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Understanding a QCD phase structure is one of the ultimate goals of heavy-ion collision experi-
ments. Recent publications from the STAR Collaboration show a non-monotonic energy depen-
dence of fourth-order fluctuations of net-proton, which could indicate a possible signature of the
critical point at

√
sNN ≈ 7.7 GeV. The sixth-order fluctuations of net-proton multiplicity distribu-

tions were reported to be negative for central Au+Au collisions at
√

sNN = 200 GeV. This could
suggest a smooth crossover transition at top RHIC energy. In this paper, we present the results of
higher-order fluctuations of net-proton up to the sixth-order from p+p collisions at

√
s = 200 GeV.

It provides precise physics baselines to be compared to Au+Au collisions. The positive signs of
the fifth- and sixth-order fluctuations in p+p collisions are observed and their multiplicity depen-
dencies are found to connect smoothly to those from Au+Au collisions.
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1. Introduction

The QCD phase diagram is characterized by temperature (T ) and baryon chemical potential
(µB). There is a phase of hadron gas in the region of low T and µB, while the phase of Quark-
Gluon Plasma is expected in the high T and/or µB region. On the other hand, the phase transition
between these two phases is still very uncertain. The phase transition at µB = 0 is shown to be a
smooth crossover by lattice QCD calculations [1], while at large µB, model calculations predict the
first-order phase transition [2]. If the latter is true, the QCD critical point should exist, which is a
connecting point between the smooth crossover and first-order transition.

In order to study the phase structure, the Beam Energy Scan program has been performed at
RHIC at various collision energies for 7.7 ≤ √sNN (GeV) ≤ 200. The fourth-order fluctuations
of net-proton multiplicity distributions show non-monotonic beam energy dependence for Au+Au
central collisions [3,4], which is qualitatively similar to the theoretical model prediction incorporat-
ing the critical point [5]. Thus, the results could indicate a possible signature of the critical point.
Further, the fifth- and sixth-order fluctuations have been also measured. The observed negative
signs in central Au+Au collisions at

√
sNN = 200 GeV [6] could be a signature of smooth crossover

at RHIC top energy [7, 8].
In this paper, rapidity (y) acceptance dependence of higher-order fluctuations of net-proton

multiplicity distributions are measured for p+p collisions at
√

s = 200 GeV. The multiplicity de-
pendence is compared to those from Au+Au collisions.

2. Cumulant

The nth-order cumulant (Cn) is expressed as C1 = 〈N〉, C2 = 〈(δN)2〉, C3 = 〈(δN)3〉, C4 =

〈(δN)4−3〈(δN)2〉〉2 with 〈δN〉= N−〈N〉, where the bracket represents the average over events.
Further higher-order cumulants can be also defined in similar way [9]. In this analysis we measure
cumulant ratios, C2/C1, C3/C2, C4/C2, C5/C1, and C6/C2 to cancel the trivial volume dependence
in the cumulants. Neutrons cannot be measured in the STAR experiment, and therefore the net-
proton number is measured as a proxy of net-baryon. If protons and antiprotons follow independent
Poisson distributions, the resulting net-proton distribution follows the Skellam distribution. The
Skellam baselines are defined as unity for C4/C2, C5/C1, and C6/C2.

3. Data set

In this analysis, 220 million events of p+p collisions at
√

s = 200 GeV taken in 2012 are
analyzed in the kinematic region of |y|< 0.5 and 0.4 < pT (GeV/c)< 2.0. The events are required
to have the collision vertex within 30 cm from the center of the detectors and 2 cm for the radial
directions, respectively. Collision pileups are reduced by requiring the difference of measured
vertex positions along the beam direction between Vertex Position Detector and Time Projection
Chamber (TPC) to be less than 3 cm. The distance of closest approach is required to be less
than 1 cm in order to suppress secondary particles, and at least 20 hits in the TPC are required.
Identifications of protons and anti-protons are mainly based on the energy loss (dE/dx) in the TPC
for 0.4 < pT (GeV/c)< 0.8. Since different particle species in the dE/dx are merged each other at
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high momentum region, mass squared given by Time Of flight (TOF) is used at 0.8 < pT (GeV/c)<
2.0.

4. Analysis method

Several corrections are applied to consider effects from various experimental artifacts. Mea-
sured cumulants are corrected for detector efficiencies assuming that detector responses follow bi-
nomial model [9–16]. Multiplicity and pT dependence of efficiencies are taken into account. Cen-
trality bin width correction (CBWC) is applied to suppress the initial volume fluctuations [17, 18].
The multiplicity is defined by charged particles excluding protons and anti-protons to suppress the
auto-correlations. Statistical errors are estimated by bootstrap method [15, 18].

5. Results

Figure 1 shows the multiplicity dependence of net-proton cumulants. Results from CBWC
are shown at the average of charged particle multiplicity. The Skellam baselines and PYTHIA 8
calculations are shown in dotted lines and bands, respectively. The PYTHIA 8 calculations are
performed by 80 million events. It is found that cumulants increase as the multiplicity increases,
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Figure 1: Net-proton cumulants up to the sixth-order as a function of multiplicity in p+p collisions at√
s = 200 GeV. Red points represent the average over the multiplicity region from 5 to 50. The error bars

are statistical and bands are systematic errors. The uncertainties for averaged cumulants are smaller than the
marker size. The Skellam expectations are shown in dotted lines. PYTHIA 8 calculations are shown as light
blue bands.

which is obvious from the trivial volume dependence of cumulants. There are large deviations at
higher-orders from the Skellam baseline. Deviations from PYTHIA 8 calculations are also seen
except for C5. The multiplicity dependence of cumulant ratios is shown in Fig. 2. The multiplicity
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Figure 2: Net-proton cumulant ratios as a function of multiplicity for p+p collisions at
√

s = 200 GeV.
Red points represent the average over the multiplicity region from 5 to 50. The error bars are statistical and
bands are systematic errors. The uncertainties for averaged cumulants are smaller than the marker size. The
Skellam expectations are shown in red lines. PYTHIA 8 calculations are shown as right blue bands.

dependence and CBWC results are compared with the Skellam baseline and PYTHIA 8 calcula-
tions. The ratios mostly deviate from the Skellam baselines except for C3/C2, which would be due
to the comparable deviation in C2 and C3. Results are quite different between the data and PYTHIA
8 calculations, especially at low multiplicity region.

Rapidity acceptance dependence of CBWC results for the cumulant ratios is shown in Fig. 3. It
can be seen that the results are different from Skellam expectations except for C3/C2 as discussed
in Fig. 2. It is found that the results decrease with increasing the rapidity acceptance. Larger
deviations are observed for higher-order cumulant ratios.

Figure 4 shows the multiplicity dependence of C4/C2, C5/C1, and C6/C2, where the results
from Au+Au collisions at

√
sNN = 200 GeV are overlaid on top of the results from p+p collisions.

Results from PYTHIA 8 [19], lattice QCD, and the Skellam expectations are also shown. It is found
that C4/C2 >C5/C1 >C6/C2, which is qualitatively consistent with the hierarchy observed in lat-
tice QCD calculations [7,8]. Positive signs of C5/C1 and C6/C2 are observed for p+p collisions for
the entire multiplicity region. In Au+Au collisions, on the other hand, C6/C2 values become pro-
gressively negative from peripheral to central collisions. The observed negative sign is qualitatively
consistent with lattice QCD calculations. The lattice calculations imply chiral phase transition in
the thermalized QCD matter. Our measurements could indicate that the scenario applies to Au+Au
central collisions at

√
sNN = 200 GeV, while not to p+p collisions.

6. Summary

Higher-order fluctuations of net-proton multiplicity distributions are measured for p+p colli-
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Figure 3: Net-proton cumulant ratios as a function of rapidity acceptance for p+p collisions at√
s = 200 GeV. Red circles represent the average over the multiplicity region from 5 to 50. The Skel-

lam expectations are shown in dotted lines. The rapidity acceptance, |y| < yMAX, is enlarged as yMAX =
0.1, 0.2, ..., 0.5. The lower limits of all these points are |y| > 0. The error bars are statistical and bands are
systematic errors.
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Figure 4: Charged hadron multiplicity dependence of the net-proton cumulant ratios, C4/C2, C5/C1, and
C6/C2, from

√
s = 200 GeV p+p (red circles) and Au+Au (triangles) collisions. Average values for p+p

collisions are shown as light blue circles. Skellam expectations are shown as long-dashed lines. PYTHIA 8
and lattice QCD [8] calculations are shown as gold and red bands, respectively. The error bars are statistical
errors. The corresponding centrality for Au+Au collisions are indicated as the light blue ticks.

sions at
√

s = 200 GeV. Cumulants and their ratios up to the sixth-order are presented, which are
compared to results from Au+Au collisions. It is found that the cumulants increase with multiplic-
ity and they have larger deviations from the Skellam and PYTHIA 8 calculations for higher-order
cumulants. The rapidity acceptance dependence of cumulant ratios shows some deviations from
the Skellam expectations. The deviations become larger with increasing the acceptance. The mul-
tiplicity dependence of the cumulant ratios are compared between p+p and Au+Au collisions at
√

sNN = 200 GeV. It is found that the C5/C1 and C6/C2 values are negative in Au+Au central
collisions, while positive in p+p collisions at

√
s = 200 GeV. Results for Au+Au collisions are
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progressively negative in more central collisions. The observations in Au+Au central collisions
are qualitatively consistent with lattice QCD calculations, which could indicate a smooth crossover
transition at top RHIC energy.
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