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Abstract. We study parton suppression effects in heavy-ion collisions within the parton quenching model
(PQM). After a brief summary of the main features of the model, we present comparisons of calculations
for the nuclear modification and the away-side suppression factor to the data in Au+ Au and Cu+ Cu colli-
sions at /sy N = 200 GeV. We discuss properties of light hadron probes and their sensitivity to the medium

density within the PQM Monte Carlo framework.

1 Introduction

One of the very early and very exciting findings from the
experiments running at the Relativistic Heavy Ion Col-
lider (RHIC) was the observation of apparent jet suppres-
sion. At the top RHIC energy, \/syn = 200 GeV, the mid-
rapidity yield of high transverse momentum leading par-
ticles in Au+ Au collisions is about a factor of five lower
than expected from the measurements in p+ p collisions
at the same energy [1-3]. Similarly, jet-like correlations on
the azimuthally-opposite (‘away’) side of a high-p; trigger
particle are suppressed by a factor of four to five, while the
near-side correlation strength is almost unchanged [4,5].
The observed suppression persists also at lower center-
of-mass energies [6, 7], as well as in Cu+ Cu collisions at
62.4 and 200 GeV [8]. The absence of these effects in d+
Au collisions at /sy = 200 GeV [9-12] strongly supports
the picture of partonic energy loss, where energetic par-
tons, produced in initial hard scattering processes, lose
energy as a consequence of the final-state interaction with
the dense partonic matter created in nucleus—nucleus col-
lisions. The dominant contribution to the energy loss is
believed to originate from medium-induced gluon radia-
tion (see [13—15] and references therein). Recent calcula-
tions point out, however, that the collisional contribution
to the energy loss might not be negligible [16]. Still, strong
interest in these probes arises mainly from the fact that
modification of their properties due to interaction with the
medium provides access to fundamental properties of the
created matter, such as its density and nature [17].

A quite simple model that includes final-state gluon
radiation is the parton quenching model (PQM) [18]. It
combines the pQCD BDMPS-Z-SW framework for the
probabilistic calculation of parton energy loss in extended
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partonic matter of given size and density [19] with a re-
alistic description of the collision overlap geometry in
a static medium. High-energy partons (and parton pairs)
are treated on an event-by-event basis using Monte Carlo
techniques. The model has one single free parameter that
sets the scale of the medium transport coefficient ¢, the
average transverse momentum squared transferred to the
hard parton per unit path length, and, thus, the scale of the
energy loss.

In these proceedings, we will, after a short introduction
to the PQM model, compare the suppression phenomena
introduced above to the calculations obtained with PQM.
In particular, we will discuss to what extent light hadronic
probes are sensitive to the dense matter formed at RHIC.

2 The PQM model

The Monte Carlo calculation of the unquenched and
quenched transverse momentum spectra in PQM consists
of four main steps.

1) Determination of a parton type and its transverse mo-
mentum according to PYTHIA (LO) parton distribu-
tion functions.

2) Determination of its parton-production point in the
transverse plane according to the nuclear density pro-
file (Glauber) and evaluation of path length and trans-
port coefficient seen by the produced parton using two
line integrals weighted with oco1.

3) Calculation of the energy loss using constrained
quenching weights to extrapolate from the eikonal ap-
proach used in the BDMPS-SW framework to finite
parton energies. Two types of constraints are con-
structed to estimate the systematic uncertainty of
the approach: In the reweighted case the energy-loss
distribution is simply normalized with-in the kinemat-
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ically allowed regime, whereas in the non-reweighted
case the fraction of the distribution larger than the
energy of the parton contributes to the probability of
maximum energy loss.

Finally, independent fragmentation is applied to the
quenched and original parton. Back-to-back parton
pairs initially consist of a pair of partons with the same
py at the same production point, but with opposite-
side emission angle.

Currently, the model is restricted to mid-rapidity, and,
for simplicity, we ignore initial-state effects. The single pa-
rameter of the model (k) is fixed to set the scale of the
energy loss by fitting to data from 0-10% central Au+ Au
collisions at /syn = 200 GeV. Once the scale is fixed we
implicitly vary the medium density by its dependence on
the centrality as given by Glauber.

Details on the quenching procedure and its application
to high-p; data can be found in [18].

3 Suppression of leading particles
Suppression of leading particles is usually quantified via
the nuclear modification factor,

1 dQNAA/dpt dn
Ncoll> dszp/dptdn ’

(1)

the ratio of the yield of light hadrons in nucleus—nucleus
over proton—proton yield scaled by the number of binary
collisions in a given centrality class. The ratio is normal-
ized so that, if no final-state effects were present, it would

Raa(ps,n) = <
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be close to one. Indeed, this scaling is observed in the meas-
urement of direct photon yield in Au+ Au collisions at
VSN~ =200 GeV [20].

However, in Au+ Au collisions at the same energy, R4
for light hadrons at mid-rapidity is found to decrease from
peripheral (R44 ~ 1) to central events (Ras ~ 0.2), for
Pt 2 5 GeV (see Fig. 1). In this high-p; region, R4 4 is inde-
pendent of the particle type and rather independent of py.
In Fig. 1, the data is compared to the original calculation
of PQM, where the single parameter of the model was ad-
justed to match the suppression measured in 0-10% central
Au -+ Au collisions at /sy~ = 200 GeV. For central colli-
sions, this corresponds to an average transport coefficient
of about (§) = 14 GeV?/fm, which decreases with decreas-
ing centrality to essentially zero for the most peripheral
collisions. The average is taken over all produced hard par-
tons and given in the equivalent static scenario [19].

In Fig. 2, we show R4 (p:) for neutral pions in 0-10%
central Au+ Au collisions at /syn = 200 GeV for pre-
liminary PHENIX data [21], which extends beyond the
previous data by almost a factor of two in py. The
new data is compared to the original PQM calcula-
tion for (G) =14 GeV?/fm (simply extended to larger
py) in the reweighted and non-reweighted approximation
of the quenching weights for finite (small) parton ener-
gies. For a given medium density, the reweighted values
generally produce a weaker energy loss than the non-
reweighted ones. However, in the reweighted case, only
a rather small fraction of the full quenching weights is
used. This results in the unphysical behavior that, be-
yond a certain medium density, the probability of ‘zero
energy loss’ increases for increasing densities. There-
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Fig. 2. Raa(pt) for neutral pions in 0-10% central Au+ Au
collisions at ,/syn =200 GeV (preliminary PHENIX data)
with combined statistical and p¢-dependent systematic errors,
as well as pi-independent systematic errors (bar at Raa =
1) [21]. The PQM curves for (§) = 14 GéV? /fm are the original
PQM results (extended to larger p;) for the reweighted and
non-reweighted case from [18]. In addition, results for (§) =4
and 7 GeV?2 /fm for the non-reweighted case are shown, as well
as calculations for fixed L =6fm and §=1 GeV? /fm, or for
fixed relative energy loss of AE/E = 0.25
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Fig. 3. Raa(pt) for neutral pions in 0-10% central Cu+ Cu
collisions at ,/syn =200 GeV (preliminary PHENIX data)
with combined statistical and p¢-dependent systematic errors,
as well as pi-independent systematic errors (bar at Rqa =
1) [21]. The PQM curves for (§) = 9 GéV?/fm are the original
PQM predictions for the reweighted and non-reweighted case
from [18]. In addition, results for (§) = 3 and 5.5 GeV2/fm for
the non-reweighted case are shown, as well as calculations for

fixed L = 4fm and G =1 GeV?2/fm, or for fixed relative energy
loss of AE/E =0.15

fore, we show in addition, results for lower densities, for
() =4 and 7 GeV?/fm, in the non-reweighted case. We
furthermore compare the realistic calculations with cal-
culations where we either fix the geometry (L = 6 fm and
4 =1 GeV?/fm) or the relative energy loss (AE/E = 0.25).
While the fixed geometry case leads to a more strongly ris-
ing R4 with increasing py, the fixed relative energy-loss
approximation over a very wide range of p; describes the
data.
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Fig. 4. Centrality dependence of R4 4(py > 7 GeV) for neutral
pions in Cu+ Cu and Au+ Au collisions at /syy = 200 GeV
(preliminary PHENIX data) with combined statistical and sys-
tematic errors [21]. The PQM calculation is shown for (§) = 4,
7 and 14 GéV2/fm (Au+ Au), as well as for (§) =3, 5.5 and
9 GeV2/fm (Cu+ Cu) in the non-reweighted case

Similar conclusions can be made for the comparison
with data from Cu + Cu interactions at RHIC. In Fig. 3, we
show R4 (pt) for neutral pions in 0-10% central Cu+ Cu
collisions at /syy = 200 GeV for preliminary PHENIX
data [21]. The data are compared to the PQM predic-
tion (made before QM’05 [22]) for (§) = 9 GeV?/fm for the
reweighted and non-reweighted case. The value of (§) =
9 GeV?2/fm relies on the proportionality of the transport
coefficient to the initial volume density of gluons [23] and
on the predictions of the saturation model [24], as out-
lined in [18]. The prediction seems to slightly overestimate
the suppression in the smaller Cu+ Cu system. We there-
fore also present results for lower densities, for (§) = 3 and
5.5GeV?/fm, in the non-reweighted case. As before, the
calculations including the nuclear geometry are compared
to calculations with either fixed geometry (L =4 fm and
¢ =1GeV?/fm) or relative energy loss (AE/E = 0.15).

In Fig. 4, we show calculations of the centrality depen-
dence of the nuclear modification factor for p; > 7 GeV in
Cu+ Cu and Au+ Au collisions at \/syn = 200 GeV com-
pared to the preliminary PHENIX data [21]. The data
seem to favor values for the transport coefficient of (§) = 7—
14 for Au+ Au and 3-5.5 GeV? /fm for Cu + Cu collisions.

4 Suppression of jet-like correlations

Within the PQM framework, we consider the suppression
of back-to-back jet-like correlations by simulation of back-
to-back pairs of partons in a simple LO parton model (no
intrinsic k). The magnitude of the suppression is usually
quantified by the factor I'yy" = D™ /D3, where the
di-hadron correlation strength, DZ;V(?{ 4y, for an associated
hadron, hg, with p; o in the opposite azimuthal direction
from a trigger hadron, hi, with py 1, is integrated over the
considered trigger — and associated — p; intervals [25],
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As was found for the nuclear modification factor in
Au+Au collisions at (/syy =200GeV, I3 for 4 <
P8 < 6GeV and 2 GeV < p?5%°° < pi™'® is found to de-
crease with increasing centrality, down to about 0.2-0.3
for the most central events (see Fig. 5). In the figure, we
also show I3"}" data taken from [28] for higher p; cuts
of 8 < p{"™® <15 GeV, where we normalize the away-side
yields measured in Au+ Au to the yields measured in d+
Au collisions. Both data sets are compared to PQM calcu-
lations (using p+ p as the reference in both cases) for the
non-reweighted case with (§) =4, 7 and 14 GeV?/fm for
Au+ Au collisions. The data for the higher trigger cuts fa-
vor smaller medium densities, while the uncertainties on
the data for the lower cuts make it difficult to draw strong
conclusions. For completeness, we also present predictions
for the Cu+ Cu system with (¢) = 3, 5.5 and 9 GeV?/fm
(only high trigger cuts).

5 Sensitivity of light hadronic probes

Another complication arises from the fact that probes
based on leading-particle analyses are affected by several
biases. The biases result primarily from the steeply-falling
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underlying production cross sections and the emission from
regions close to the surface. The latter effect dominates for
large medium densities. This is illustrated in Fig. 6, which
shows the behavior of R44 (at 10 GeV) and I3 (for trig-
ger cuts of 8 < pi"® < 15GeV and 6 GeV < p255°¢ < pi'8)
as a function of the medium density, expressed as (§),
in Au+Au and Cu+ Cu collisions at /syn = 200 GeV.
Clearly, beyond a certain medium density, the numerical
values for the ratios saturate at a non-zero value. The
fundamental reason is that the probability of no medium-
induced gluon radiation, P(AE = 0), for a medium of finite
size and finite density is not zero. The ‘no radiation’ con-
tribution to the spectra is dramatically enhanced when
realistic nuclear path-length distributions and density pro-
files are taken into account, since P(AE = 0) is decreasing
as a function of ¢L3, giving significant weight to partons
that ‘feel’ lower values of L3. We have reported in [18] that
the Raa and I"Y data (for low trigger cuts) can be de-
scribed by taking into account only P(AE =0) and 1—
P(AE =0) (see also [26]).

Recently, direct measurements of dijets in heavy-ion
collisions have been performed by the STAR collabora-
tion [28]. It is found that, while the relative yields of
the hadron-triggered fragmentation function relative to
d+ Au, the integrand in (2), are suppressed, the shape is
not modified, even in the most central Au+ Au collisions at
200 GeV. Such a scenario naturally follows from the trigger
bias since, due to the cuts on near-side and away-side par-
ticle pt, those dijet pairs that escaped the collision region
without losing a significant fraction of their initial energy
are preferentially selected.

For the PQM framework, the situation is illustrated
in Fig. 7, which shows production points and emission di-
rection for surviving back-to-back pairs in the transverse
plane for 0-10% central Au+ Au collisions. Each parton
pair shown yields a hadron pair within 8 < p¢"™® < 15 GeV
and 6 GeV < pissoc < pi“g. The chosen set of transport

o g T T T3
EO 9 E m— R,, at 10 GeV, 0-5% Au+Au, 200 GeV =
08 :i‘ s Rn at 10 GeV, 0-5% Cu+Cu, 200 GV —J
\} ) E

0.7 \s = = [, 8GeV <p™< 15 GeV, p™**> 6 GeV 3
0.6 4 \ avey . =
Ok - - ,8GeV<p("9<15 GeV, p’***> 6 GeV 3
05F E
0.4F E
03F 3
02 g_ S~ il -—_g
0.1 . .------------_-
E non-reweighted | | | | E

00 5 10 15 20 25 30
(@ [GeV¥fm]

Fig. 6. R4 4 at 10 GeV and Izvjza_y for trigger cuts of 8 < pzng <
15 GéV and 6 GeV < pss°¢ < p™€ as a function of () in 0-5%
central Au+ Au and Cu+ Cu collisions at /sy = 200 GeV.
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and 6 GeV < p®*°¢ < pzrig
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coefficients are the same as previously used to describe
the I71Y data, (§) =4, 7 and 14 GeV?/fm, in the non-
reweighted case. In panels of Fig. 7, the center of any line

C. Loizides: High transverse momentum suppression and surface effects in Cu+ Cu and Au+ Au collisions

indicates the production point of a parton pair, and the
two partons emerge along the line in opposite direction.
The color of each line either indicates the medium density
(left) or the relative energy loss (right panels) of the away-
side parton, which is defined as the parton fragmenting
into the associated hadron. The left panels of Fig. 7 clearly
illustrates that the largest medium densities are encoun-
tered by away-side partons that pass through the central
zone of the collision, which is expected for a static scenario.
The core is surrounded by dijets that escape tangentially
with respect to the central region [27]. In the case of an
expanding medium, the interpretation of the underlying
trigger bias remains the same: surviving dijets are always
selected from regions (and times) of the collision evolution
where they suffered the least amount of interactions with
the medium. The right panels of Fig. 7, which color-code
the relative energy loss of the away-side parton, illustrate
this point from a slightly different perspective. It is appar-
ent that in all three cases, the energy loss is close to zero
for a large fraction of the dijets, even for the core region.
This is due to the probability of zero-energy loss for the
away-side parton, P(AE*¥® = (), which for the core is al-
ready about 0.05, even for the (§) = 14 GeV?/fm case. As
shown in Fig. 8a, P(AE*¥® = () quickly reaches values be-
tween 0.1 and 0.3 for the d <4 fm, where d = \/z3 + 43 is
the distance of the production point to the collision cen-
ter. A large fraction of these parton pairs are initially pro-
duced, see Fig. 8b (dashed line, no medium). The same
figure illustrates the shift of the production point distribu-
tion to larger distances with increasing medium densities,
when energy loss is included. The mean values change from
3.2fm in vacuum to 3.5, 3.7 and 4.1 fm for (§) =4, 7 and
14 GeV? /fm, respectively. In Fig. 8c, we finally present the
average AE/E versus d for near-side and away-side par-
tons. For distances of d 2 4 fm, that contribute significantly
to the near- and away-side yields, 0.1 SAE/E $0.25 for
the three densities, and the average relative energy loss is
nearly the same on both sides.

6 Summary

Jet quenching effects at the top RHIC energy are discussed
within the parton quenching model that includes a prob-
abilistic treatment of the BDMPS quenching weights and
a Glauber-based implementation of the collision geometry.
The available high-p; data for Raa, I54" and their cen-
trality dependence constrain the extracted medium dens-
ity to about 35 (g) S9GeV?/fm for central Cu+ Cu and
45(g) $14GeV?/fm for central Au+ Au collisions. Our
analysis suggests that particle production in central colli-
sions is ‘surface’ dominated, not only for single hadrons,
but also for dijets. The properties of surviving dijets there-
fore are very similar to the vacuum properties.
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