m.j < 0.5. The consistency observed between the
FXT and collider results at 7.7 GeV validates that the slight
acceptance limitation in the FXT mode does not introduce
significant systematic biases, ensuring the robustness of the
CpT

observable across the entire energy range.
A key consideration in critical-point searches is minimiz-

ing detector-dependent correlations and acceptance effects
between multiplicity determination and observable measure-
ments. Using the same detector subsystem, such as the TPC,
provides a consistent acceptance and reconstruction frame-
work for these measurements. This approach minimizes
detector-induced fluctuations and ensures uniformity across
events, thereby enhancing the robustness of fluctuation and
correlation measurements [62].(The TOF detector contrib-
utes solely to pileup suppression via event selection criteria).
Event-by-event hpTi distributions for Auþ Au colli-

sions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 3.0, 3.2, 3.5, 3.9, 4.5, 5.2, and 7.7 GeV for
the top 5% centrality are shown in Fig. 2. The distributions
are normalized by the total number of events and are not
corrected for detector efficiencies. They are fitted with a
Gamma function (Γ) [63]. We observe that both the mean
and the width of the distributions, corresponding to the first
and second order moments, exhibit a monotonic energy

PHYSICAL REVIEW LETTERS 137, 132301 (2026)

132301-5



dependence over the studied range, increasing as
ffiffiffiffiffiffiffiffi
sNN

p
decreases. This behavior is consistent with enhanced
contributions from primordial protons, which shift the
mean to higher values, and with reduced particle multi-
plicity at lower energies, which leads to a broadening of the
distributions.
The event-by-event hpTi distributions differ between the

fixed-target and collider configurations at
ffiffiffiffiffiffiffiffi
sNN

p ¼7.7GeV,
as shown in Fig. 2. This difference is expected because
hpTi is an extensive quantity and is therefore sensitive to
phase-space losses and detector efficiency differences
between the two modes. In contrast, the dynamical corre-
lation quantified by CpT

is designed to be insensitive to such
undesired acceptance and efficiency effects. As demon-
strated in Fig. 3 by the consistent results obtained in both
configurations, the correlator isolates genuine dynamical
fluctuations. This consistency is quantified for each central-
ity bin using both UrQMD simulations and STAR data
(see Figs. S1 and S2 in Supplemental Material [50]).
In Fig. 3, the relative dynamical correlation CpT

is shown
as a function of centrality for several collision energies. The
correlations are observed to decrease towards central
collisions.
To assess whether the observed transverse-momentum

fluctuations reflect purely statistical behavior or contain
contributions from critical dynamics, we examine the
centrality dependence of CpT

shown in Fig. 3. In the
absence of collective or critical effects, the correlations are
expected to follow a simple statistical baseline arising from
the superposition of many independent particle-emitting
sources. This scenario leads to an approximate power-law

dependence of the form Að ffiffiffiffiffiffiffiffi
sNN

p Þ= ffiffiffiffiffiffiffiffiffiffi
Npart

p
, reflecting the

dilution of fluctuations with increasing system size. Any
deviation from this scaling therefore provides a sensitive
probe of nontrivial dynamics, including possible modifi-
cations to the effective degrees of freedom in the strongly
interacting QCD medium or density-dependent effects,

FIG. 2. Histograms of the uncorrected average transverse
momentum per event at mid-pseudorapidity (jηc.m.j < 0.5) and
for 0.2 < pT < 2.0 GeV=c in Auþ Au collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 3.0, 3.2, 3.5, 3.9, 4.5, 5.2, 7.7 (FXT) and 7.7 (COL)
GeV for the top 5% most central collisions at each energy. The
solid lines represent Gamma distribution fits.

FIG. 1. Efficiency-uncorrected density distributions in transverse momentum (pT) and particle pseudorapidity (ηlab) in the lab frame
for 0–5% centrality Auþ Au collisions measured with the STAR TPC at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 3.0, 3.2, 3.5, 3.9, 4.5, 5.2, 7.7 (FXT), and 7.7 (COL)
GeV. For

ffiffiffiffiffiffiffiffi
sNN

p ¼ 7.7 GeV, the collider-mode acceptance is shown to illustrate the difference between fixed-target and collider
configurations. The dashed blue lines indicate midrapidity, and the black box marks the analysis window. Each panel is self-normalized
along the z axis.
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which may be enhanced in the most central collisions and
could reflect proximity to a critical point [22,64].
At the lowest energy,

ffiffiffiffiffiffiffiffi
sNN

p ¼ 3.0 GeV, the system is
strongly dominated by hadronic interactions, and the
independent-source picture breaks down entirely; indeed,
no meaningful power-law behavior can be established at
this energy. Beginning at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 3.2 GeV, however, the
statistical hypothesis becomes applicable, and power-law
fits can be performed on the data. Because the available
multiplicity at these energies does not permit high granu-
larity in centrality, we follow a constrained procedure in
which the power-law exponent is fixed to the expected
baseline value of −0.5. This differs from analyses at higher
energies at the LHC [31,32], where the exponent can be
treated as a free parameter due to higher multiplicity and
better centrality resolution.
Even under this conservative treatment, we observe a

clear and increasing deviation from the expected scaling in
the most central bin as

ffiffiffiffiffiffiffiffi
sNN

p
rises from 3.2 to 7.7 GeV,

suggesting the emergence of additional dynamical contri-
butions beyond trivial statistical fluctuations [22].
Figure 4 shows the relative dynamical correlation CpT

as
a function of

ffiffiffiffiffiffiffiffi
sNN

p
for the most central bin (0–5%) along

with previous STAR measurements from BES I [27],
allowing a direct comparison over a wide range of beam
energies. These data are compared against calculations
from the A Multi-Phase Transport (AMPT) [65,66] and
Boltzmann-Langevin (BL) [67] models.

Although the AMPT model is known to describe the bulk
pT spectra reasonably well across these collision energies, it
fails to reproduce the observed pT correlations [65], in
particular the nonmonotonic dependence on collision energy
seen in the data. In 0–5% central collisions, the model
qualitatively follows the overall energy dependence but fails
to capture the nonmonotonic structure in the intermediate-
energy region. In contrast, the 30–40% centrality class is
comparatively well described and exhibits a much weaker
energy dependence. In addition, we compare our results to
calculations based on the Boltzmann-Langevin approach,
which incorporates fluctuation-dissipation dynamics rel-
evant for equilibration and thermalization. These calcula-
tions show minimal dependence on the collision energy
and are consistent with the STAR measurements atffiffiffiffiffiffiffiffi
sNN

p ¼ 19.6 and 200 GeV [67].
The new high-statistics data at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 7.7 GeV sig-
nificantly reduce uncertainties compared to BES I and
remain fully consistent with previous measurements. To
quantify deviations from a smooth energy dependence, the
significance of the observed nonmonotonicity is evaluated
by fitting the data to a strictly monotonic baseline, chosen
as a first-order polynomial anchored to the collider-energy
points, which carry the smallest statistical uncertainties
(20–200 GeV). The deviation of the measured values from
this polynomial reference is then used to define the
statistical significance of the nonmonotonic behavior.

FIG. 3. The relative dynamical transverse momentum correlation CpT
as a function of the number of participating nucleons hNparti in

Auþ Au collisions at several collision energies. Results are shown for
ffiffiffiffiffiffiffiffi
sNN

p ¼ 3.0, 3.2, 3.5, 3.9, 4.5, 5.2, and 7.7 GeV. The 7.7 GeV
data include both Fixed-Target (FXT, blue circles) and Collider (COL, yellow circles) configurations. Statistical uncertainties are shown
as vertical bars and systematic uncertainties as shaded boxes. The black lines represent power-law fits with the normalization determined
from the data. The red lines show the extrapolation of these fits to higher hNparti. Data points correspond to 10%-wide centrality bins.
Charged particles are selected within 0.2 < pT < 2.0 GeV=c and jηc.m.j < 0.5.
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Using this procedure, a significance of approximately 5σ
is obtained for the STAR 0–5% central data (see Fig. S4 of
Supplemental Material [50]). In contrast, the AMPT model
calculations, analyzed under identical conditions and using
the same methodology and uncertainty as the data, exhibit
only a ∼1.4σ deviation, which is insufficient to support
even weak evidence for nonmonotonic behavior.
Applying the same analysis technique to mid-central

collisions, a deviation of ∼2σ is observed in the 30–40%
centrality class. While this level of significance does not
constitute conclusive evidence for non-monotonic behav-
ior, it is consistent with the trend observed in the most
central collisions and suggests a possible centrality depend-
ence of the effect. This data-driven approach provides a
robust and uniform framework for comparisons across
centrality and is expected to motivate further theoretical
and model investigations.
Summary—We have measured the relative dynamical

correlation, CpT
, in Auþ Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼
3–7.7 GeV, corresponding to high baryon densities
(μB ≈ 760–400 MeV), along with event-by-event hpTi
distributions. The data exhibit an approximate power-law

scaling with hNparti for most collision energies, con-
sistent with expectations from independent-source mod-
els and similar to observations in high-energy RHIC
and LHC measurements. This scaling, however, breaks
down at the lowest beam energy, where the system is
expected to be hadronic throughout the collision
process.
More importantly, in central collisions, the correlations

show a nonmonotonic dependence on collision energy
with a significance of approximately 5σ. The observed
features are robust with respect to the choice of
reference frame: the measurements are performed at
mid-pseudorapidity in the center-of-mass frame and
remain consistent between fixed-target and collider
configurations. In addition, the two-particle pT corre-
lator is designed to be insensitive to volume fluctuations
and centrality bin-width corrections (CBWC) [47],
ensuring that the nonmonotonicity reflects genuine
dynamical behavior rather than trivial geometric effects
(see Fig. S3 in Supplemental Material [50]).
Theoretical calculations place the QCD critical point

within this same
ffiffiffiffiffiffiffiffi
sNN

p
range [10,68] which overlaps

with the energy region where the most pronounced dip
is observed in 0–5% central collisions. These results
therefore indicate the presence of non-trivial dynamical
correlations in strongly interacting matter and suggest
that the observed energy dependence may be influenced
by critical phenomena, thereby providing new con-
straints on the possible location of the conjectured
QCD critical point. Further theoretical studies incorpo-
rating critical dynamics will be essential for a full
interpretation of the observed behavior. Recent BES-II
net-proton measurements have reported a minimum in
the ratio C4=C2 at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 19.6 GeV, where significant
deviations from non-critical model baselines are
observed in central Auþ Au collisions [20,21].
Together, these complementary observables provide
valuable constraints on possible critical dynamics in
the QCD phase diagram, although a quantitative con-
nection between different fluctuation measures remains
under active investigation. Future measurements of
higher-order pT cumulants, along with extended net-
proton cumulant data at lower energies, will be impor-
tant for a more complete understanding.
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