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Nonmonotonic variation with collision energy (,/syn) of the moments of the net-baryon number
distribution in heavy-ion collisions, related to the correlation length and the susceptibilities of the system, is
suggested as a signature for the quantum chromodynamics critical point. We report the first evidence of a
nonmonotonic variation in the kurtosis times variance of the net-proton number (proxy for net-baryon
number) distribution as a function of /syy with 3.1 o significance for head-on (central) gold-on-gold
(Au + Au) collisions measured solenoidal tracker at Relativistic Heavy Ion Collider. Data in noncentral
Au + Au collisions and models of heavy-ion collisions without a critical point show a monotonic variation

as a function of /syN-

DOI: 10.1103/PhysRevLett.126.092301

One of the fundamental goals in physics is to understand
the properties of matter when subjected to variations in
temperature and pressure. Currently, the study of the phases
of strongly interacting nuclear matter is the focus of
many research activities worldwide, both theoretically
and experimentally [1,2]. The theory that governs the
strong interactions is quantum chromodynamics (QCD),
and the corresponding phase diagram is called the QCD
phase diagram. From different examples of condensed-
matter systems, experimental progress in mapping phase
diagrams is achieved by changing the material doping,
adding more holes than electrons. Similarly, it is suggested
that, for the QCD phase diagram, adding more quarks than
antiquarks (the energy required is defined by the baryonic
chemical potential up) through changing the heavy-ion
collision energy enables a search for new emergent proper-
ties and a possible critical point in the phase diagram. The
phase diagram of QCD has at least two distinct phases: a
quark gluon plasma phase at higher temperatures and a
state of confined quarks and gluons at lower temperatures
called the hadronic phase [3-5]. It is inferred from lattice
QCD calculations [6] that the transition from quark gluon
phase to hadronic phase is consistent with being a crossover
at small pp and that the transition temperature is about
155 MeV [7-9]. An important predicted feature of the QCD
phase structure is a critical point [10,11], followed at higher
up by a first order phase transition. Attempts are being
made to locate the predicted critical point experimentally
and theoretically. Current theoretical calculations are
highly uncertain about the location of the critical point.
Lattice QCD calculations at finite up face numerical
challenges in computing [12,13]. Within these limitations,
the current best estimate from lattice QCD is that, if there is
a critical point, its location is likely above pg ~ 300 MeV
[12,13]. The goal of this work is to search for possible
signatures of the critical point by varying the collision
energy in heavy-ion collisions to cover a wide range of the
effective temperature (7)) and up in the QCD phase
diagram [14].

Another key aspect of investigating the QCD phase
diagram is to determine whether the system has attained
thermal equilibrium. Several theoretical interpretations of
experimental data have the underlying assumption that the
system produced in the collisions should have come to local
thermal equilibrium during its evolution. Experimental
tests of thermalization for these femtoscale expanding
systems are nontrivial. However, the yields of produced
hadrons and fluctuations of multiplicity distributions
related to conserved quantities have been studied and
shown to have characteristics of thermodynamic equilib-
rium for higher collision energies [12,15-20].

Upon approaching a critical point, the correlation length
diverges and thus renders, to a large extent, microscopic
details irrelevant. Hence, observables like the moments of
the conserved net-baryon number distribution, which are
sensitive to the correlation length, are of interest when
searching for a critical point. A nonmonotonic variation of
these moments as a function of , /syy has been proposed as
an experimental signature of a critical point [10,14].
However, considering the complexity of the system formed
in heavy-ion collisions, signatures of a critical point are
detectable only if they can survive the evolution
of the system, including the effects of finite size and time
[21]. Hence, it was proposed to study higher moments of
distributions of conserved quantities (N) due to their
stronger dependence on the correlation length [11].
The promising higher moments are the skewness,
S={((6N)*)/o?, and kurtosis, k= [((6N)*)/c*] -3,
where 6N = N — M, M is the mean and o is the standard
deviation. The magnitude and the sign of the moments,
which quantify the shape of the multiplicity distributions,
are important for understanding the critical point [14,22].
An additional crucial experimental challenge is to measure,
on an event-by-event basis, all of the baryons produced
within the acceptance of a detector [23-25]. However,
theoretical calculations have shown that the proton-number
fluctuations can also reflect the baryon-number fluctuations
at the critical point [23,26].
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The measurements reported here are from Au+ Au
collisions recorded by the solenoidal tracker at
Relativistic Heavy Ion Collider (STAR) [27] from 2010
to 2017. The data is presented for /sy = 7.7, 11.5, 14.5,
19.6, 27, 39, 54.4, 62.4, and 200 GeV as part of phase-I
of the Beam Energy Scan (BES) program at RHIC [15].
These /syn values correspond to up values ranging
from 20-420 MeV at chemical freeze-out [15]. All valid
Au + Au collisions occurring within 60 cm (80 cm for
V/Snnv = 7.7 GeV) of the nominal interaction point along
the beam axis are selected. For the results presented here,
the number of minimum bias Au + Au collisions ranges
between 3 x 10% for /syy = 7.7 GeV and 585 x 10° at
V/Snn = 54.4 GeV. These statistics are found to be
adequate to make the measurements of the moments of
the net-proton distributions up to the fourth order [28]. The
collisions are further divided into centrality classes char-
acterized by their impact parameter, which is the closest
distance between the centroids of two nuclei passing by. In
practice, the impact parameter is determined indirectly
from the measured multiplicity of charged particles other
than protons (p) and antiprotons (p) in the pseudorapidity
range |n| < 1, where n = —In[tan(0/2)], with 0 being the
angle between the momentum of the particle and the
positive direction of the beam axis. We exclude p and p
while classifying events based on impact parameter spe-
cifically to avoid self-correlation effects [29]. The effect of
self-correlation potentially arising due to the decay of
heavier hadrons into p(p) and other charged particles
has been determined to be negligible from a study using the
standard heavy-ion collision event generators, the Heavy
Ion Jet Interaction Generator (HIJING) [30] and the
Ultrarelativistic Quantum Molecular Dynamics (UrQMD)
simulation [31]. The effect of resonance decays and the
pseudorapidity range for centrality determination have been
understood and optimized using model calculations
[32,33]. The results presented here correspond to two event
classes: central collisions (impact parameters ~0-3 fm,
obtained from the top 5% of the above-mentioned multi-
plicity distribution) and peripheral collisions (impact
parameters ~12—13 fm obtained from the 70%—80% region
of the multiplicity distribution).

The protons and antiprotons are identified, along with
their momenta, by reconstructing their tracks in the time
projection chamber (TPC) placed within a solenoidal
magnetic field of 0.5 Tesla and by measuring their
ionization energy loss (dE/dx) in the sensitive gas-filled
volume of the chamber. The selected kinematic region for
protons covers all azimuthal angles for the rapidity range
ly] < 0.5, where rapidity y is the inverse hyperbolic
tangent of the component of speed parallel to the beam
direction in units of the speed of light. The precise
measurement of dE/dx with a resolution of 7% in Au +
Au collisions allows for a clear identification of protons
up to 800 MeV/c in transverse momentum (py).

The identification of a larger pr (up to 2 GeV/c with
purity above 97%) is made by a time of flight detector
(TOF) [34] having a timing resolution of better than
100 ps. A minimum py; threshold of 400 MeV/c and a
maximum distance of closest approach to the collision
vertex of 1 cm for each p(p) candidate track is used to
suppress contamination from secondaries and other back-
grounds [15,42]. This py acceptance accounts for approx-
imately 80% of the total p + p multiplicity at midrapidity.
This is a significant improvement from the results pre-
viously reported [42], which only had the p + p measured
using the TPC. The observation of nonmonotonic varia-
tion of the kurtosis times variance (k6?) with energy is
much more significant with the increased acceptance. For
the rapidity dependence of the observable, see the
Supplemental Material [34].

Figure 1 shows the event-by-event net-proton
(N, =N, = AN,) distributions obtained by measuring
the number of protons (N,) and antiprotons (N) at
midrapidity (]y| < 0.5) in the transverse momentum range
0.4 < pr(GeV/c) < 2.0 for Au + Au collisions at various
v/snn- To study the shape of the event-by-event net-proton
distribution in detail, the cumulants (C,,) of various orders
are calculated, where C, =M, C, =0 C;= S0,
and C, = ko*.

Figure 2 shows the net-proton cumulants (C,) as a
function of /sy for central and peripheral Au+ Au
collisions (see the Supplemental Material [34] for a
magnified version). The cumulants are corrected for the
multiplicity variations arising due to finite impact para-
meter range for the measurements [32]. These corrections
suppress the volume fluctuations considerably [32,43]. A
different volume fluctuation correction method [44] has
been applied to the 0%—-5% central Au + Au collision
data, and the results were found to be consistent with those

2 LB V5 (GeV) s ‘ Au+Au Collisions
Q E e 77 AN RV 0%-5% Central B
_'-'é' oos - * 115 A\ /) ‘ 0.4<p <20 (GeVic), lyl < 0.5
2 E x 145 3
2 006 o 196 AYALT AN 1
E C oo o7 I \ Y 8 B
z F N \ 3
3 0o 39 AYE S SR -
g E o+ 544 LA W /° E
© 002 — x 624 e R RN —
§ 04 i 1 poe” iias HHes¥e vath siniviaind i

10 0 10 20 30 40

Net-proton (AN, = N, - Np)
FIG. 1. Event-by-event net-proton number distributions for

head-on (0%-5% central) Au+ Au collisions for nine /sy
values measured by STAR. The distributions are normalized to
the total number of events at each ,/syy. The statistical
uncertainties are smaller than the symbol sizes and the lines
are shown to guide the eye. The distributions in this figure are not
corrected for proton and antiproton detection efficiency. The
deviation of the distribution for /sy = 54.4 GeV from the
general energy dependence trend is understood to be due to the
reconstruction efficiency of protons and antiprotons being differ-
ent compared to other energies.
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FIG. 2. Cumulants (C,) of the net-proton distributions for
central (0%—5%) and peripheral (70%—80%) Au + Au collisions
as a function of collision energy. The transverse momentum (p7)
range for the measurements is from 0.4 to 2 GeV/c, and the
rapidity (y) range is —0.5 <y < 0.5.

shown in Fig. 2. The cumulants are also corrected for the
finite track reconstruction efficiencies of the TPC and
TOF detectors. This is done by assuming a binomial
response of the two detectors [42,45]. A cross-check using
a different method based on unfolding [34] the distribu-
tions for central Au + Au collisions at /sy = 200 GeV
has been found to give values consistent with the cumu-
lants shown in Fig. 2. Further, the efficiency correction
method used has been verified in a Monte Carlo calcu-
lation. Typical values for the efficiencies in the TPC (TOF
matching) for the momentum range studied in 0%—5%
central Au + Au collisions at \/syy = 7.7 GeV are 83%
(72%) and 81% (70%) for the protons and antiprotons,
respectively. The corresponding efficiencies for |/syy =
200 GeV collisions are 62% (69%) and 60% (68%) for the
protons and antiprotons, respectively. The statistical
uncertainties are obtained using a bootstrap approach
[28,45] and the Delta theorem [28,45,46] method. The
systematic uncertainties are estimated by varying the
experimental requirements to reconstruct p (p) in the
TPC and TOF. These requirements include the distance of
the proton and antiproton tracks from the primary vertex
position, the track quality reflected by the number of TPC
space points used in the track reconstruction, the particle
identification criteria passing certain selection criteria,
and the uncertainties in estimating the reconstruction
efficiencies. The systematic uncertainties at different
collision energies are uncorrelated.

The large values of C; and Cj4 for central Au+ Au
collisions show that the distributions have non-Gaussian
shapes, a possible indication of enhanced fluctuations
arising from a possible critical point [11,22]. The
corresponding values for peripheral collisions are small
and close to zero. For central collisions, the C; and Cj
monotonically decrease with increasing /sn-

T T T
1.0 o - 3.0 —
. (1) So (2) KO?  0ue =\o%uoa
7}
S osl X = poly5 (x*/ndf = 0.72) | - -+ Poisson baseline
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Q | | | | | | ——
Z o5t u —— u 4 osF u T T T
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Collision Energy s, (GeV)
FIG. 3. Upper panels: So (1) and xo> (2) of net-proton

distributions for 0%-5% central Au+ Au collisions from
V/Snn = 7.7-62.4 GeV. The bars on the data points are statistical
and systematic uncertainties added in quadrature. The black solid
lines are polynomial fit functions that best describe the data. The
black dashed lines are the Poisson baselines. Lower panels:
Derivative of the fitted polynomial as a function of ,/syy. The bar
and the shaded band on the derivatives represent the statistical
and systematic uncertainties, respectively.

We employ ratios of cumulants in order to cancel volume
variations to first order. Further, these ratios of cumulants
are related to the ratio of baryon-number susceptibilities.
The latter are y2 = (d"P/dul), where n is the order and P
is the pressure of the system at a given T and up,
computed in lattice QCD and QCD-based models [47].
The C3/C, = So = (8/T)/(x8/T?) and C,/C, = ko> =
(x%)/(x8/T?). Close to the critical point, QCD-based
calculations predict the net-baryon number distributions
to be non-Gaussian and the susceptibilities to diverge,
causing moments, especially higher-order quantities like
ko2, to have nonmonotonic variations as a function of
VSN [47,48].

Figure 3 shows the central 0%—-5% Au + Au collision
data for S¢ and ko in the collision energy range of 7.7—
62.4 GeV, fitted to a polynomial function of order 5 and
4, respectively. The derivative of the polynomial function
changes sign [34] with /sy for ko?, thereby indicating a
nonmonotonic variation of the measurement with the
collision energy. The uncertainties of the derivatives are
obtained by varying the data points randomly at each
energy within the statistical and systematic uncertainties
separately. The overall significance of the change
in the sign of the slope for ko> vs /5NN, based on the
fourth order polynomial function fitting procedure from
VSN = 7.7-62.4 GeV, is 3.1 6. This significance is
obtained by generating one million sets of points, where
for each set, the measured ko’ value at a given /sy iS
randomly varied within the total Gaussian uncertainties
(systematic and statistical uncertainties added in quad-
rature). Then for each new ko vs a V/Snn set of points, a
fourth order polynomial function is fitted and the
derivative values are calculated at a different ,/syy (as
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FIG.4. So(1)and x6? (2) as a function of collision energy for net-proton distributions measured in Au 4+ Au collisions. The results are
shown for central (0%—5%, filled circles) and peripheral (70%—80%, open squares) collisions within 0.4 < p;(GeV/c) < 2.0 and
|y| < 0.5. The vertical narrow and wide bars represent the statistical and systematic uncertainties, respectively. Shown as an open
triangle is the result from the High Acceptance Di-Electron Spectrometer (HADES) experiment [52] for 0%—10% Au + Au collisions
and |y| < 0.4. The shaded green band is the estimated statistical uncertainty for the second beam energy scan (BES-II) at RHIC. The
peripheral data points have been shifted along the x axis for clarity of presentation. Results from different variants (GCE, EV, CE) of the
HRG model [33,49,50], and a transport model calculation (UrQMD [31]) for central collisions (0%—5%) are shown as black, red, and

blue bands and a gold band, respectively.

discussed above). A total of 1143 sets were found to have
the same derivative sign at all |/syy. The probability that
at least one derivative at a given /sy has a different sign
is found to be 0.998 857, which corresponds to 3.1 6. A
similar procedure was applied to the lower-order product
of moments. The 6?/M (not shown) strongly favors a
monotonic energy dependence excluding the nonmono-
tonic trend at a 3.4 ¢ level. Within 1.0 ¢ significance, the
So allows for a nonmonotonic energy dependence.
This is consistent with a QCD-based model expectation
that the higher the order of a moment, the more sensitive
it is to physics processes such as a critical point [11].
Figure 4 shows the variation of S¢ (or C3/C,) and x¢”
(or C4/Cy) as a function of /syy for central and
peripheral Au + Au collisions. In central collisions, as
discussed above, a nonmonotonic variation with beam
energy is observed for ko> The peripheral collisions on
the other hand do not show a nonmonotonic variation
with /syn around the statistical baseline of unity, and
ko’ values are always below unity. It is worth noting that,
in peripheral collisions, the system formed may not be
hot and dense enough to undergo a phase transition or
come close to the QCD critical point. The expectations
from an ideal statistical model of hadrons assuming
thermodynamical equilibrium, called the hadron
resonance gas (HRG) model [33], calculated within
the experimental acceptance and considering a grand
canonical ensemble (GCE), excluded volume (EV) [49],
and canonical ensemble (CE) [50], are also shown in
Fig. 4. The HRG results do not quantitatively describe
the data. Corresponding x6* (So) results for 0%—5%
Au + Au collisions from a transport-based UrQMD

model [31] calculation, which incorporates conservation
laws and most of the relevant physics apart from a phase
transition or a critical point, and which is calculated
within the experimental acceptance, show a monotonic
decrease (increase) with decreasing collision energy (see
the Supplemental Material [34] for a quantitative com-
parison). An exercise with the UrQMD and HRG models
with the CE as the noncritical baseline yielded a similar
significance, as reported in Fig. 3. Similar conclusions
are obtained from the Jet AA Microscopic (JAM)
transport model [51]. Neither the UrQMD nor the
HRG model calculations explain simultaneously the
measured dependence of the k6 and So of the net-proton
distribution on /syy for central Au+ Au collisions.
This can be seen from the values of a x> test
between the experimental data and various models for
V/Snn = 7.7-27 GeV given in Table I; p reflects the
probability that a model agrees with the data. However,
for a wider energy range /syy=7.7-62.4 GeV,
the p value with respect to HRG CE is larger than
0.05 [50].

TABLE 1. The p values of a y? test between data and various
models for the |/syy dependence of So and ko? values of net-
proton distributions in 0%—-5% central Au + Au collisions. The
results are for the energy range 7.7-27 GeV, which is relevant for
the search for a critical point [12,13].

Moments HRG GCE HRG EV HRG CE UrQMD
(r=20.5 fm)

So < 0.001 < 0.001 0.075 4 < 0.001

ko> 0.00553 0.0145 0.0450 0.022 1
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In conclusion, we have presented measurements of net-
proton cumulant ratios with the STAR detector at the RHIC
over a wide range of up (20-420 MeV) that are relevant to a
QCD critical point search in the QCD phase diagram. We
have observed a nonmonotonic behavior as a function of
/SnN In net-proton k6? in central Au + Au collisions with
a significance of 3.1 o relative to the Skellam expectation.
Other baselines without a critical point result in similar
significance. In contrast, monotonic behavior with ,/syy is
predicted for the statistical hadron gas model and for a
nuclear transport model without a critical point, as observed
experimentally in peripheral collisions. The deviation of the
measured ko’ from several baseline calculations with no
critical point, and its nonmonotonic dependence on /sy
are qualitatively consistent with expectations from a QCD-
based model that includes a critical point [11,14]. Our
measurements can also be compared to the baryon-number
susceptibilities computed from QCD to understand various
other features of the QCD phase structure as well as to
obtain the freeze-out conditions in heavy-ion collisions.
Higher event statistics will allow for a more differential
measurement of experimental observables in y and pr.
They will improve the comparison of the measurements
with QCD calculations that include the dynamics associ-
ated with heavy-ion collisions, and hence they may help in
establishing the critical point.
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