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Because of the rapidly falling particle spectrum at lagge from jet fragmentation at CERN SPS
energy, the higlpy hadron distribution should be highly sensitive to parton energy loss inside a dense
medium as predicted by recent perturbative QCD (PQCD) studies. A careful analysis of recent data
from CERN SPS experiments via PQCD calculation shows little evidence of energy loss. This implies
that either the lifetime of the dense partonic matter is very short or one has to rethink parton energy loss
in dense matter. The hadronic matter does not seem to cause jet quenching-iPiloollisions at
the CERN SPS. Highyr two particle correlation in the azimuthal angle is proposed to further clarify
this issue. [S0031-9007(98)07156-7]

PACS numbers: 25.75.Gz, 12.38.Mh, 13.87.Ce, 24.85.+p

Hard processes have been considered good probes lnifjh-p7 jet or particle production g7 > 3 GeV/c) is
the dense matter which is produced in high-energy heavyrery rare and the power-law-like spectrum is very steep
ion collisions and is expected to be in the form of because of the limited phase space. It should be especially
deconfined quarks and gluons or a quark-gluon plasmsaensitive to any finite energy loss.
(QGP) at high-energy densities. These processes happenThe single inclusive particle spectrum at large in
in the earliest stage of the collisions and therefore camigh-energyp + p or p + p collisions can be calculated
probe the properties of the dense matter in its early formin a PQCD parton model with the information of parton
whether a QGP or not. Furthermore, their productiondistributions [11] and jet fragmentation functions [12]
rates can be calculated with reasonable accuracy withifrom deep-inelastie + p ande™ e~ experiments. This
the perturbative QCD (PQCD) parton model and hadgs one of the early successes of the QCD parton model
been tested extensively against vast experimental dafd3—15]. It was already pointed out that the initial
in p + p andp + A collisions. These calculations [1] transverse momentum before the hard scattering is very
incorporating the minimum amount of normal nuclearimportant to take into account at lower energies and
effects (nuclear modification of parton distributions [2] can significantly increase the single-inclusive differential
and Cronin effect [3]) then provide a clean and reliablecross section. The initial parton transverse momentum
baseline against which one can extract signals of thean be studied in detail via the Drell-Yan (DY) process
dense matter. In this paper, we investigate what highf16-19], v + jet, and y + y production in p + p
pr particles from jet fragmentation tell us about the denseollisions.
matter formed in Pb+ Pb collisions at the CERN SPS. To the lowest order of PQCD, the single inclusive

Like other hard processes, large transverse momentuparticle production cross section can be written as [15]
parton jets are produced in the early stage of high- ;. pp
energy heavy-ion collisions. They often have to travel ﬁ =K Z fdxadxbdzkaszkagp(kaT,Q2)
through the dense matter produced in the collisions and pT abed

finally hadronize into higtp; particles in the central X gp(kprs Q) fasp(a O fb/p(xp, 0%)
rapidity region. Recent theoretical studies [4—7] show D, (2..0%) 4

that a fast parton will lose a significant amount of A (f(ab — cd), (1)
energy via induced PQCD radiation when it propagates TZc

through a dense partonic matter where the so-callewhere x,, are the fractional energies and,,r the
Landau-Pomeranchuk-Migdal coherence effect becomesitial transverse momenta of the colliding partons.
important. If this picture of parton energy loss cando/di(ab — cd) are the differential elementary parton-
be applied to large transverse momentum parton jets iparton cross sections [15]K ~ 2 is used to account for
the central rapidity region of high-energy centrak- A higher order corrections [20] an@ = P.r = pr/z..
collisions, one should expect a leading parton to loséVe will use MRSD-parametrization by Martin, Roberts,
energy when it propagates through a long-lived densénd Stirling [11] for the parton distributions,,, (x, 0?)
matter. Since the radiated gluons will eventually becoménd Binnewies-Kniehl-Kramer (BKKg parametrization
incoherent from the leading parton which will fragmentfor the jet fragmentation function®;,.(z,0?%). We
into largepr hadrons, one then should expect a reductiorwill use a Gaussmn form for the |n|t|a§dr distribution
of the leading hadron’s; or a suppression of the large- g,(kr, 0?%) = 1/(7T<kT>,,)exp( kT/<kT>,,) with a vari-
pr particle spectrum [8-10]. At the CERN SPS energy,ance (k7), = 1 (GeV?/c?) + 0.20%a,(Q?), where the
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QO dependence accounts for initigy from initial-state N
radiation (or higher ordeR2 — 2 + n processes) [19]. | 1t ot
The parameters are chosen to best fit the experimental data 10 F © 0s L ¢
of high-p; particle spectra at all energies [21]. Because . 10'2; '
of the introduction of initial partorir, one of the Mandel- e af 0 bt
stam variables for the elementary parton-parton scattering > 10 pr ( GeV/c)
processes could vanish and cause the differential parton 2 10_4;
cross sections to diverge in certain phase space points. A ppo T +X
We use an effective parton maggs= 0.8 GeV to regulate = 10 6?
the divergence as in the early studies [13]. The resultant 210 |
spectrum is sensitive to the value gf only at around o -f
. . . . o 10 F

pr ~ M, where PQCD calculation is not reliable in o i
any case. R TEOD

Shown in Fig. 1 is an example of the calculated 10-9;
spectra inp + p collisions atE),;, = 200 GeV. The _10F
agreement with experimental data is very good not only 10 ¥ E},=200 GeV
for the overall inclusive cross section but also for the 10 NN
isospin dependence as shown by thedependence of the 0 1 2 3 4 5 6 7 8

«~ /7" ratio in the inserted figure. Similar analyses have Py (GeVie)

been carried out at other energies up to Fermilab TevatropiG. 1. Single-inclusive pion spectra in + p collisions at
[21]. The initial k7 is less important and becomes almostEw., = 200 GeV. The solid lines are from PQCD calculations
negligible for the single-inclusive parton spectra at thesénd data from Ref. [3]. The inset shows the corresponding
collider energies. w~ /" ratios.

In p + A collisions, there are two known nuclear ef-
fects: nuclear modification of the parton distributions [2]
and nuclear enhancement of the lagge-hadron spec- We assume that the parton distributions per nucleon inside
tra [3]. Both are caused by multiple initial scattering. a nucleus at impact parameter

Fupalx. 0% b) = Sa/A(x,m[%fa/p(x,Qz) + (1 = %)fa/n(x,QZ)] @

is factorizable into the parton distributions inside a nornﬁahvherev(b) = o,,t4(b) is the average number of scatter-
nucleon and the nuclear modification factsi;a(x, »), for  ing the parton’s parent nucleon has sufferedabl) is the
which we use the HIJING parametrization in Ref. [22]. nuclear thickness function normalized fai’bt4(b) = A.
This should be adequate at the CERN SPS energy whef&ince the Gaussian distribution is not a good approxima-
the dominant process at large is quark-quark scattering. tion for the kr kick during the initial multiple scattering,
One can explain the Cronin effect within a multiple par-we found that we have to use a scale-dependent value,
ton scattering model [23,24], in which the cancellation byA? = 0.225In*(Q/GeV)/[1 + In(Q/GeV)] GeV?/c?, to
the absorptive processes forces the nuclear enhancementiest describe the available data frgm+ A collisions
disappear at larger like l/p% and in the meantime causes [21] which allow about (10-20)% uncertainty in the
a slight suppression of hadron spectra at smalko that  calculated spectra. Fo@ = 2-3 GeV, A? = 0.064-
the integrated spectra do not change much. This allows U129 GeV?/c?, which is consistent with the analyses of
to take into account the effect of multiple scattering via apr broadening for/ /¥ production inp + A [25,26].
broadening of the initial transverse momentum, Taking into account these nuclear effects which already
2 _ 2 2 exist in p + A collisions, the single inclusive particle
(kr)ab) = (kp)p + [v(b) = 1]A% (3) | spectraim + A collisions can be estimated as

JoiA
Th_ —k Z fdzbf d*ria(r)ta(b — I'|)f dx,dxyd*kar d*kprgalkar, O, r)galkpr, Q% Ib — 1)

dydsz abcd
Dg c(ZC’ Q2) da'
X fafa(has Q% 1) foja(xp, Q% I — pf) HL=2=2 EF
TZe dt

The initial-k; distributiong4(k7, Q2, b) is similar to that of a proton in Eq. (1) with a broadened width given by Eq. (3)
which now depends on the impact paraméter

For centralA + A collisions, we limit the integration over the impact garametelvntg(. Using the geometrical cross
section of a hard-sphere nucleus, we determipg by matchingb? /47 Rx (R4 = 1.12A'/3 fm) to the fractional cross

(ab — cd). (4)
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section of the triggered central events in experiments. Iy = 0, parton energy loss can be directly translated into
Eq. (4), we actually use the Wood-Saxon distribution topr reduction for the leading hadrons. To estimate the
calculate the thickness function(b). experimental constraints on parton energy loss, one can

Shown in Fig. 2 are the calculated single-inclusivesimply shift the pr values of the solid line for P& Pb
spectra forz? in central S+ S (Ei,, = 200 GeV) and in Fig. 2 by 0.2 GeV/c (dot-dashed line). Assuming
Pb+ Pb (E1,, = 158 GeV) collisions with (solid) and 20% uncertainty of the calculated spectrum, one can
without (dashed) nucleat; broadening as compared to quickly exclude a total energy logsE < 0.1 GeV. With
WAS8O0 [27] and WA98 [28] data. Besides small effectsthe transverse size of a Pb nucleus, this corresponds to
of the nuclear modification of the parton distributions onan energy losgE/dx < 0.02 GeV/fm. Detailed model
the spectra at these energies, the dashed lines are simpglculations will give a more stringent limit [21]. This is
the spectra irp + p collisions multiplied by the nuclear in direct contradiction with the current theoretical studies
geometrical factor. It is clear that one has to includeof parton energy loss in dense matter and calls into
the k7 broadening due to the initial multiple scattering question current models of energy loss. It also implies
in order to describe the data. This is also consistent witlthat there is not a dense partonic matter which exists long
the analysis by WAS0 [27]. enough to cause parton energy loss.

One can conclude from this analysis that the factorized Most of the recent theoretical studies [4—7] of energy
PQCD parton model seems to work well for large- loss are based on PQCD calculation for a single fast
hadron production il + A collisions. But one can also parton propagating through a large dense medium. If we
immediately realize that there is no evidence of partorassume that it is valid for a parton propagating through a
energy loss as predicted by previous theoretical studiedeconfined medium, the absence of parton energy loss in
[4-7]. If there is parton energy loss and the radiatedhe experimental data on highy particle spectra implies
gluons become incoherent from the leading parton, théhat either there is no such deconfined partonic matter
effective fragmentation functions should be modified suctbeing formed or it only lived for a very short period
that the leading highyr particles should be suppressedof time. Using the measuredEr/dn = 405 GeV [29]
as compared tp + p andp + A collisions [8—10]. At in the central rapidity region of most central RbPb
collisions (2% of the total inelastic cross section) one
can estimate the initial energy density af = 1 fm/c
to be aboutey = (dEr/dn)/(mToR3) =~ 2.9 GeV/fm3.

10 g This is an optimistic estimate assuming that the formation
Fe m Pb+Pb — 1° 1 time of the dense matter is aboutfm/c. Because of
central 10% ] longitudinal expansion, the energy density will decrease
E,,=158 AGeV like €/ey = (7-0/7-).“. The value ofa could range from
WAO9S 1 1 for free-streaming tot/3 for hydroexpansion of an
4 ideal gas of massless particles. Assuming a critical
E energy density ok, =~ 1 GeV/fm?, the system can only
1 live above this critical density for abo@2-2.9 fm/c.
3 Equilibrating processes and transverse expansion certainly
1 will reduce this lifetime even further. During such a
short time, a highly virtual parton has small interaction
cross section before it virtually decreases through PQCD
evolution. Therefore, a produced large parton will not
have much time to lose its energy before the dense matter
drops below the critical density. The recent theoretical
i 1 studies [4-7] are not applicable to such a short-lived
= E,,=200 AGeV = system. Nevertheless, this analysis at least tells us that
- WAS0 E the lifetime of the dense partonic matter must be short
31 \ A if it is ever formed in Pb+ Pb collisions atl584 GeV.
10 85 525535354 155 Otherwise, it is difficult to reconcile the absence of parton
my-m, (GeV) energy loss with the strong parton interaction which drives
0 the equilibration and maintains a long lifetime of the
FIG. 2. Single-inclusive 7° spectra in central § S at initial parton system.
Ejp = 200 GeV and Pb+ Pb collisions atEy,, = 158 GeV. One definite conclusion one can draw from this analysis

The sol(;d(]:inehs av PQCD callchulationihwitgsin(ijtw-broac:en- is that the hadronic matter in the later stage of heavy-
Ing, an ashed lines are without. et ata are from . ..

W?ABO [27], and Pb+ Pb data are from WA98 [28]. The dot- 10N collisions does not seem to cause parton energy loss
dashed line is obtained from the solid line for PbPb by  Or jet quenching at the CERN SPS. This will make
shifting pr by 0.2 GeV/c. jet quenching an even better probe of long-lived initial
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