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Abstract. The STAR Collaboration has a broad range of recent results on intermediate and high-pT

phenomena in Au+Au collisions at
√

sNN = 200 and 62 GeV and in d+Au at
√

sNN = 200 GeV. These
include new measurements of spectra, azimuthal anisotropies and di-hadron correlations. The comparison
of the 62 and 200 GeV Au+Au results indicates that jet quenching, elliptic flow and di-hadron correlation
measurements are very similar at the two energies. Meson-baryon differences that have been seen at
intermediate pT in 200 GeV Au+Au collisions are also present in 62 GeV Au+Au collisions and in 200
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GeV d+Au collisions. Measurements of backward-forward inclusive hadron yield asymmetries and forward-
midrapidity di-hadron correlations in d+Au collisions are consistent with the saturation picture. A brief
review of these results is presented.

PACS. 25.75.Dw, 25.75.Ld, 25.75.Gz
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1 Introduction

At RHIC, high transverse momentum (pT) particles arise
primarily from the fragmentation of energetic partons.
In pp collisions at RHIC energies, high-pT particle pro-
duction can be well understood in terms of perturbative
QCD. In heavy-ion collisions, energetic partons are pro-
duced very early in the collision. They then interact with
the surrounding dense medium as they escape the collision
zone. Thus, they can be used to probe the dense medium
that is created in RHIC collisions [1].

Initial results from RHIC demonstrate that high-pT
inclusive hadron yields [2–4] and back-to-back di-hadron
correlations [5] are strongly suppressed in central Au+Au
collisions relative to pp collisions. In contrast, inclusive
hadron yields are slightly enhanced in d+Au collisions
relative to pp collisions, and back-to-back di-hadron cor-
relations are very similar [6]. Thus, the high-pT suppres-
sion seen in central Au+Au collisions arises from final-
state interactions in the dense medium that is created in
Au+Au collisions at RHIC. Calculations that attribute
the suppression to partonic energy loss – “jet quenching”
– have been successful in describing these data if they as-
sume the initial density of the system is ∼ 50 times that of
normal nuclear matter. At intermediate pT, meson yields
are suppressed in central Au+Au collisions far more than
baryons, and the elliptic flow values follow a meson-baryon
rather than particle mass dependence [7–9]. These meson-
baryon differences have been identified as signatures for
hadronization through constituent quark recombination or
coalescence [10]. In the forward direction, negative hadron
yields are strongly suppressed in central d+Au collisions
relative to peripheral d+Au or pp collisions [11], which
may provide evidence for the onset of gluon saturation in
Au nuclei at small-x. See [12] for a review of the results
from the first three years of RHIC.

In this paper, we describe recent intermediate- and
high-pT results from STAR [13]. New spectra, azimuthal
anisotropy, and di-hadron correlation measurements are
available for

√
sNN = 200 and 62 GeV Au+Au collisions

and
√

sNN = 200 GeV d+Au collisions. These results ex-
tend our understanding of the behavior of dense QCD
matter at RHIC.

2 Spectra

Figure 1 shows a comparison of the inclusive charged had-
ron yields in central Au+Au collisions at 62, 130 and 200
GeV as measured by STAR, together with 17 GeV mea-
surements for inclusive π0 in central Pb+Pb collisions by
WA98 [14]. The high-pT yield drops far more rapidly at
62 GeV than it does at the higher collision energies. For

Fig. 1. Preliminary inclusive charged hadron yields in central
Au+Au collisions at 62 GeV, compared to previous data at
130 and 200 GeV from STAR [2,3] and at 17 GeV from WA98
[14]

pT > 6 GeV/c, the inclusive charged hadron yield is over
a factor of 10 smaller at 62 GeV than at 200 GeV. This
is the most interesting region to assess the evidence for
jet quenching at 62 GeV because the baryon-meson dif-
ferences at 200 GeV appear to vanish for pT > 6 GeV/c
[7–9]. Figure 2 shows the nuclear modification factor, RAA,
for Au+Au collisions at 62 and 200 GeV. RAA at 62
GeV shows a significant enhancement in peripheral colli-
sions. This may arise from the Cronin effect, which should
be stronger at 62 GeV than 200 GeV due to the more
steeply falling spectrum. RAA indicates that high-pT in-
clusive yields in central Au+Au collisions are suppressed
at 62 GeV, though perhaps not as strongly as they are at
200 GeV. There is considerable uncertainty in the high-
pT nucleon-nucleon reference spectrum at 62 GeV that is
required to compute RAA [15]. Figure 3 shows RCP , the
relative yields in central vs. peripheral collisions, at 62 and
200 GeV. RCP eliminates the uncertainty associated with
the choice of reference spectrum. Figure 3 indicates that
the suppression at intermediate pT is not as strong at 62
GeV as was observed at 200 GeV; at high pT, the behavior
at the two energies is qualitatively similar. These 62 GeV
results are consistent with calculations based on partonic
energy loss [16].

STAR has also measured identified particle distribu-
tions in 62 GeV Au+Au collisions. The combination of tra-
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Fig. 2. Preliminary RAA measurements at 62 GeV (circles) for
two different pseudorapidity regions are compared to previous
results at 200 GeV (stars) [3]
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two different pseudorapidity regions are compared to previous
results at 200 GeV (stars) [3]

ditional dE/dx particle identification, time-of-flight tech-
niques, and dE/dx measurements in the relativistic rise
region provide π± identification up to pT ∼ 7 GeV/c
[17]. At pT ∼ 3 GeV/c, RCP for identified π± is 20%
less than that for inclusive charged hadrons from Fig.
3, whereas RCP for identified π± and inclusive charged
hadrons are approximately equal for pT above 5 GeV/c.
This implies that the “baryon excesss” that has been seen
in 200 GeV Au+Au collisions is also present in 62 GeV
collisions [17]. RCP measurements for identified strange
particles in 200 GeV d+Au collisions also demonstrate a
meson-baryon difference at intermediate pT, with relative
yields for Λ and Ξ in central d+Au collisions that are sim-
ilar to each other and larger than the relative yields for
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Fig. 4. Ratios of the inclusive charged hadron yield in d+Au
collisions measured in the Au beam direction to the yield mea-
sured in the deuteron beam direction for minimum-bias colli-
sions and for collisions where the neutron in the deuteron was
a spectator [20]

K0
S and φ [18]. STAR has also measured the inclusive π0

yield in d+Au collisions up to pT ∼ 15 GeV/c [19].
Recently, STAR has also investigated the pseudorapid-

ity (η) dependence of inclusive charged hadron yields in
d+Au collisions. Figure 4 shows the ratios of the yield in
the Au beam (η < 0) direction to that in the deuteron
beam (η > 0) direction [20], together with predictions
from pQCD and gluon saturation calculations. At interme-
diate pT, the pQCD calculations [21] predict a pseudora-
pidity asymmetry with the sign opposite to that observed
in the data, even though the same calculations provide a
good description of the total charged particle multiplic-
ity as a function of pseudorapidity [20]. In contrast, the
gluon saturation calculations [22] are in qualitative agree-
ment with the data.

3 Azimuthal anisotropies

Azimuthal anisotropies at RHIC are believed to have a
hydrodynamic origin at low pT, to indicate constituent
quark coalescence at intermediate pT, and to arise from
partonic energy loss at high pT. Figure 5 shows the az-
imuthal anisotropy of charged hadrons, characterized by
the second Fourier component of the azimuthal distribu-
tion v2, for intermediate impact parameter Au+Au colli-
sions at 200 GeV [23]. Results are shown from three dif-
ferent techniques to calculate v2: two-particle cumulants,
four-particle cumulants, and the difference between the
observed two-particle correlations in Au+Au and pp colli-
sions. Each technique has a different sensitivity to system-
atic effects associated with flow fluctuations and non-flow
effects. Results from a modified reaction-plane technique,
in which charged particles within |∆η| < 0.5 of the lead-
ing charged hadron are excluded from the calculation of
the reaction plane, are essentially identical to those found
from the difference between Au+Au and pp two-particle
correlations [24]. The “true” v2 is believed to fall between
the two- and four-particle cumulant results. The data show
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that v2 is non-zero at least up to pT ∼ 8 GeV/c, well into
the region where parton fragmentation is believed to dom-
inate hadron production.

Figure 6 shows a comparison between the observed
v2(pT) in 62 and 200 GeV Au+Au collisions. Both two-
particle and four-particle cumulant results are shown at
each energy. The two-particle and four-particle v2 val-
ues typically differ by ∼ 20%. The 62 and 200 GeV re-
sults nonetheless agree to within a few percent for all pT
and centralities, indicating that the physical origins of az-
imuthal anisotropy are unchanged over this energy span.

4 Di-hadron correlations

Partonic energy loss should induce a characteristic path-
length dependence on jet quenching observables [25]. This
can be studied by observing high-pT di-hadron angular
correlations with respect to the reaction plane. Previous
STAR results [5,6] show that near-side angular distribu-
tions between high-pT trigger particles and intermediate-
pT associated particles contain jet-like correlations in pp,
d+Au and Au+Au collisions. Similarly, back-to-back an-
gular distributions in pp, d+Au and peripheral Au+Au
collisions show peaks at ∆φ = π that are characteristic of
di-jets, but these are absent in central Au+Au collisions.
Figure 7 shows the measured di-hadron azimuthal distri-
butions of associated particles with 2GeV/c < passoc

T <

ptrig
T when trigger particles with 4 < ptrig

T < 6 GeV/c are
located in or out of the reaction plane [23]. The distribu-
tions follow the elliptic flow expectations, with enhance-
ments at ∆φ = 0 and π. After elliptic flow subtraction, the
near-side distributions are consistent with those seen in pp
collisions. The back-to-back distributions are suppressed
in Au+Au collisions and the out of plane distribution,
which involves a longer path length through the dense
medium, is suppressed more strongly. Future high statis-
tics measurements like this one will provide a detailed ex-
perimental determination of the path-length dependence
of jet quenching.

Figure 8 shows a comparison between the observed di-
hadron azimuthal distributions in 62 and 200 GeV Au+Au
collisions. Pythia predicts that the near-side yield should
be a factor of ∼ 3 smaller in 62 GeV pp collisions than in
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Fig. 8. Preliminary di-hadron azimuthal distributions for 4 <
ptrig
T < 6 GeV/c, 2GeV/c < passoc

T < ptrig
T , and |η| < 0.9, in 62

and 200 GeV Au+Au collisions. Elliptic flow, determined with
the modified reaction-plane method, has been subtracted

200 GeV collisions [26], primarily due to the softer par-
tonic spectrum at the lower energy. Pythia also predicts
that the back-to-back yields should be similar at the two
energies. The data are consistent with both of these ex-
pectations. But it should be noted that, given the strong
suppression of the back-to-back yield that is observed in
central Au+Au collisions at 200 GeV [5], this indicates
that the back-to-back yield is also strongly suppressed at
62 GeV. Figure 9 provides an alternative way to evaluate
parton interactions in the dense medium. The difference
in yields on the near and away sides cancels any elliptic
flow contribution to the background, significantly reduc-
ing the systematic uncertainties. At 200 GeV the differ-
ence is small for peripheral collisions, indicating that the
associated particle yields on the near and away sides are
comparable. In contrast, at 62 GeV the significant reduc-
tion in the near-side yield leads to a negative difference for
peripheral collisions. The changes in the near-away differ-
ences as a function of participant number are very similar
at the two energies, which indicates that the interactions
of the “associated” parton in the dense medium are similar
at the two energies.

Very recently, STAR has extended studies of jet- and
di-jet-like di-hadron azimuthal distributions to include all
associated particles, independently of pT [27]. Figure 10
shows the associated particle distributions, as well as the
relative yields of associated particles in Au+Au collisions
versus pp collisions. The back-to-back yields at passoc

T > 2
GeV/c are suppressed, consistent with the previous mea-
surement [5], but at low passoc

T the associated particle
yields are strongly enhanced. This is consistent with par-
tonic energy loss models, which require the soft radi-
ated gluons to contribute to particle production. One is
tempted to identify all of the associated particles on the
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T < 6 GeV/c,
2GeV/c < passoc

T < ptrig
T , |η| < 0.9, in 62 and 200 GeV Au+Au

collisions. The dashed lines show linear fits to the data

away side with the fragments of the original energetic par-
ton. However, this interpretation should not be taken too
literally because (a) the observed distribution of away-side
hadrons is very close to that one would obtain simply by
conserving transverse momentum in the presence of the
trigger hadron [27,28], and (b) the total associated en-
ergy on the away side may exceed that on the near side,
indicating that a sizable amount may be contributed by
the medium [27]. Figure 11 shows the 〈pT〉 of the associ-
ated hadrons on the away side as a function of centrality.
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In pp and peripheral Au+Au collisions, the 〈pT〉 of the as-
sociated hadrons is much larger than that of the inclusive
charged hadron distribution. However, the 〈pT〉 of the as-
sociated hadrons drops as the collisions become more cen-
tral, whereas that of the inclusive distribution increases,
so the difference is much smaller for central Au+Au colli-
sions. A similar behavior is observed for both ptrig

T regions.
These results may indicate a progressive equilibration of
the associated hadrons with the bulk medium from pe-
ripheral to central collisions.

Figure 10 indicates that the near-side associated parti-
cle yield is much larger in central Au+Au collisions than in
pp collisions, even for relatively large passoc

T . This appears
to contradict the observation of similar near-side yields
in pp, d+Au, and Au+Au collisions reported in [5,6]. The
difference arises primarily from different treatments of the
η acceptance of the STAR detector. The analyses in [5,6]
adopted a limited η region. In contrast, the analysis in
Fig. 10 attempts to integrate all associated hadrons on
the near side, even those that are widely separated from
the trigger hadron in pseudorapidity. We now recognize
that there are two separate contributions to the near-side
associated hadrons — a short-range, jet-like peak which
is Gaussian in |∆η| and a long-range component that ex-
tends at least to |∆η| > 1.5.

5 Forward physics in d+Au

The BRAHMS Collaboration has reported that negative
hadron production in the forward direction is strongly
suppressed in d+Au collisions relative to pp collisions [11].

π0 + h± correlations, preliminary STAR data
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Fig. 12. Preliminary azimuthal distributions of leading
charged hadrons in 200 GeV pp and d+Au collisions at midra-
pidity (|η| < 0.75, pT > 0.5 GeV/c) in coincidence with iden-
tified π0 at 〈η〉 = 4.0 [31]

This result may provide evidence at RHIC for the onset of
gluon saturation at small-x in the Au nucleus. In a pQCD
calculation, the x values sampled by the BRAHMS mea-
surement are not particularly small, which casts doubt
on the saturation explanation, but traditional shadowing
appears insufficient to explain the data [29]. Thus, it’s im-
portant to explore the particle production mechanisms in
the forward direction to see if other effects might lead to
the observed suppression.

STAR measurements [30,31] have shown that the in-
clusive π0 production cross sections in 200 GeV pp col-
lisions at 〈η〉 = 3.8 and 3.3 are well described by pQCD
calculations, in constrast to forward particle yields at com-
parable pT in lower energy collisions [32]. To provide bet-
ter understanding of forward particle production, STAR
has measured charged hadrons at midrapidity that are as-
sociated with an energetic π0 in the forward direction.
Figure 12 shows the back-to-back angular correlations ob-
served in pp and d+Au collisions [31]. The pp data show
an enhancement in the back-to-back yield, consistent with
pythia predictions for di-jet production. Hijing predicts
that a similar enhancement should be present in d+Au
collisions, but Fig. 12 shows that very little correlated
back-to-back yield is visible for π0 energies in the range
25 < Eπ < 35 GeV. In contrast, back-to-back peaks of
similar strength are observed in pp and d+Au collisions
for 35 < Eπ < 45 GeV. The changing behavior of the
d+Au correlation strength with Eπ is consistent with the
general expectations of saturation, but the current statis-
tics are quite limited and more data are called for. For
a detailed discussion of forward particle production mea-
surements with STAR, see [33].

6 Conclusion

In conclusion, recent high-pT results from STAR show that
jet quenching, elliptic flow and di-hadron correlation mea-
surements in Au+Au collisions at

√
sNN = 62 GeV are

very similar to previous results from 200 GeV Au+Au
collisions. The meson-baryon differences that have been
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seen at intermediate pT in 200 GeV Au+Au collisions
are also present in 62 GeV Au+Au collisions and in 200
GeV d+Au collisions. Measurements in 200 GeV d+Au
collisions of the backward-forward inclusive hadron yield
asymmetries and of forward-midrapidity di-hadron corre-
lations are qualitatively consistent with the gluon satura-
tion model.

A host of new high-pT results from STAR are expected
shortly, based on the analysis of the high-statistics 200
GeV Au+Au data that were taken during Run 4 and of
the Cu+Cu data that have been taken in Run 5.
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