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An overview of recent high-pr hadron and photon measurements at RHIC is pre-
sented with a focus on the evolution of hadron/photon production from intermediate
pr(S 5 GeV/e) to high pr(> 10 GeV/c). Addressed topics include single high-pr hadron
production, azimuthal anisotropy of 7% production, di-jet modification at intermediate
pr and inclusive photon-hadron correlations. The understanding of these results in the
context of different energy loss models is also discussed.

1. Introduction

The study of high-py particle production is one of the most important components of
the ultra-relativistic heavy ion program at RHIC. The phenomenon of jet quenching in
Au+Au collisions at RHIC is now clearly established by measurements of single hadron
suppression and di-jet quenching together with control measurements in d+Au collisions
(see [1-4] and references therein). Recent results [5] showing that the prompt photon yields
in Au+Au collisions are consistent with pQCD expectations have provided ultimate proof
that hard scattering processes occur at the expected rate in Au+Au collisions and that
the observed jet quenching is a final-state effect. The above described results have been
used to obtain estimates of primordial parton number and energy densities [6-8] that are
well in excess of the densities required for quark-gluon plasma formation. Jet quenching
is one of the key observations supporting the conclusion that Au+Au collisions at RHIC
produce a strongly coupled quark-gluon plasma [9-13,7,14,15]. More recent measurements
indicating possible longitudinal flow effects on parton propagation and fragmentation [16]
and observations of a strongly modified di-jet shape at intermediate pr [17] suggest that
high-pr measurements at RHIC may soon provide sensitivity to medium properties beyond
color-charge density.

In spite of the above-described successes, there are a number of open issues with our
understanding of the energy loss process. While most energy loss calculations consider
only radiative energy loss [18-22], recent analyses suggest that collisional energy loss could
contribute significantly in the currently accessible momentum range [23,24] — particularly
for heavy quarks [25,26]. Also, very recent analyses of the parton cascade in the medium
[27] may provide a completely new view of “jet quenching” physics. Given the sQGP
interpretation, we may also have to consider radically different quenching mechanisms
[28]. There is even some uncertainty about the dominance of hard scattering contributions
to hadron production at transverse momenta normally considered to be high [29,30].
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Furthermore, measurements of the azimuthal anisotropy of high-pr hadron production
demonstrate that physics beyond “ordinary” radiative energy loss must contribute over
a large part of the currently accessible py range, since radiative energy loss calculations
cannot yet explain [31-34] the large observed hadron vy values without invoking “extra”
physics such as recombination [33,35,36], larger energy loss for partons crossing the flow
field [37], or other new mechanisms (e.g. [28,30,38]). Thus, we cannot be certain that the
radiative energy loss is truly the dominant physics process driving the observed hadron
suppression over the accessible pr range.

Another potentially serious problem with our understanding of jet quenching arises
from differences of interpretation of the single hadron data. In particular, analyses using
BDMPS quenching weights [39,40] have suggested that the medium in Au+Au collisions
is sufficiently opaque that the single hadron suppression measurements are only sensitive
to jets produced at the very edge of the collision zone and that unexpectedly large in-
medium scattering cross-sections may be required to describe the data. While it has
been argued that effects of transverse expansion on the medium-induced energy loss can
account for the apparent opacity [41], other calculations [6,42,43] are capable of describing
single-hadron measurements using “ordinary” scattering cross-sections and do not require
a completely opaque medium. Until such disagreements over the interpretation of the
most basic high-p;r measurement are resolved we cannot really claim to “understand” jet
quenching.

This paper will use a selection of new results from Run 4 and Run 5 data-taking at
RHIC to address many of the above questions/problems. The focus of the paper is on
the evolution of jet quenching phenomena from intermediate to high pr, the potential
role of physics other than radiative energy loss, and our theoretical understanding of the
measurements.

2. Single high-p; hadron production

An important feature of Au4+Au jet quenching measurements is the approximate con-
stancy of the observed single hadron suppression as a function of pr. While early en-
ergy loss calculations [44] predicted a weakening of the single hadron suppression with
increasing pr, more recent energy loss analyses [45,6,40,43,39,42] can reproduce the ap-
proximate constancy of Raa(pr) via a combination of more exact calculation, shadowing,
Cronin effect, “feedback” and absorption of energy from the medium [46,42], interplay
of quark/gluon quenching, and the underlying shapes of the scattered parton spectra.
Measurements of single hadron production at higher pr where some of these effects are
less important will be critical to understanding the apparent constancy of high-py single
hadron suppression. Clearly an important question is whether the “intrinsic” energy loss
behavior — a decrease of the suppression with increasing pr — will eventually be revealed.
To address these points, Fig. 1 shows preliminary Run 4 PHENIX measurements of 7
Raa in 200 GeV Au+Au collisions in six centrality bins. These data show clearly the
approximate constancy of the high-pr 7° suppression in Au-+Au collisions for all central-
ities. The suppression is approximately pr-independent out to 20 GeV/c, though there
is a suggestion of a gradual increase in the Raa(pr) with increasing pr in the 0-10% and
0-5% centrality bins.

If we are to understand the pr dependence of suppression in Au+Au collisions, we should
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Figure 1. PHENIX Run 4 7° Raa(pr) for 6 centrality bins in 200 GeV Au+Au collisions. The

error bars (boxes) on the points show statistical (point-to-point systematic) errors. The Boxes
on Raa = 1 line show separate multiplicative systematic errors.

first make sure we understand the py dependence of 7° production in d+Au collisions. To
this end, final results from PHENIX measurements of 7° production in d+Au collisions
are plotted in Fig. 2 for four different bins of collision centrality. These data show a
centrality-dependent change in Rqa at high-pr that indicates a modest suppression in the
yield of high pr 7°’s in central d+Au collisions relative to peripheral collisions. While the
reduction of Rga below 1 in central collisions is of modest significance when all errors are
accounted for, the differences between the high-pr Rqa values for peripheral and central
collisions are much more significant. It is worth noting that STAR measurements are
consistent with a decrease of Rqa below 1 for pr >~ 8 GeV/c in central d+Au collisions
[47]. Such a suppression could result from the EMC reduction in the Au nuclear parton
distribution above x = 0.2, but only if the EMC effect is impact parameter dependent.
The suppression might also be partially due to energy loss of quarks/gluons in the cold
nucleus. Regardless of the explanation, we can reasonably expect that similar effects are
also present in Au+Au collisions and that they affect the observed Raa(pr). Without the
contributions from this effect, we would then presumably see a (stronger) rise in 7° Raa
with increasing pr.

Figure 3 shows a comparison of the central Au+Au 7% Rxa values from Fig. 1 to
three different theoretical energy-loss calculations, PQM [39], GLV (Vitev), and a cal-
culation by Turbide et al. using the AMY transport formalism [48,49]. The PQM cal-
culation was obtained using three different values for the BDMPS transport coefficients
[19], ¢ = 4,10,15 GeV?/fm. The GLV calculations were performed for three different
initial gluon dn/dy values, the largest shown only to demonstrate that the suppression



4 B.A. Cole

SPNZ =
& 18E gz0% 2 18F y40%
1.6 1.6
1.4 1.4
1.2 1.2
1 1
0.8 (X + 0.8 ®
0.6 0.6
0.4 0.4
0.2 0.2
DD 123456789 10111213141516 DD 123456789 10111213141516
p, (GeVic) p, (GeVic)

2
© 18E goas%

© 18E 40.60%
1.6 1.6
1.4 1.4
1.2 ® 12 +

1 1

0.8 0.8

0.6 0.6

0.4 0.4

0.2 0.2
DD 12345678 910111213141516 l:|l1| 12345678 910111213141516
p; (GeVic) p; (GeVic)

Figure 2. PHENIX final 7° Rga in 200 GeV d+Au collisions for 4 centrality bins. Error
bars (boxes) on the data points show statistical (point-to-point systematic) errors. The
band around Rgqs = 1 indicates a pr-independent (multiplicative) systematic error.

in the GLV calculation(s) does not saturate with increased medium density. The AMY
calculations use initial conditions, 7; &~ 0.15 fm and T; = 370 MeV, corresponding to a
produced particle dn/dy = 1260. The only other parameter in the AMY calculation is
the strong coupling constant, and results are shown for two values of a,. As the figure
demonstrates, all three calculations are capable of describing the py dependence of the
single ¥ suppression in central (0-10%) Au+Au collisions out to 20 GeV/c. There are
subtle differences in the observed pr dependence — particularly for the AMY calculation
which appears to be turning down at high p;. However, such differences in p; dependence
are difficult to assess since the three calculations use different nucleon PDF’s, shadowing
functions, Cronin effect parameterizations etc. The AMY calculations demonstrate the
sensitivity of the energy loss to ay: a ~ 10% change in a, produces a ~ 25% change in
the 7 suppression. Since ay is not known a priori to 10% accuracy, the strong coupling
constant must contribute considerable systematic uncertainty in energy-loss calculations.
The dependence of the AMY results on a, also provides insight on the sensitivity of °
Raa to medium properties. If the medium is sufficiently opaque that the single hadron
suppression becomes insensitive to medium properties, changing a, by 10% should not
produce the observed reduction in 7° Ras. The calculations by Vitev also appear to show
no saturation in 7° Raa with increasing medium density (dn,/dy). Both the AMY and
GLV calculations use initial parton densities roughly consistent with final-state particle
multiplicities. Thus, the loss of sensitivity of the single high-p; hadron Ras to the prop-
erties of the medium and the extreme medium densities required to explain the data seem
to be unique features of energy loss calculations based on BDMPS quenching weights.
Since, we don’t know whether the vastly different interpretations of the Au+Au single
hadron data are due to differences in the description of the energy loss process itself or due
to differences in description of the geometry/time-evolution of the medium, Cu+Cu data
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Figure 3. Comparison between PHENIX Run 4 measurements of 70 Raa in 200 GeV central
(0-10%) Au+Au collisions and three energy loss calculations (see text for details).

could provide a valuable alternative test of the energy loss models. In Cu+Cu collisions
the medium will be less opaque and we could hope that reasonable extrapolation of
medium properties in the different calculations to Cu+Cu collisions would provide testable
differences in predicted Rxr. However, preliminary measurements of 7° production by
PHENIX [50] and charged hadron production by STAR [51] yield results that can be
explained by both GLV (also see [43] and PQM calculations. In fact, both GLV and PQM
analyses suggest an NpartQ/ ® dependence of opacity on collision size/centrality, but for
different reasons. This would suggest that calculations using BDMPS quenching weights
uniformly require greater medium opacity than other calculations.

3. High-p; azimuthal anisotropy

As discussed above, measurements of hadron azimuthal anisotropy in the currently
accessible pr range cannot be explained purely by medium-induced radiative energy loss.
However, contributions other than radiative energy loss may be largest at intermediate pr
so an extension of azimuthal anisotropy measurements to higher p; may help constrain
theoretical analyses and improve our understanding of the origin of the large anisotropies.
To this end, Fig. 4 shows new Run 4 preliminary measurements from PHENIX of the pr
dependence of 7° v, in Au+Au collisions in the 20-30% centrality bin where the PHENIX
reaction plane resolution is best (see [52] for more details). The data in Fig. 4 demonstrate
a clear and statistically significant reduction in 7% v, with increasing pr from a maximum
at pr ~ 3 GeV/c. Also shown in Fig. 4 are results from two of the calculations discussed
in Sec. 2, namely PQM and AMY. The comparison between the data and calculations
in Fig. 4 demonstrates the inability of “standard” energy loss models to reproduce the
large vy observed at moderate pr, pr <~ 6 GeV/c. However, the figure also shows that
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Figure 4. PHENIX 7 vy(pr) in 200 GeV Au+Au collisions (20-30% centrality). Curves
show energy loss calculations: solid - AMY (20-40% centrality), dashed - PQM.

at larger pr, the measured 7 vy decreases to a value consistent with radiative energy loss
calculations. Thus, the measurements suggest that for pr >~ 6 GeV/c, the azimuthal
anisotropy can be understood completely on the basis of radiative energy loss.

To understand the origin of the enhanced v, at intermediate py, we should investi-
gate more closely the dependence of the 7° suppression on A¢, the angle of the 7° wrt
the reaction plane. Since the mechanism responsible for the larger vy may also influence
the A¢g-integrated yield, separate studies of Raa and v may miss important experimen-
tal clues to the origin of the azimuthal anisotropy at intermediate pr. Figure 5 shows
PHENIX measurements of 7 Raa(pr) in six A¢ bins covering 0 < A¢ < 90°. The mea-
sured Raa(pr) is constant for 7° production nearly perpendicular to the reaction plane
(75° < A¢ < 90°), while Raa(pr) increases rapidly with decreasing pr for 7° production
in the reaction plane (0 < A¢ < 15°). As suggested above, these results indicate a strong
correlation between the Ag¢-integrated Raa and vy, since the increase in yield (Raa) in
the in-plane A¢ bin(s) is not offset by a decrease in yield in the out-of-plane bin(s). Given
the energy loss calculations shown in Fig’s 3 & 4, it is reasonable to infer that the flat
Raa(pr) in the out-of-plane bin reflects the intrinsic pr dependence of the energy loss
process. This inference is also supported by the results in Fig. 5 in the central (0-10%)
bin for which Raa (pr) is approximately constant above 4 GeV /c for all A¢ bins. Then, we
might conclude that the mechanism responsible for the large v, at intermediate pr must
generate “extra” partons/hadrons in the direction of the reaction plane. The process
suggested by Molnar [30] in which multiple scattering in the medium boosts soft partons
to high-py provides an example of just such a mechanism. In contrast, the mechanism
suggested by Armesto et al. in which the energy loss (suppression) is larger for partons
(7°) moving across the flow field (out of plane) and smaller for partons (7°) moving par-
allel to the flow field (in plane) would appear to be inconsistent with the data. However,
strong conclusions should await more detailed and systematic model comparisons with the
data, particularly because of the potential subtlety of the interaction between transverse
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Figure 5. PHENIX Run 4 7 Raa(pr|A¢) in 6 centrality bins. The shaded region around
RAA =1 reflects the systematic errors due to the reaction plane resolution correction.

flow and energy loss [41]. Nonetheless, measurements like those in Fig. 5 should provide
stringent tests of calculations of azimuthal anisotropy and flow-dependent quenching.

4. Jet Correlations at intermediate pr

Di-hadron correlations provide a completely different tool for studying jet quenching
in heavy ion collisions. For the purposes of this paper, only results at intermediate pp
will be considered; discussions of other aspects of jet correlation analyses can be found
elsewhere in these proceedings. The most prominent feature of di-hadron correlations at
intermediate pr is the strong distortion of the di-jet signal first reported by PHENIX
[17]. This result is critically important given its possible interpretation in terms of a
“Mach cone”, Cherenkov radiation, etc. On the experimental side, the measurement is
difficult due to the required subtraction of substantial flow-modulated background. Errors
in the description of the background can distort the shape of the extract di-jet signal so
verification of the di-jet modification is essential given the importance of the result.

Figure 6 shows PHENIX Run 4 measurements of di-hadron A¢ correlations in central
(0-10%) Au+Au collisions for four different bins in trigger and associated hadron pr
(see[53] for more details). The modification of the di-jet signal is so strong that it can be
seen in the lowest pr bin prior to background subtraction. After background subtraction
we find a “saddle” shape with peaks at A¢ = 7+ =~ 1 consistent with the first PHENIX
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Figure 6. PHENIX Run 4 di-hadron correlation functions (top) and yields per trigger
(bottom) in various trigger, associated pr bins in central (0-10%) Au+Au collisions. Solid
curves, top: estimated background with 1-o syst. errors.

results [17]. With increasing pr, the contributions from the “saddle” decrease and in
the highest pr bin in Fig. 6 a hint of the true di-jet signal can be observed. Figure 7
shows preliminary STAR measurements [54] in py bins that match the original PHENIX
publication. While the reduction in yield in the STAR di-hadron A¢ distributions at
A¢ = 7 is weaker than in the PHENIX results, the qualitative features are the same — a
strong production of associated hadrons peaked at A¢ ~ 2 and a reduction near A¢ = 7.
Conclusions regarding possible differences between the STAR and PHENIX results must
await more detailed comparisons and cross-checks on background subtraction techniques.
An alternative method for checking PHENIX background subtracted di-hadron cor-
relation measurements was developed by J. Jia [53] in which the di-hadron correlation
function and associated yields are measured as a function of A¢™8, the angle of the trig-
ger hadron wrt reaction plane. The results of this analysis for six reaction plane angle bins
in the range 0 < A¢'® < 90° are shown in Fig. 8. The points with the largest modulation
correspond to 0 < A¢'™& < 15° while the points with the smallest modulation correspond
to 75° < A¢™e < 90°. The the other A¢'™# bins smoothly interpolate between these ex-
tremes. This reaction plane dependent analysis is useful because the shape of the elliptic
flow modulation changes completely as a function of A¢™¢ [55]. In fact, it is difficult to
observe anything other than the flow modulation in the correlation functions in Fig. 8.
However, once the correct A¢'™8-dependent flow-modulated background is subtracted,
the associated hadron yields shown in the right panel of Fig. 8 are all consistent and
show the “saddle” structure seen in the original PHENIX paper. The slight differences
between the results for the different reaction plane bins in Fig. 8 are known to partially
result from an unsubtracted cos(4A¢) term in the background but may also reflect con-
tributions from reaction plane dependence of the di-jet distortion. Based on the results
in Fig. 8 we can conclude that such a dependence is small. The results in Fig. 8 provide
strong validation that the PHENIX di-hadron measurement at intermediate py is under
good systematic control. Even small errors in vy and/or average background level would
produce substantial differences in the shape of the A¢ distributions for different Ag™e.
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With the qualitative agreement between (preliminary) STAR and PHENIX results es-
tablished and the above-described systematic checks on the PHENIX measurements per-
formed, we can now focus on understanding the origin of the di-jet modification. Possible
interpretations and further experimental analyses of the effect can be found elsewhere
in these proceedings. The strong di-jet distortion is clearly one of the most compelling
“high-pr” problems at RHIC and an understanding of the effect will provide valuable new
insight on the physics of a colored charge propagating in a dense colored medium. More
details on these analyses can be found elsewhere in these proceedings [56-59].

5. Photon-hadron correlations

Photon-jet processes have been the “holy grail” of the RHIC high-p; community for
nearly a decade because of the potential sensitivity they provide to medium-induced
energy loss [60]. Such measurements have previously been unfeasible due to the low rate of
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photon-jet processes, but with the increased Au+Au statistics available from Run 4, both
STAR and PHENIX have initiated photon-hadron correlation studies. Inclusive photon-
hadron correlation measurements shown in Fig. 9 for 200 GeV Au+Au collision from both
PHENIX [61] and STAR [62] show clear evidence of prompt photon contributions. The
STAR data show a reduced yield of hadrons produced at small angles wrt photons with
pr > 10 GeV/c in central collisions relative to peripheral collisions. The PHENIX data
show a reduced yield of hadrons produced at small angles wrt trigger photons relative to
trigger 7%’s. In both cases, the reduced yield is consistent with a relatively large prompt
photon contribution [5] in central collisions. For now, measurements like those shown in
Fig. 9 are only exploratory. Nonetheless, they represent the first step down the path to
true photon-jet measurements at RHIC.

6. Summary

New results presented at the Quark Matter 2005 conference have provided substan-
tial advances in our experimental knowledge base on high-p; hadron production and jet
quenching. We now know that the factor of 4 — 5 single-hadron suppression in central
Au+Au collisions persists unchanged out to pr = 20 GeV/c though the Run 4 7% mea-
surements from PHENIX suggest a slow growth of Raa with pr. New d+Au 7° results
at high pr may provide the first direct observation of nuclear PDF modifications and/or
parton energy loss in the cold nucleus. New Cu+Cu measurements show significant single
hadron suppression with a dependence on N, that is similar to, if not completely con-
sistent with Au+Au results. New measurements of 7 azimuthal anisotropy show that v,
decreases from a maximum near pr = 3 GeV/c to a value < 0.1 near pr = 10 GeV/c. The
high quality data available from Run 4 now allow direct studies of single hadron produc-
tion/suppression on the angle of the hadron wrt reaction plane. The recent observation of
strong modification of the di-jet signal has opened an entirely new chapter in the study of
parton propagation in a strongly interacting medium. New results from Run 4 presented
here provide strong confirmation that the effect is not an experimental artifact. When the
effect is understood we will surely learn more about medium properties and the physics
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of a colored parton propagating in a dense, colored medium.

Energy loss calculations successfully describe both the pr and Ny, dependence of
single-hadron suppression in both Au+Au and Cu+Cu collisions. The 7° vy at high pr
is consistent with radiative energy loss calculations suggesting that azimuthal anisotropy
measurements may provide real tomographic information about the medium. However,
our enthusiasm at the success of energy loss calculations must be tempered by recognition
of the vastly different conclusions regarding the opacity of the medium drawn from differ-
ent energy loss calculations. Clearly we need to find better ways to experimentally test
the different ingredients of these calculations. While di-jet measurements [63] provide new
information, even two observables, Raa and 144, will not suffice to resolve disagreements
in the description of the basic energy loss process and constrain collisional energy loss
and elucidate transverse and longitudinal flow effects and constrain “soft” contributions
at high pr, and test the sensitivity of jet quenching to the geometry of the medium, and
constrain final-state hadronic absorption contributions and ... It is essential that mea-
surements of azimuthal anisotropy, di-jet quenching, jet (1, ¢) profile, etc. be extended
to pr > 10 GeV/c where radiative energy loss may be dominant. With the addition of
heavy quark studies, future photon-jet results, di-jet modification and new, clever mea-
surements not yet anticipated we may still hope to unravel the complicated mix of physics
contributing to jet quenching and improve our sensitivity to medium properties.
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