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Selected results of jet-medium interaction studies via hadron correlation techniques are pre-
sented. Jet modifications are studied using a pT -dependent autocorrelation analysis and a
two-dimensional fit model, which allow connection between the observed near-side correlation
structures and theory. Analysis of both sides of a di-jet-like event with the 2+1 technique pro-
vides indications of a tangential emission bias in these types of events. Jet-hadron correlations
on the away-side find softening and broadening of the recoil jet in the medium.

1 Multi-Hadron Correlation Analyses

The discovery of the jet-quenching effect was an early piece of evidence that a strongly-interacting
medium had been created at RHIC. The nuclear modification factor (RAA) shows an inclusive
yield suppression in central Au+Au collisions at 200 GeV by a factor of five compared to binary
scaled pp in the fragmentation region above pT = 4 GeV/c. Such a suppression can not be
seen in the cold nuclear matter created for example in d+Au collisions1,2. STAR’s di-hadron
correlation measurement revealed a more differential insight into the mechanism of this energy
loss3: surviving jets triggering a 4-6 GeV/c threshold appear similar or identical to those in pp or
d+Au at small relative angles, whereas the away-side around ∆φ = π is severely suppressed when
considering associates in the intermediate pT > 2 GeV/c range. This correlation measurement,
together with RAA results, is indicative of strong energy loss in the medium that hadronic
models could not successfully reproduce. To further explore the mechanisms of energy loss in
the medium, a multitude of differential correlation measurements to study jets in heavy ion
collisions have been developed. Here we present three selected STAR results from the past year.
The main detector components relevant for this discussion are STAR’s Time Projection Chamber
(TPC) for tracking of charged particles, and the Barrel Electromagnetic Calorimeter (BEMC)
for triggering on high energy particles and full jet reconstruction. Both have full azimuthal
coverage with nearly uniform rapidity acceptance of |η| < 1. For the results presented below,
18M central triggered and 14M minimum bias Au+Au events from year 2004 as well as 1.1M
high-energy (BEMC) triggered and 74M minimum bias Au+Au events from 2007 were used.
d+Au reference data comes from 5.5M events from year 2003 as well as 46M (minimum bias)
and 6M (high energy) events from 2008. 150k pp high-energy events from 2006 were also used.

2 Autocorrelation

The correlation of tracks in the TPC is explored by recording relative angles. Cuts on the
transverse momentum of the involved particles serve to select specific kinematic regions. The



correlation density is computed as a function of the relative azimuth ∆φ and relative pseudora-
pidity ∆η between all possible pairs of tracks that pass typical quality cuts. To account for the
combinatorial background, the result is normalized by a reference correlation of tracks from dif-
ferent (mixed) events which is free of physical correlation structures besides acceptance effects.
At low pT , HBT-effects and photon conversions are expected to dominate small-angle correlation
while at higher pT jets should become the main source of structures at small angles. In ref. 4,
the pT threshold was gradually increased to study the evolution of the prominent features. The
focus of this study is on the near-side with |∆φ| < π

2 where jet remnants are expected to appear.
Figure 1 shows two developments: The narrow elongation along the pseudorapidity dimension
often called the “soft ridge” flattens out into a plateau with no more apparent dependence on
∆η as pT goes beyond 2 GeV/c . At the same time, a jet-like peak emerges and the soft con-
tributions no longer dominate the pair density correlation. Whether the jet peak is unmodified
compared to vacuum fragmentation is an ongoing study.
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Figure 1: Two-dimensional autocorrelations with a pT threshold progressing from left to right as indicated.

Above 2 GeV/c, the correlation becomes quite similar to the “hard ridge” found in triggered
correlations 5. At higher momentum, a significant fraction of hadrons is related to jet fragmen-
tation. The gradual evolution suggests that the same mechanism may be responsible for both
the soft and the hard ridge. In order to assess possible models, quantifiable observables were
extracted from this plot using a two-dimensional fit model. A two-dimensional Gaussian models
the ridge in this picture, other ingredients describe the jet cone, flow terms, and other terms
detailed in 4. A comparison to one model that tries to connect both ridges is shown in figure 2.
The original model described the soft ridge with breaking flux tubes in a color glass condensate,
boosted by radial flow. At low pT , jet contributions are negligible, and the plotted predictions
for the amplitude and width in ∆φ agree very well with the values obtained from the fit to data.
The centrality evolution is also captured well. Around 1 GeV/c both amplitude and width begin
to deviate from the predicted value. The authors addressed this with a hybrid model that adds
combinations of jet and bulk particles, shown in 6. The resulting combined amplitude provides a
better attempt to describe the measured values. Yet the hybrid model does not quite capture an
overall trend of width evolution for the ridge. Jet-jet correlations were not taken into account
in the model yet, and it will be interesting to see whether this additional amendment will then
converge to a description of the ridge in both regimes.
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Figure 2: Left panel: Amplitude of the same-side elongated gaussian in black symbols. Right panel: ∆φ-width
of the same-side gaussian. Two model calculations in red and blue lines are shown. The red Jet-Bulk curve is a

correction term to the original calculation, the combined prediction is shown in black.



3 Di-Jets through Correlations

To enhance the jet sample, one can choose a high-pT trigger particle which is done in a number
of di-hadron correlation analyses3,5,7. Adding a second, azimuthally correlated trigger allows to
explore di-jets more directly. For that we use a three-particle correlation where we require a
second high-pT trigger back-to-back with the primary trigger and consider the particle distri-
bution with respect to such a trigger pair. This is known as “2+1” technique with two triggers
and softer associated particles 8. For similar trigger thresholds, the away-side in central Au+Au
was found no longer suppressed and appearing of similar width and correlation strength as the
same-side correlation. Both same- and away-side are found identical to the d+Au reference.
Furthermore, apparent absence of medium-induced modifications is confirmed by the spectra of
associated hadrons, showing no evidence of softening or suppression. Tangential emission of the
selected di-jet could provide a natural explanation for this observation, with all surviving di-jets
coming from the surface.

To vary the di-jet path length in the medium, it has been suggested to impose a large(r)
energy difference between the two correlated triggers9. For this measurement the electromagnetic
calorimeter was used to select primary triggers with transverse energy greater than 10 GeV, the
rest of the analysis was carried out as before. Figure 3 shows that the away-side has higher
yield, as one would expect to make up for the energy difference. But the same is happening in
the d+Au reference, with very similar yields and shapes. The medium seems all but opaque
to the trigger particles selected. These findings are not consistent with theory expectations of
significant energy deposition in the medium for back-to-back di-jet triggers10. Further theoretical
input is necessary to explain this result.
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Figure 3: ∆φ and ∆η projection of 2+1 correlations for for Etrig1
T > 10 GeV, ptrig2T > 4 GeV/c and passcT > 1.5

GeV/c.

4 Jet-hadron correlations

More direct information about the jet energy and direction can be obtained from full jet re-
construction. We use the anti-kT jetfinder to reconstruct jets from clusters in the BEMC and
charged tracks in the TPC11. Jets are required to have a 5.4 GeV cluster. Jet reconstruction
in a high-multiplicity heavy ion collision environment is complicated, but it has the potential
to increase the kinematic reach compared to dihadron correlations. One common issue is the
smearing of the jet spectrum due to particles from the underlying event. This is corrected
with a data-driven unfolding technique12. The techniques have matured to where Jet-hadron
correlations have become a valuable tool to assess energy loss in the hot medium13.

Figure 4 shows pT evolution and integrated away-side associated hadron yield per trigger
relative to the pp reference (IAA) for different jet energies. One can observe strong away-side
suppression above 2 GeV/c in this plot. This suppression at high pT is balanced by an enhance-
ment in the soft region. In a similar region below 2-3 GeV/c, a significant broadening of the
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Figure 4: Left panel: Gaussian width of the away-side jet-like peak for three different jet energies. The corre-
sponding widths in the pp reference are shown as shaded error bands only. Right panel: Away-side associated

yield suppression compared to pp.

away-side peak becomes visible. Both effects get stronger with lower jet energies, corresponding
to more heavily modified jets. Jets traversing the medium get softened and broadened.

5 Summary

Correlation techniques allow a unique differential view into the mechanisms of jet energy loss.
The results presented in this work address the modification of jet properties by the hot and dense
QCD medium. On the near-side, a pT -dependent autocorrelation analysis illustrated a gradual
evolution of the long-range pseudo-rapidity correlation of soft hadrons into the correlation similar
to so-called ridge associated with high-pT triggers in the triggered di-hadron correlations. Model
attempts to bridge that gap theoretically allowed first connection to the measured data and are
awaiting further progress. A jet-like peak emerged at higher pT , and if and how it is modified
is being studied. The 2+1 analysis allowed to trigger on di-jets and view both sides on equal
footing. Little to no modification was found, regardless whether the trigger energy difference
was small or large, suggesting strong surface bias of surviving di-jets. Di-Jet production and
interaction with the medium still challenges the theoretical understanding. Finally, the analysis
of the away-side in jet-hadron correlations showed how it softened and broadened as the recoil
jet traverses the medium, illustrating and quantifying the action of jet quenching.
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