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We report measurements of the nuclear modification factor Rcp for charged hadrons as well as identified
), K9, and p(p) for Au+ Au collision energies of /syy = 7.7, 11.5, 14.5, 19.6, 27, 39, and
62.4 GeV. We observe a clear high-pr net suppression in central collisions at 62.4 GeV for charged hadrons
which evolves smoothly to a large net enhancement at lower energies. This trend is driven by the evolution
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of the pion spectra but is also very similar for the kaon spectra. While the magnitude of the proton Rcp at
high pr does depend on the collision energy, neither the proton nor the antiproton Rcp at high p; exhibit
net suppression at any energy. A study of how the binary collision-scaled high-p; yield evolves with
centrality reveals a nonmonotonic shape that is consistent with the idea that jet quenching is increasing
faster than the combined phenomena that lead to enhancement.

DOI: 10.1103/PhysRevLett.121.032301

Evidence has been presented that high-energy heavy-ion
collisions form a dense, nearly perfect, strongly interacting,
deconfined partonic liquid called quark-gluon plasma
(QGP) [1-4]. This state of matter is thought to have
dominated the Universe prior to the hadron epoch [5].
Quantifying the properties of the QGP is necessary for
describing the QCD phase diagram [6], as well as con-
straining parameters in cosmological models that describe
the evolution of the Universe along a trajectory through the
QCD phase diagram [7]. Just as the Universe followed a
particular trajectory through the QCD phase diagram, so do
high-energy nuclear collisions. The particular path for each
collision depends on the collision energy [8]. High-energy
heavy-ion collisions reach approximate thermalization and
form media with low initial baryon chemical potentials (y3)
that are expected to remain low throughout their evolution.
This means that the trajectory passes through the region
where a smooth crossover is predicted by theory [9,10].
Lower collision energies have been shown to produce
higher pp [11,12]. A first-order phase transition is predicted
at sufficiently high up [13,14] which would mean the
existence of a critical end point [15]. A beam energy scan
(BES) program at the Relativistic Heavy-Ion Collider
(RHIC) was proposed to further explore the QCD phase
diagram, including a search for the critical point, and to
demonstrate that signatures for QGP formation turn off at
sufficiently low collision energies [16]. The STAR
Collaboration has recently published moments of net-
proton and net-charge fluctuations in the BES as part of
its critical point search [17,18] with no evidence for the
critical point within current uncertainties. The future BES II
program at the RHIC will increase the acceptance and
reduce the uncertainties for these measurements. Implicit in
the interpretation of these analyses was the requirement that
a QGP be formed in the collisions at energies whose
trajectories through the QCD phase diagram would pass
near the critical point. Analyses are being carried out to
determine at what collision energies signatures of QGP
formation vanish. The beam-energy dependence of charge
separation along the magnetic field in Au + Au collisions is
already published with results consistent with models
featuring chiral symmetry restoration down to /sy =
11.5 GeV [19]. In another study, the third harmonic of
azimuthal correlations was measured as a function of the
collision energy and the number of participating nucleons
((Npart)) [20]. Models have shown that the third harmonic is

sensitive to the low viscosity of the QGP phase [21-23],
and this measurement showed that the third harmonic
persisted down to /sy = 7.7 GeV for high-(N ) colli-
sions. Both of these low-p results are consistent with QGP
being formed for /syy > 11.5 GeV so that the critical
point would be directly accessible down to this collision
energy. While each of these measurements is compelling
on their own, it is by constructing a body of independent
measurements that we will gain confidence that the
QGP is being formed at these low collision energies.
The measurements presented here focus on high-p; probes
of QGP formation: in particular, partonic energy loss, or jet
quenching.

High-p; partons, the forebears of jets, are produced early
in the collision, and while moving through QGP volume
they lose energy via strong interactions. This process is
called jet quenching [24,25]. Jet quenching has contribu-
tions from collisional and radiative energy loss with strong
force analogs to the processes described in chapters 13 and
14, respectively, of Jackson’s iconic text [26]. This would
be expected to lead to a depletion, or suppression, of high-
pr hadrons in the final state.

One method of observing this suppression is with the
nuclear modification factor Rcp, which is defined by
Eq. (1):

d*N
RCP _ <NC0]l>periphera] (dprdn)central (1)

<N coll > central (%) peripheral

Here, N is the average number of binary collisions
within a centrality bin and can be estimate using a Glauber
Monte Carlo calculation [27]. If heavy-ion collisions were
just a collection of N independent p + p-like collisions,
then Rcp would be unity for the entire p; range. Effects that
increase the number of particles per binary collision in
central heavy-ion collisions relative to p 4+ p or peripheral
collisions are called enhancement effects and lead to
Rcp > 1, while those that decrease the number of particles
are called suppression effects and lead to Rcp < 1.
Therefore, Rcp quantifies whether enhancement or sup-
pression effects are dominating but not the magnitude of
each separately. Equation (1) compares the number of
particles measured in small impact parameter (central)
collisions, where the mean path length through any
produced medium would be longer, with large impact
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parameter (peripheral) collisions where the shorter in-
medium path lengths should result in less energy loss.
High-p suppression was observed at top RHIC energies,
V/Snn = 130 and 200 GeV, soon after the RHIC began
running [1-4] and later at higher energy experiments at the
Large Hadron Collider [28,29].

High-p; suppression is expected to vanish at low
collision energies, where the energy density becomes
too low to produce a sufficiently large and long-lived
QGP. Another effect that may lead toward suppression at
the lower collision energies is the European Muon
Collaboration (EMC) effect, a suppression of per nucleon
cross sections in heavier nuclei relative to lighter nuclei for
Bjorken x > 0.3, first measured with deep inelastic scatter-
ing by the EMC [30]. While they measured an impact
parameter averaged nuclear modification of the parton
distribution function, we are interested in the impact
parameter dependence of this effect [31]. Experimentally
quantifying this and other possible cold nuclear matter
(CNM) effects requires p + p and p(d) + Au reference
data for the BES I energies.

Several physical effects could enhance hadron produc-
tion in specific kinematic ranges, concealing the turn-off of
the suppression due to jet quenching. One such effect is the
Cronin effect, a CNM effect first observed in asymmetric
collisions between heavy and light nuclei, where an
enhancement of high-p; particles was measured rather
than suppression [32—-34]. It has been demonstrated that the
enhancement from the Cronin effect grows larger as the
impact parameter is reduced [35,36]. Other processes in
heavy-ion collisions such as radial flow and particle
coalescence may also cause enhancement [37]. This is
due to the effect of increasing particle momenta in steeply
falling spectra. A larger shift of more abundant low-py
particles to higher momenta in more central events—such
as from radial flow, p; broadening, or coalescence—would
lead to an enhancement of the Rcp. These enhancement
effects would be expected to compete with jet quenching,
which shifts high-p; particles toward lower momenta. This
means that measuring a nuclear modification factor to be
greater than unity does not automatically lead us to
conclude that a QGP is not formed. Disentangling these
competing effects may be accomplished with complemen-
tary measurements, such as event plane-dependent nuclear
modification factors [38], or through other methods like the
one developed in this Letter.

In this Letter, we report measurements sensitive to
partonic energy loss using data collected in the 2010,
2011, and 2014 RHIC runs by the STAR detector [39].
STAR is a large acceptance detector whose tracking and
particle identification for this analysis were provided by its
time projection chamber (TPC) [40] and time-of-flight
(TOF) [41] detectors. These detectors lie within a 0.5 T
magnetic field used to bend the paths of charged particles
for momentum determination. Minimum bias-triggered

events were selected by requiring coincident signals at
forward and backward rapidities in the vertex position
detectors (VPDs) [42] with a signal at midrapidity in the
TOF. The VPDs also provide the start time for the TOF
system, with the TOF’s total timing resolution below 100 ps
[41]. Events were selected if their position in the beam
direction was within 30 cm of the TPC’s center and if their
transverse vertex position was within 1 cm of the mean
transverse position for all events. The charged multiplicity,
used for determining event centrality, was also corrected for
variations in the detector response as a function of the
vertex position in the beam direction [43,44]. Tracks were
accepted if their distance of closest approach to the
reconstructed vertex position was less than 1 cm, they
had greater than 15 points measured in the TPC out of a
maximum of 45, and the number of points used in track
reconstruction divided by the number of possible points
was greater than 0.52. The py- and species-dependent
tracking efficiencies in the TPC were determined by
embedding simulated tracks into real events for each energy
and centrality [40]. The charged hadron tracking efficiency
was taken as the weighted average of the fits to the single
species efficiencies with the weights provided by fits to the
corrected spectra of each species. Daughters from weak
decay feeddown were removed from all spectra. The
corrections for absorption and feeddown were determined
by passing events generated in UrQMD [45] through a
STAR detector simulation. Charged tracks in || < 0.5 and
identified particles with |y| < 0.25 were accepted for this
analysis. Particle identification was performed using both
energy loss in the TPC (dE/dx) and time-of-flight infor-
mation (1/f).

The overall scaling systematic uncertainty (33%—43%)
for the Rcp measurements is dominated by the determi-
nation of N and the total cross section, which is driven
by trigger inefficiency and vertex reconstruction efficiency
in peripheral events. Point-to-point systematic uncertainties
arise from the determination of the single particle efficiency
(5% for the p; range studied here), momentum resolution
(2%), and feeddown (p7- and centrality-dependent with a
range of 4%—7%). These systematic uncertainties are
highly correlated as a function of the centrality and pr
with the different sources of uncertainty added in quad-
rature. Point-to-point systematic uncertainties for identified
species have an additional contribution from uncertainties
in particle identification that grow larger as the dE/dx and
1/p bands for the different species merge at higher
momenta. The contribution from particle identification to
the systematic uncertainties is small (1%—-3%) at low pr
and large (up to 9%) at high p;.

Figure 1 shows the /syn and py dependence of charged
hadron Rcp constructed with data from (0-5)% and
(60-80)% event centralities. The Rcp is found to be lowest
at the highest beam energy studied and increases progres-
sively from a suppression regime at 62.4 GeV to a
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- Au+Au 4
. M =7.7 GeV
= 11.5GeV
14.5 GeV
$ v 19.6 GeV
ﬁ-ﬂ * 27 GeV
EFH = 39 GeV
o 62.4GeV E

Rgp [(0-5%)/(60-80%)]

A
| N, scaling

0 1 2 3 4 5 6 7 8 9 10
pT(GeV/c)

FIG. 1. Charged hadron Rcp for RHIC BES energies. The
uncertainty bands at unity on the right side of the plot correspond
to the pr-independent uncertainty in N, scaling with the color
in the band corresponding to the color of the data points for that
energy. The vertical uncertainty bars correspond to statistical
uncertainties and the boxes to systematic uncertainties.

pronounced enhancement at the lowest beam energies. This
enhancement may have contributions from Cronin-type
interactions [32-34], radial flow [37], and the relative
dominance of coalescence versus fragmentation for hadro-
nization [37]. The number of participant nucleons ({(N )
scaling, which is expected to be more appropriate for bulk

particle production at lower pr, is shown on the y axis. This
plot demonstrates the turn-off of net suppression for high-
pr hadrons produced in central collisions relative to those
produced in peripheral collisions. This meets, for this
signature of QGP formation, one of the goals of the
BES [16]. Figure 1 clearly demonstrates that enhancement
effects become very large at lower energies. Therefore, in
order to identify at what collision energy QGP is formed,
more sensitive observables are required. The next step is to
quantify more sensitive probes that could reveal potential
evidence of jet quenching at lower collision energies.

In order to extract Rqp for identified hadrons, the particle
rapidity density (dN/dy) is used in Eq. (1) instead of
dN/dn. Figure 2 shows Rcp as a function of p; for
feeddown subtracted identified particles at different colli-
sion energies. While net enhancement of high-p particles
is observed at all energies for p and p, high-p; 77(-) are
suppressed for both 39 and 62.4 GeV, which drives the
trends observed in charged hadrons. K*(~) have a similar
energy dependence to z(~) but show less net suppression.
The Rcp of protons seems to turn over for the highest two
energies. The large suppression of low-py p Rcp is
consistent with a picture of annihilation prior to kinetic
freeze-out [46]. Suppression in Rcp of pions persists to
lower collision energies than that of charged hadrons; this
is likely due to a smaller enhancement from the Cronin
effect, radial flow, and coalescence for pions than protons.

Rep (0-5% )/ (60-80% )

Rep (0-5% ) / ( 60-80% )

- {AurAu sy _
| e 62.4GeV = 39.0GeV
|+ 27.0Gev v 19.6GeV |
{4 145Gev = 11.5GeV |-
e 7.7Gev
MEFEFErE

P, [GeV/c]

FIG. 2.

3 4 5 1 2 3 4 5

P, [GeV/c] P, [GeV/c]

Identified particle R-p for RHIC BES energies. The colored shaded boxes describe the point-to-point systematic uncertainties.

The uncertainty bands at unity on the right side of the plot correspond to the p;-independent uncertainty in N scaling with the color in
the band corresponding to the color of the data points for that energy.

032301-5



PHYSICAL REVIEW LETTERS 121, 032301 (2018)

These measurements of 77(~) Rcp are consistent with
measurements of 7° R, in Au + Au collisions at ,/syy >
39 GeV [47] and with 7° Rcp in Pb + Pb collisions at
V/Snn = 17.3 GeV [48]. However, while earlier measure-
ments demonstrated the disappearance of net suppression,
the results presented here extend to lower collision energies
where a strong net enhancement is observed.

A measurement of Rqp takes the ratio of N -scaled
spectra from two different centralities [49]. A differential
method for studying jet quenching is to look at how the
Non-scaled spectra trend with centrality for a high-py
bin via

B d*N

Y( <Npal'l>) N <Ncoll> dedn

((Npar))» 2)

where B is a normalization term defined such that Y (50)=1
for each energy and is used to simplify the comparison from
one energy to the next. This is equivalent to taking the
numerator from Rcp and plotting it versus the centrality so
that the peripheral bin contents are in the first bin at low
(Npar) and the central bin’s contents are in the last point at
high (N ). Examining the full centrality evolution allows
for the disentanglement of whether the processes leading to
enhancement increase faster or slower than the processes
leading toward suppression as a function of the centrality.
While both jet quenching and enhancement effects increase
in strength with increasing (N,,), if there is a faster
growth of quenching, it would manifest itself in decreasing
Y ((Npar)) trends.

Figure 3 shows the charged hadron yield per binary
collision as a function of (N,,,) for 3 < py < 3.5 GeV/c
in the left panel and for 4 < py < 4.5 GeV/c in the right
panel. The left panel corresponds to the highest p; bin of
the \/s\n = 7.7 GeV data and the right panel to the highest
pr bin of the /sy = 14.5 GeV data. The 200 GeV points
are from STAR data taken in 2010 and analyzed with the
same procedure as the BES points. At /sy = 200 GeV,
Y({Npa)) decreases monotonically with increasing Ny
This implies that the increase in jet quenching from
peripheral to central collisions is stronger than the increase
for effects which lead to enhancement. For a given (N ),
Y({Npa)) always decreases with increasing ,/syy. At
VSN = 7.7 GeV, Y({N,,y)) increases monotonically with
increasing Ny At 11.5 GeV, Y((Npuy)) still increases
monotonically with increasing Np,; but less rapidly
than at 7.7 GeV. As /sy increases, a peak develops in
Y((Npa)) which persists until /syy=62.4GeV. For
V/SNn>14.5GeV, a suppression in Y ((N,y)) is observed
for (Npar) ~ 350 relative to lower (N,,) bins. Finally, at
VSN = 200 GeV, Y((Nyyy)) is suppressed for (Npy) >
50 and decreases monotonically with increasing (Npyq)-
The /syn = 14.5 GeV data in the right panel in Fig. 3

% Centrality % Centrality
8060 40 20 10 5 8060 40 20 10 5
T T T TrTT T T [T 7T
4.0 <p_<4.5GeV/c

10F 80<p, <3.5GeV/c oAu+Au1VsNN SV
m11.5 GeV

14.5 GeV
v19.6 GeV-
#27 GeV
m39 GeV
©62.4 GeV.
%200 GeV

(arb. normalization)

PN
<Ncnll>d pTdrl

el bbb L \\Hl\\H‘\H\‘HH‘\H\‘HH‘HH L1l
50 100 150 200 250 300 350 50 100 150 200 250 300 350

<Npan> <Npart>

FIG. 3. Charged hadron Y({Ny)) for two ranges of pr.
Statistical uncertainty bars are included, mostly smaller than
point size, as well as shaded bands to indicate systematic
uncertainties.

shows a clear peak in Y ((Npax)) at (Npu) = 230. This
implies that enhancement effects increase faster than
suppression effects for (N,q) <250 at this energy.
However, for (Np,) > 250, suppression effects increase
at a similar rate or slightly faster than enhancement effects.
In fact, if the systematic errors are taken to be 100%
correlated, which is reasonable over this N Tange, then
the yields at (Np,q) ~ 350 are significantly suppressed
relative to the yields at (Np) ~230. This may be
interpreted as medium-induced jet quenching decreasing
high-py yields in central collisions at \/sxy 2 14.5 GeV.
As we move to higher energies, we find evidence for jet
quenching in less central collisions. This does not exclude
the possibility of QGP formation in the 7.7 and 11.5 GeV
data sets but simply that enhancement effects increase
faster than quenching effects for all centralities at these
energies. This hadronic dominance at lower energies is
consistent with measurements of other QGP signatures in
the BES [19,20,50].

In summary, net high-p; suppression persists for
charged hadron Rcp for /sy > 39 GeV. Mesons show
atrend from Rcp < 1 at the highest energies to Rcp > 1 at
the lowest energies, while baryons show an Rcp > 1 at high
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pr for all energies in the RHIC BES. This indicates that
pion Rcp is a cleaner observable for medium-induced jet
quenching with pion R¢p suppressed for /sy > 27 GeV.
Partonic energy loss may still occur at lower /syy with
Cronin-like enhancement effects competing with suppres-
sion effects. For this reason, the observable Y ((Npuy)) is
considered in addition to Rcp. Finally, using Y ({N ),
we have measured suppression of charged hadrons in
0%—-5% central events relative to more peripheral events
for /sxn 2 14.5 GeV. This high-py result does not rule
out the possibility that QGP is also formed in
VNN < 145 GeV, since Y({Np,y)) is sensitive only to
whether suppression effects increase faster than enhance-
ment effects with increasing (V). Instead, it frames a
consistent picture with previous measurements to support a
model where QGP is formed in central collisions at

/SNN > 14.5 GeV.
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