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Abstract

The final state energy loss of fast partons penetrating a longitudinally expanding quark—gluon plasma of effective gluon
rapidity densityd N8 /dy = 650—800 is evaluated and incorpted together with #multiple initid state Cronin scattering in
the lowest order perturbative QCD hadron production formalism. Predictions for the neutral pion attenuation in cejptkal Au
collisions at the intermediate RHIC energy gfnN = 62 GeV relative to the binary collision scaledt- p result are given.
The quenching is found to be a factor of 2—3 with a moderate transverse momentum dependence and the attenuation of the away
side di-hadron correlation function is estimated to be 3-5-fold.
0 2004 Elsevier B.VOpen access under CC BY license.

PACS: 12.38.Mh; 12.38.Cy; 24.85.+p; 25.30.-C

1. Introduction

Recent combined experimental measurements of theeauniodification to the moderate and large transverse
momentum hadron production in AuAu [1,2] andd + Au [3] reactions have provided strong evidence in support
of the dominance of multiple final state interactigd$ over the initial state Cronin scatteritj§] and possible
nuclear wavefunction effecf6] in relativistic heavy ion collisions. These findings pave the way for detailed studies
of derivative jet quenching observablgs8] such as the higlyr azimuthal anisotropy?], the broadening and
disappearance of di-jet correlatiofi®], extensions of the correlation analysis with respect to the reaction plane
[11] and possibilities for full jet and lost energy reconstrucf{ib?]. The theory and phenomenology of multiparton
dynamics in ultra-dense nuclear matter will, howevema@& incomplete without a thorough investigation of the
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center of mass energy and system size depend&B8¢k4] of medium induced non-Abelian gluon bremsstrahlung
and the corresponding hadron attenuation. Possible onset of pion suppression at the SPS gfigrgy:df7 GeV
has been recently discusgd®]. The intermediatg/sny = 62 GeV RHIC run is the next critical step in mapping
out the elastic and inelastic scattering properties of a quark—gluon plasma via jet tomdgraphy

The magnitude of the energy loss driveunclear quenching of moderate and hjgh pions is controlled by the
soft parton rapidity densitj8,16]. To relate the experimentally measud"/dn [17] to the effectived N8 /dy
we useldn/dy| ~ 1.2 atn = y = 0, ignoring the,/snn dependent changes in particle composition. The estimated
effective

g ch
dN?® ‘dn dN )
follows from the isospin symmetry of strong inéetions and the appraxiate parton—hadron dualif¥8]. Straight-
forward application of Eq(1) for central, Npart = 340, Au+ Au collisions anddNCh/dn constrained from the data
[17] yieldsd N8 /dy ~ 550,850, 1150 at SPS, the intermediate and maximRHIC energies, respectively. Such
rapidity densities will likely be compatible with a soft participant scaling phenomendb@jy The predicted
/SN = 200 GeV pion quenchinfiL3] was found to be in good agreement with the experimental measurements
[1] but the original SP%° data[20] would tend to disfavor parton energy loss in variance with the theoretical ex-
pectation$4]. A more recent analysis of the low energy- p baseline cross secti¢h5] shows that the WA9R0]
and CEREJ21] data are not inconsistent with jet quenching calculations wittf /dy = 400 when the Cronin
effect is taken into accouril3]. The extracted effective gluon rapidity density, however, still falls short of the
expectation from the measured hadron multiplicifieg]. This deviation can be related to the uncertainties in the
perturbative calculation in a theory with strong coupling and a non-negligible quark contribtgitive bulk soft
partons at/syy = 17 GeV at midrapidity. Therefore, the importance of studying the sensitivity of the observable
spectral modification to a range ofrpan densities at a fixed center of mass energy should not be underestimated
in theoretical calculations.

The purpose of this Letter is to investigate the interplay of the initial state multiple Cronin scattering and the
final state energy loss in a thermalized QCD media with effecfivé /dy = 650-800 in moderate and large
transverse momentum hadron production. Se@iontlines the method for evaltiag the medium induced gluon
bremsstrahlung off fast partons in dense, dynamically expanding and finite nuclear matter. $pctisants the
calculated depletion of pion multiplicities in central AuAu reactions at/snny = 62 GeV relative to the binary
collision scaledp + p baseline. Summary and discussion is given in Seetion

2. Medium induced gluon bremsstrahlung in finite dynamical plasmas

The full solution for the medium induced gluon radiation off jets produced in a hard collisions at early times
Tiet  1/E inside a nuclear medium of length can be obtained to all orders in the correlations between the
multiple scattering centers via the reaction operator apprf2jhOther existing techniques have been reviewed
in [4]. The double differential bremsstrahlung intensity for gluons with momentanixpt, k2/xpt, k] resulting
from the sequential interactions of a fast parton with momensum[ p™, 0, 0] can be written as

o (n)
LANg s dN;
dx d?k dx d?k

n=

1 Hard jets have @ /C4 = 4/9 smaller elastic scattering cross section with quaekative to gluons. If nuclear matter is approximated
by effective gluons, the inferred density will beroespondingly smaller while still yielding the same meanand opacity.
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where "3 = 0 is understood. In the small angle eikonal limit= k* /p™ ~ »/E. In Eq. (2) the color current
propagators are denoted by

1
C(m ..... n) — Evk In(k —Om = — Qn)z, B(m+1 ..... n)(m,...,n) = C(m-i—l ..... n)y — C(m,...,n)- (3)
The momentum transferg are distributed according to a normalizeldstic differential cross section,

vdoe(i)  pP3)

A0 w(Q? + p2(i)?
which models scattering by soft partons witthaitmally generated Debye screening ma&s. It has been shown
[22,23] via the cancellation of direct and virtual diagrams that in the eikonal limit only the gluon mean free
pathig (i) enters the medium-induced bremsstrahlung spectrum if{ZxoFor gluon-dominated bulk soft mat-
teroel(i) ~ gnaf/uz(i) andi, (i) = 1/oel(i) p(i). The characteristic path length dependence of the non-Abelian

energy loss in Eq2) comes from the interference phases and is differentially controlled by the inverse formation
times,

(4)

oel(i)~

K—Qmu—-—0n)?
_ n - A )

and the separations of the subsequent scattering cemtgrs z; — zx—1. It is the non-Abelian analogue of the
Landau—Pomeranchuk—Migdal destructive interference effect in [QEP

For the case of local thermal equilibrium we relate all dimensional scales in the problem to the temperature of the
medium7 (i), for exampleu?(i) = 4m o, T (i)? and the elastic scattering cross section indicated above. The gluon
radiative spectrum is evadited numerically in an ide&l + 1) D Bjorken expanding plasna5], p (i) = po(to/i)%,
€ = eo(ro/ti)”‘+”:2 with « = 1 andv, being the speed of sound. The scaling with proper time of the temperature,
the Debye screening magsi) and the gluon mean free patQ(i) naturally follow. To leading power, the initial
equilibration timerg cancels in the evaluation of the bremsstrahlung inteddélsince

®(m,...,n)

L
8
/dt,-,o(i)t,-: 1 dN L. (6)

Al dy
0
In EqQ.(6) A is the transverse size of the medium a8 /dy is the relevant physical quaéty that controls the
attenuation of the final state partonic flux.

Transversesr # 0, expansion was not explicitly included in the energy loss calculation. Hence, we first clarify
its impact on the medium induced non-Abelian bremsstrahlung. Numerically, the contributions to the radiative
spectrum in Eq(2) have to be evaluated in the background of the dyically evolving soft parton multiplicity. In
practice, for realistig3 + 1)D hydrodynamic simulation only the dominant= 1 term[22] has been considered
in the mean energy loss approximati@6]. Analytic treatments of transverse expansion must therefore provide
important guidance to its effect on the radiative spectra(anil).
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Fig. 1. (a) Medium-induced single inclusive gluon spectrdivi, /dx and fractional intensityt d N, /dx versusx ~ w/E for a E = 10 GeV

gluon jet. (b) Mean medium-induced gluon numigat, ) per jet for initial effective soft parton rapidity densityV¢/dy = 650-800. (c) Cor-
responding mean fractional energy IggsE)/E. (d) Probability distribution? (¢) of the fractional energy loss af = 10 GeV quarks and
gluons via multiple indepedent gluon bremsstrahlung= ", w; /E.

An approximation that illustrates the effectsif £ 0 has been developed|[27]. In this scenario, for a medium
of mean initial radiud

1dnNng1 1

7 dy t(L+Brr)? @)

p(t) =

Additional dilution relative to th&l + 1)D Bjorken case is generated by the transverse motion of the soft partons
and the increasing transverse sizg of the system. For a discussion of non-central collisiaks# R, and

Brx # Bry, se€27]. It follows from Eq.(7) that the propagating jets interact with the bulk matter at midrapidity

over an increased time periadr ~ L/(1— Br) > L that largely compensates for the rarefaction of the medium. It

has been demonstratg¥] that for small and moderate expansion velociigghe (1+ 3)D angular ¢) averaged

energy loss approximates well tkig + 1)D result. Logarithmic corrections arise only in tie — 1 limit. It is
physically intuitive that the two effects associated with transverse expansion, the increase of the medium size and
the decrease of the medium density, tend to cancel each other and leave the Bjorken expansion part as a gooc
approximation for the calculation of quenchingire single and double inclusive hadron spectra.

An important aspect of the application of the theory of medium induced non-Abelian bremsstrahlung is the
inclusion of finite kinematic bounds. These are partidyleglevant at RHIC and SPS energies over the full acces-
sible pr range. Additional details on the evaluation of the radiative energy loss are gij&2]in

Fig. 1(a) shows the differential gluon spectrutw, /dx and the fractional radiation intensityd N, /dx com-
puted to 3rd order in opacity:(= 1, 2, 3) from Eq.(2) for a 10 GeV gluon jet. The fluctuations in the calculation
reflect the numerical accuracy of the caltet#on between the propagator poles, B), and the interference phases,
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Eq.(5), and come predominantly from higher orders in opacity. These, however, do not affect the evaluation of the
nuclear modification factor. The jet quenching strength is largely set by thé term[22].

In a thermalized medium the plasmon frequeagy(i) ~ (i) regulates the infrared modes and the medium
induced bremsstrahlung results in a few semihard gluons. Numerical results for quark jets are not given since they
differ by a simpleCr/C4 = 4/9 color factorFig. 1(b) and (c) show the mean induced gluon numpér) and the
mean fractional energy log&\ E)/ E calculated directly from Eq2) for a range of soft parton rapidity densities
dN$8/dy =650-800. Comparing the shape(&E)/E in Fig. 1(c) to the naive analytic expectation in the infinite
kinematic limit

(AE) _9Cgma? 1 dN$ 1 2E

A — L=In 8
E 4 A, dy E ,u2L+ ®)

and observing the deviation from the hyperboljcEldependence it is easy to recognize the need for a careful
treatment of phase space. Itis also instruetivnote that the average energy per glyai) /(Ng) ~ 0.8-19 GeV,
which implies that the radiative quanta might be experimentally observable with finiteits[8,12].

Applications that extend beyond the mean energy dmskinvoke a probabilistic treatment with multiple gluon
fluctuations require additional assumpti¢28]. So far even the case of two gluon emission with scattering has not
been calculated. The Poisson approximation assumes indefieadiation and equivalence of the single inclusive
and the single exclusive gluon spectrum. Finite kinematics alone is guaranteed to violate this ansatz and so is
angular ordering. Nevertheless, the usefulness of suaiapilistic treatment is in allowing the system to maximize
the observable cross section and correspondingly minimize, to the extent to which this is possible, the effect of the
non-Abelian medium-induced bremsstrahlung.

The probability P(¢) for fractional energy losg = )", w;/E due to multiple gluon emission is given in
Fig. 1(d). Thee = 0 bin contributions (¢)e (¢} is not shown. Details on the calculation Bfe) are given in28],
where a fast iterative procedure for its evaluation form the gluon radiative spedifyfix was developed. If
a non-zero fraction of the probabilit§ (¢) falls in thee > 1 region, it is uniformly redistributed in the physical
€ € [0, 1] interval. This approach ensures thatE) /E < 1 in the large energy loss limit and provides corrections
relative to its direct evaluation from E(R) that are different for quarks and gluons. The propertieB@f) can be
summarized by the normalization of the first tefg k = 0, 1 moments:

1 1
AE
/P(e)de:l, feP(e)de:%. (9)
0 0
We note the distinct difference in the manifestation of the large energy loss relative to the single inclusive spectra.

In the former case the overall scale changes and in the probabilistic interpretation the distribution is shifted toward
largee values, se€ig. 1(d).

3. Phenomenological application at intermediate energies

Dynamical nuclear effects ip + A andA + A reactions are most readily detectable through the nuclear modi-
fication ratio

dNAA(b) [ Taa(b)doPP
RﬁlA(prl)= ( )[ wa(b)do

-1
inA+ A, 10
dyrd?pr1| dyi1d?pr1 } (10)

where Tya(b) = fdzr TA(r)Tg(r — b) is calculable in terms of the nuclear thickness functidngr) =
Jfdzpa(r,2).In R’}A(pm) the uncertainty associated with the next-to leading order fa&iqro, drops out.
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Fig. 2. (a) Calculated nuclear modification fac®g 4 (p71) versus the center of mass energynn = 17,62, 200 GeV for central Au- Au
collisions. The yellow band represents the perturbative Qgi2etation for the depletion of the neutral pion multiplicity, #iny = 62 GeV.
Enhancement, arising from transverse momentum diffusion in eotdear matter without final state energy loss is given for comparison.
PHENIX [2], WA98 [20] and CERES21] data as presented [d5] are shown. (b) The ratio of the attenuation of the single and double

inclusive 0 cross sectionxﬁf“(pn)/Rﬁffz(prl = pr,) in central Au+ Au collisions at,/sNN = 62 GeV and (c) the manifestation of the
double inclusive hadron suppressiarthe quenching of the away-side di-hadron correlation funafigtA¢) [37].

The standard lowest order perturbative expression for the hadron multiplicityHm reactions including the
effects of multiple initial state scattering and the final state energy loss [E&@9}

1 dN7,(b)
Taa(b) dy1d?pr1

1 1
—kmo Y. [ du [ an [ d%, [ a6 g0eks) fusn (. 02) (50, 02)
abed Xa min Xb min
a? - ) [ z¢ Drye(zf, 02)
X Sa/a(xas Q%) Spya (%o, Q2)§_;|Mabacd(§, ] /de P(G)Z'—CM-
5 c Zc
(11)
In Eq. (11) fa/a(x, Q?) are the isospin correctedi(= Z + N) lowest order parton distribution functiofid],
Sajalx, 0?) is the leading twist shaddng parameterizatiof81], andD(z)x/.(z, 02) is the fragmentation func-
tion into pions[32]. Vacuum and medium-induced initial state parton broader(k%), = (k%),,,, + (k%)nucl, is
incorporated via a normalized Gausskan smearing functiorj29]. If the final state parton looses a fractiorof
its energy the correspondingly rescaled fragmentation momentum fractionzeads/ (1 — ¢). For consistency
the calculation is perfoned in the same way as jh3] where additional details can be found.
In the pr <5 GeV range, experimentally accessible & = 62 GeV, sizable non-perturbative effects in
baryon production, manifest in enhancegir and A/K ratios, will likely be observed. Discussion of the mod-
eratepr baryon phenomenology is beyond the scope of this Letter and details are gifa3j.iim the limit of

vanishing baryon masses,z — 0, perturbative calculations of the nuclear modification faa%(pm) yield
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results comparable to the one for neutral and charged pions. We finally note that the dominant contribution to the
nuclear shadowing may come from enhanced dynamical power corref3#3%] resulting from the multiple

initial and final state interactions of the partons on a nucleus. However, in the calcplateahge ¢ > 0.08,

02 > 8 Ge\A) their effect was found to be small.

Results form the perturbative calculation of the nuclear modification to the neutral and charged pion production
in central Au+ Au collisions are given in the left-hand sidekif). 2(a). At all energies there is a strong cancellation
between the Cronin enhancement, which arises from the transverse momentum diffusion of fast partons in cold nu-
clear mattef7,22], and the subsequentinelastic jet attenuation in the final state. This interplay is most pronounced
at the low SPS/sny = 17 GeV where, in the absence of quenchihg, corresponding enhancement could reach

a factor of 3—413]. With final state energy loss taken into accom’ﬁ%A(pTl) is shown versus the reanalyZdd]
WA98 [20] and the CERE$21] Pb+ Pb and Pbt Au data. We note that even the previously extracted nuclear
modification at the SPS allows for inelastic final state interactions in a medidiv&fdy = 200[13].

At present, there are strong indicatig8gsl6] that the highest nuclear matter @@y reached in the early stages
(r0 = 0.6 fm) of the ./snw = 200 GeV central Ay Au collisions at RHIC may be on the order of 100 times cold
nuclear matter densitycolg = 0.14 GeV/fm?. Perturbative calculations with a corresponditigé /dy = 1150 are
compatible with the measured attenuatiorj1], as illustrated irFig. 2@). Quenching ratios of similar magnitude,
RﬁlA(pTl), Rf’:lp(pn) ~ 0.2-025, have also been predicted and measured for inclusive charged hadpgns at
5 GeV[1]. It is interesting to note that in spite of the very large initial energy density the nuclear attenuation is
“only” a factor of 4-5. The reason for this somewhat unintuitive result is the strong longitudinal expansion in the
absence of which energetic jets collave been completely absorbed.

The yellow band represents a calculation of #feattenuation at/snn = 62 GeV from Eqs(10), (11) The
Cronin enhancement alone in central Au reactions was found to be still sizable wmﬁ;(pm)max =18-2at
pr = 3-35 GeV with a subsequent decrease at higher transverse momenta. For comparjsan, at200 GeV
the Cronin maximum decreasegtlwthe center of mass energy aﬁﬁlA(prl)max = 1.7. While such enhancement
may naively appear large, it is consistent with the system+{Aw versusd + Au) and../sny dependence coming
from pr diffusion[7]. We note that even at the maximum RHIC energyjtke0 centrald + Au collisions exhibit
~ 35% maximum pion enhancemdB®6]. The final state partonic energy loss was computed for a range of initial
effective gluon rapidity densitied N8 /dy = 650-800 as discussed in Sect@rFig. 2(a) clearly shows that the
perturbative calculation presented here predicts a dominance of the inelastic jet interactions@hgueetching
at the intermediate RHIC energy.

Additional constraints for the energy loss calculations would arise from the measurement of a suppressed double
inclusive hadron production

(12)

Riihe _ dN44(b) [ Taa(b)do?P }1
A4 dyrdyad?pr1d?pra | dy1dy2d2pr1d?pr2

The cross sections in E(L2) can be evaluated as|[i&7] by fragmenting the second hard scattered parton. We note
that by unitarity the details of its energy loss and fragmentation do not affect the calculation of the single inclusive
spectra. Di-hadron correlations, however, pick only one of the particle states. Since the second parent parton also
looses a fraction of its energy in the medium, qualitatively RﬁlA/R’j‘fz < 2. Numerical estimates iRig. 2(b)

from jet quenching alone indicate that the double inclusive hadron suppression is 25-40% larger than the single
inclusive quenching in the & pr1 = pr1 < 7 GeV range at/snny = 62 GeV. The ratio was computed in the
meanA E approximation, but with an explicit average over the di-jet production point for a realistic Woods—Saxon
geometry. Double inclusive cross section quenching isifeat in the attenuation of the away-side correlation
function C2(A¢) = (1/Nuig)d N""2/d A¢ [37]. In Fig. 2(c) it leads to a 3-5 fold attenuation of the aréa,

relative to thep + p case. In contrast, elastic transverse momentum diffusion will only result in a bréadey).

We note that the experimentally measd suppression value will be sensitive to the subtraction of the elliptic
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flow v2 componen{39], which may remove part or all of the residual correlations. The results shokig.i2(c),
therefore, correspond to the smallest anticipated observable disappearance of the away-side jgt-at high

4. Discussion and summary

For pr > 2 GeV the reduction of the pion multiplicity in central AtAu reactions relative to the binary colli-
sion scaleg + p result at the intermediate RHIC energy @inn = 62 GeV was found to be a factor of 2—-3. This
result is consistent witlR 4 4 (pr = 4 GeV) ~ 0.5 from [38]. The moderate transverse momentum dependence of
the quenching ratio arises from the interplay of the Cronin effect, in particular its decrease toward larger transverse
momenta, and the jet energy loss. The medium inducedgihess also results in an apparent disappearance of the
away-side jet at higlpr, which is similar to the/syn = 200 GeV resul{10].

To relate the effectivé N$ /dy = 650-800 to the temperature and energgslty we employ an initial equilibra-
tion time tg >~ 0.8—1 fm suggested by the hydrodynamic description of the SPJ2RjteFor (1 + 1)D expansion
€0 = 6-8 GeVJfm?, To = 300-325 MeV and the lifetime of the plasma phase o = 3.5-4 fm. Such initial
conditions are already significantly above the curreneesation for the critical temperature and energy density
for a deconfinement phase transitiepn~ 1 GeV andl, >~ 175 MeV[40].

From a theoretical point of view, the most interesting result would be a strong deviation of the pion attenuation
from the pQCD calculation ifig. 2@). This may be either a factor of5 suppression, comparable to thenn =
200 GeV quenching, or binary and above binary scaling, as seen at the SPS energies. Both cases would indicate
a marked non-linear dependence of the non-Abelisrgy loss on the soft parton rapidity density$ /dy if we
assume that parton—hadron duality still holds. Equally stgkvill be an absence of strong attenuation in the away-
sideC2(A¢). Itis important to check whether the established connection between the single and double inclusive
hadron suppressidi0] persist at the intermediate RHIC energies, Bige 2(c).

In summary, the upcoming/syny = 62 GeV measurements and their conigan to theoretical calculations will
provide a critical test of jet tomography. They will help to further clarify the properties of the hot and dense nuclear
matter crated in relativistic nuclear collisions and the position that it occupies on the QCD phase transition diagram.

Note added

Shortly after the completion of this work preliminary PHENIX datasanproduction and attenuation at the
intermediate RHIC energy qfsny = 62 GeV became available. Comparison between the data and the predictions
given in this Letter can be found [41].
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