1288 Brazilian Journal of Physics, vol. 34, no. 4A, December, 2004

Jet Tomography of Quark Gluon Plasma

Xin-Nian Wang
Nuclear Science Division, MS 70R0319,
Lawrence Berkeley National Laboratory, Berkeley, CA 94720

Received on 12 December, 2003

Recent experimental measurements of highhadron spectra and jet correlation at RHIC are analyzed within a
parton model which incoporates initial jet production and final propagation in heavy-ion collisions. The suppre-
sion of single hadron spectra, back-to-back correlation, their centrality dependence and azimuthal anisotropy
point to a dense matter with an initial parton density about 30 times of that in a cold heavy nucleus.

1 Introduction deconfined medium should lead to dissociation of the bin-
ding states and thus the quarkonia suppression [2]. Such co
In high-energy heavy-ion collisions, a dense medium of |or screening is a result of strong interaction between quarks
quarks and gluons is expected to be produced and possiand gluons at high density and temperature. The same in-
bly a quark-gluon plasma is formed. One important step teraction will also cause attenuation of fast and energetic
in establishing evidence of QGP formation is to charaterize partons propagating through the medium. Such an effect
the properties of the dense medium produced, for example,s the underlying physics of the jet quenching [3] phenome-
the parton and energy density and color confinement, amongon and jet tomography technique for studying properties of
many other charateristics. Conventionally, one can studydense matter in high-energy heavy-ion collisions.
the properties of a medium via sqattering gxperiments wit.h Jetquenching as a probe of the dense matter in heavy-ior
particle beams. In deeply inelastic scattering (DIS) experi- ¢qjjisions, takes advantage of the hard processes of jet pro-
ments, for example, leptons scatter off the nucleon mediumg,ction in high-energy heavy-ion collisions. Similar to the
via photon gxchangt_a with quarks. The response function Ortechnology of computed tomography (CT), study of these
the correlation function of the electromagnetic currents,  gnergetic particles, their initial production and interaction
1 ‘ with the dense medium, can yield critical information about
Wiwla) = - /d%elqw(A | 3" (0)j5™(x) | A) (1) the properties of the matter that is otherwise difficult to ac-
T cess through soft hadrons from the hadronization of the bulk
is a direct measurement of the quark distributions in a nu- medium. Though relatively rare with small cross sections,
cleon or nucleus. Such experiments have provided unprecethe jet production rate can be calculated perturbative in QCD
dented information about partonic structure of nucleons andand agrees well with experimental measurements in high-
nucleus and confirmed the prediction of QCD evolution[1]. energypp(p) collisions. A critical component of the jet to-
For dynamic systems such as that produced in heavy-ionmography is then to understand the jet attenuation through
collisions, one can no longer use the technique of scatteringdense matter as it propagates through the medium.
with a beam of particles because of the transient nature of
the matter. The lifetime of the system is very short, on the
order of a few fmé. The initial spatial size is only the size of
the heaviest nuclei, about 6 fm in diameter in the transverse2  Modified Fragmentation Function
dimension. The system expands very rapidly both in the
longitudinal and transverse direction. These characteristics ) . o o
make it impossible to use external probes to study the pro-A direct manifest of jet quenching is the modification
perties of the produced dense matter in high-energy heavy°f the fragmentation function of the produced parton,
ion collisions. Fortunately, one can prove that the thermal Da—n(2, 1*) which can be measured directly. This modi-
average of the above correlation function gives the photonf'Cat'_O” can be directly translated into the energy loss of the
emission rate from the evolving system. The emission rate'€ading parton.
depends mainly on the local temperature or the parton den- To demonstrate medium modified fragmentation func-
sity while the total yield also depends the whole evolution tion and parton energy loss, one can study deeply inelastic
history of the system. Therefore, a strongly interacting sys- scattering (DISkA [4, 5, 6]. Here, we consider the semi-
tem can reveal its properties and dynamics through photoninclusive processes(L;) + A(p) — e(Lz2) + h(¢y) + X,
and dilepton emission. One can further study the resonancevherel; andL, are the four-momenta of the incoming and
properties of the emitted virtual photons and their medium the outgoing leptons, anf is the observed hadron momen-
modification. The screening of strong interaction in a color tum. The differential cross section for the semi-inclusive
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process can be expressed as
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wherep = [p*,0,0, ] is the momentum per nucleon in the
nucleusg = Ly — Ly = [-Q?%/2¢~,q~,0.] the momen-
tum transfers = (p + L1)? andagy is the electromagnetic
(EM) coupling constant.L,,, is the leptonic tensor while
W, is the semi-inclusive hadronic tensor.

In the parton model with the collinear factorization ap-
proximation, the leading-twist contribution to the semi-

inclusive cross section can be factorized into a product of
parton distributions, parton fragmentation functions and the

hard partonic cross section. Including all leading log radia-
tive corrections, the lowest order contribution from a single
hard~y* + ¢ scattering can be written as
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whereH,(ﬁ) (z,p, q) is the hard part of the process in leading

order, the momentum fraction carried by the hadron is defi-
ned asz, = ¢; /¢~ andzp = Q*/2p*q is the Bjorken
variable.;? andy? are the factorization scales for the initial
quark distributiongﬁj‘(w, ©2) in a nucleus and the fragmen-

tation functionsD, ., (21, %), respectively.

In a nuclear medium, the propagating quark in DIS will
experience additional scatterings with other partons from the
nucleus. The rescatterings may induce additional gluon ra-
diation and cause the leading quark to lose energy. Such in-
duced gluon radiations will effectively give rise to additional
terms in the evolution equation leading to the modification
of the fragmentation functions in a medium. These are the
so-called higher-twist corrections since they involve higher-
twist parton matrix elements and are power-suppressed. We
will consider those contributions that involve two-parton
correlations from two different nucleons inside the nucleus.

One can apply the generalized factorization to these mul-
tiple scattering processes[7]. In this approximation, the dou-
ble scattering contribution to radiative correction can be cal-
culated and the effective modified fragmentation function is

2
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where D, (zn, p?) and D, p, (21, u?) are the leading-twist fragmentation functions. The modified splitting functions are

given as
2 1+22 4
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2masCy
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AVyge(z, 0,00, 05)  +  Avyyge(1 — 2, 2,20, 03). (6)

Here, the fractional momentum is defined:as= ¢%/2p*q~2(1 — 2) andx = x5 = Q*/2pTq~ is the Bjorken variable.

The twist-four parton matrix elements of the nucleus,

dy_ — — i(z+zx ty— —izrotus
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has a dipole-like structure which is a result of Landau- is much larger than the nuclear size, the destructive interfe-
Pomerachuck-Migdal (LPM) interference in gluon bremss- rence leads to the LPM interference effect.

trahlung. Here the intrinsic transverse momentum is neglec-
ted. In the limit of collinear radiationzz — 0) or when

the formation time of the gluon radiationy = 1/x.p™,

Using the factorization approximation[4, 5, 7, 8], we can
relate the twist-four parton matrix elements of the nucleus
to the twist-two parton distributions of nucleons and the nu-
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cleus, Sincexs = 1/M R4, the energy losgAz,) thus depends
quadratically on the nuclear size.

C 22 /52
T (z,21) ~ a(l — e n/"a) fA (), 8

T o L e B S

whereC' = QC’:chN(:z;T) is considered a constant. One 105 | <v>=115-13.4Gev, <Q*> =2.6-3.1 GeV* _
can |dent|fy1/pr+ = 2¢~2(1 — 2)/¢% as the formation I
time of the emitted gluons. When it becomes comparable

or larger than the nuclear size, the above matrix element va-Nq - < 2 5 b ]

nishes, demonstrating a typical LPM interference effect. \’\% 09 | © .
Since the LPM interference suppresses gluon radlatlon\085 L + i

whose formation timer; ~ Q?/¢%p™) is larger than the S os |

nuclear sizeM R4 /p™ in our chosen framd,r should then K|

have a minimum value of2. ~ Q?/MRs ~ Q?/A'Y/3. <075 ' 8

Here M is the nucleon mass. Therefore, the leading higher- 0.7 L o "N HERMES i

twist contribution is proportional tos R 4 /(2. ~ asR? /Q? i
due to double scattering and depends quadratically on the 0.65 " o *Kr HERMES(Preliminary)
nuclear size. | 9603703 07 05 06 07 08 09 1
With the assumption of the factorized form of the twist- z
4 nuclear parton matrices, there is only one free parameter
C(Q?) which represents quark-gluon correlation strength Figure 1. Predicted nuclear modification of jet fragmentation func-
inside nuclei. Once it is fixed, one can predict thenergy tion is compared to the HERMES data [9] on ratios of hadron dis-
and nuclear dependence of the medium modification of the!"Putions betweenl andd targets in DIS.
fragmentation function. Shown in Fig. 1 are the calcula-
ted nuclear modification factor of the fragmentation func-
tions for 4N and® Kr targets as compared to the recent
HERMES data[9]. The predicted shape of théependence e averaged total energy loss ashi = v(Azy) =~
agrees well with the experimental data. A remarkable fe- C(@*)a $(Q*)mNR%(Ca/Ne)31n(1/2x5). With the de-
ature of the prediction is the quadratit/? nuclear size  termined value ofC, (z5) ~ 0.124 in the HERMES
dependence, which is verified for the first time by an ex- experiment[9] and the average distaridey) = Ra+/2/7
periment. By fitting the overall suppression for one nu- for the assumed Gaussian nuclear distribution, one gets the
clear target, we obtain the only parameter in our calculation, quark energy losg£/dL ~ 0.5 GeV/fm inside aAu nu-
C(Q?) = 0.0060 GeV2 with a(Q?) = 0.33 atQ*> ~ 3  Cleus.
Ge\2. The predicted-dependence also agrees with the ex-
perimental data [22]. . . .
We can quantify the modification of the fragmentation 3 Jet QuenChmg in Hot Medium at
by the quark energy loss which is defined as the momentum RHIC
fraction carried by the radiated gluon,

In the rest frame of the nucleup;” = my, ¢ =
v, andzp = Q%/2ptq~ = Q?/2myv. One can get

To extend our study of modified fragmentation functions
2
W

e b, to jets in heavy-ion collisions, we can assufig.) ~
(Azg) = / J/ dz "2 Avyggq(2, 28,71, 07) (the Debye screening mass) and a gluon density profile
) ) ) p(y) = (10/7)0(RA — y)po for a 1-dimensional expanding
5CA043 LB / d 1+(1-2) system. Since the initial jet production rate is independent
N, x4Q? z2(1—2) of the final gluon density which can be related to the parton-
Tu dar, o2/ gluon scattering cross section[10}fprG (z7) ~ p?oy],
X /0 g(l —e frTa), (9  one has then

T (vp,a
wherez,, = ;2 /2pTq~2(1-2) = 2 /2(1-z) if we choose @5y (@B, 21)

A
the factorization scale g8 = Q%. Whenz, < zp < 1 fi(as)
we can estimate the leading quark energy loss roughly as

~ i [ dyo,p(w)lt - costu/mr), @)

wherer; = 2Ez(1 — z)//% is the gluon formation time.
One can recover the form of energy loss in a thin plasma

1 . . - -
7326\/5111 — .(10) obtained in the opacity expansion approach[11],
N. Q3z% 2z p

_ 2
(Az)(ep ?) ~ CA% L
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Keeping only the dominant contribution and assuming dE,/dL x poR4 is the energy loss in a static medium with
o4 &~ Co2ma?/u? (Co=1 for gg and 9/4 forgg scattering), the same gluon density, as in a 1-d expanding system at
one obtains the averaged energy loss, time 7y. Because of the expansion, the averaged energy loss
3 R (dE/dL)14 is suppressed as compared to the static case and
dFE N mCoCac; / A 2F

(—) ~ drp(T) (T — 1) In —. (13) does not depend linearly on the system size.
dL RA 2

0 T In order to calculate the effects of parton energy loss on
Neglecting the logarithmic dependence onthe avera- the attenuation pattern of highy partons in nuclear col-
ged energy loss in a 1-dimensional expanding system carisions, we use a simpler effective modified fragmentation
be expressed a$iZ),; ~ (dEy/dL)(2m9/Ra), where  function[12, 13],

]

%/C(ZC7Q2’AEC) = _< R >Dh/C(Zc>Q2)+(1 —6_<%))
Z:‘ / AL Z
;D?L/C(Zm Qz) + < \ > Dh/g( QZ) (14)

wherez., z; are the rescaled momentum fractions. This ef- tons with very high energy. However, the thermal absorption

fective model is found to reproduce the pQCD result from reduces the effective parton energy loss by about 30-10%

Eq.(4) very well, but only whem\z = AE./F is setto be  for intermediate values of parton energy. This will increase

Az ~ 0.6(z,). Therefore the actual averaged parton energy the energy dependence of the effective parton energy loss in

loss should beAE/E = 1.6Az with Az extracted from  the intermediate energy region. One can parameterize such

the effective model. The factor 1.6 is mainly caused by the energy dependence as,

unitarity correction effect in the pQCD calculation. dE
Since gluons are bosons, there should also be stimulated <dL>

gluon emission and absorption by the propagating parton be-

cause of the presence of thermal gluons in the hot medium. The threshold is the consequence of gluon absorption that

Such detailed balance is crucial for parton thermalization COMPetes with radiation that effectively shuts off the energy

and should also be important for calculating the energy loss!0SS: The parametgris set to be 1 GeV in the calculation.

of an energetic parton in a hot medium[14]. Taking into ac- 10 calculate the modified highy- spectra ind + A col-

count such detailed balance in gluon emission, one can therSIons, we use a LO pQCD model [15, 16],

1= eo(B/u—16)"2)(T5+E/u),  (16)

get the asymptotic behavior of the effective energy loss in 5%
the opacity expansion framework [14], dydégT = K Z / d*bd*rdzedayd® kard*kyr
abed

AE asCpp?L? 2F ta(r)ta(lb —r|)ga(kar,r)ga(kyr, |b —1|)

T R S 0048 , o

E AN E p*L faja(®a, Q1) foya(xp, Q% |b —1|)

WQSCF LT? 2L 6</(2) D/ (ZmQ AE)
5 A E? {1 e L [19) x - dt( ab—ed),  (17)

where the first term is from the induced bremsstralung andWwith medium modified fragmentation funcitod ,, given

the second term is due to gluon absorption in detailed ba-by Eg. (14) and the fragmentation functions |n free space
lance which effectively reduce the total parton energy loss D ,.(zc, Q®) are given by the BBK parameterization [17].
in the medium. Numerical calculations show that the effect Here, z. = pr/pre, ¥ = ye, o(ab — cd) are elemen-

of the gluon absorption is small and can be neglected for par-tary parton scattering cross sections an¢b) is the nuclear
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thickness function normalized tpd?bt 4 (b) = A. We will is the averaged initial gluon density &t in a central colli-
use a hard-sphere model of nuclear distribution in this paper.sion and(dE/dL)1, is the average parton energy loss over a
The K ~ 1.5 — 2 factor is used to account for higher order distancef? 4 in a 1-d expanding medium with an initial uni-
pQCD corrections. form gluon densitypy. The corresponding energy loss in a
The parton distributions per nuclegp, 4 (z., Q?%,7)in- static medium with a uniform gluon densipg over a d?s—
side the nucleus are assumed to be factorizable into the partancela is [22] dEy/dL = (Ra/27)(dE/dL)14. We will
ton distributions in a free nucleon given by the MRSD  Use the parameterization in Eq. (16) for the effective energy
parameterization [18] and the impact-parameter dependenfi€éPendence of the parton quark energy loss. -
nuclear modification factor which will given by the new HI-  Shown in Fig. 3 are ”}e calculated n:JcIear modifica-
JING parameterization [19]. The initial transverse momen- 10N factorsRap(pr) = doip/(Noinary)do,, for hadron
tum distributiong 4 (7, Q2, ) is assumed to have a Gaus- SPectra fy| < 0.5) in Au + Au collisions aty/s = 200
sian form with a width that includes both an intrinsic partin G€V: @ compared to experimental data [24, 23]. Here,
a nucleon and nuclear broadening. This model has been fit{Nbinary) = [ d*bd®rta(r)ta(|b — 7). To fit the obser-
ted to the nuclear modification of te spectra i+ A col- ved ¥ suppression (solid lines) in the most central collisi-
lisions at up to the Fermilab energfs = 40 GeV. Shownin ~ Ons. we have used = 1.5 GeV, ¢ = 1.07 GeV/fm and
Fig. 2 are the first prediction made in 1998 [15] of the Cro- 20 = 1/(opo) = 0.3 fm. The hatched area (also in other
nin effect at RHIC for + Au collisions at,/s = 200 GeV figures in this paper) indicates a variation @f = +0.3
as compared to the recent RHIC data. As one can see, theGeV/fm' The hatched boxes aroufith s = 1 represent ex-

initial multiple scattering in nuclei can give some moderate penmental errors in overall r)ormahzatlon..Nucletgr bro-
Cronin enhancement of the high spectra. Therefore, any adening and parton shadowing together give a slight enhan-

. . : - tof h tra at int jate= 2 — 4 GeVle
suppression of the highr spectra inAu + Au collisions \(/:vei)trﬁgl:lt Sartggrgr:lesrgslﬁorssa intermed Gevie
has to be caused by jet quenching. '

L N B AL B IR DS A R B
18 1 f - 0-5% e smn { 10-20%
: | L Lo o |
16 | 7] ‘/"”’ﬁ (PHENIX 0—10%) F
L , L :.\‘* 1
: | R gl
14 & Qg Tamenil]
i ] 4 ‘~‘—¢*--?-Jff%~
12 [ 10 -+
= i - 20-30% 30—-407% 1
o - A ] o 239404 ;
I N ] R Ay J
0.8 B /,-'o PHENIX d+Au —> h™ min. bias b r r *W%?? ‘ % 1
i O PHENIX d+Au —> 7° min. bias 1 1* 1
06 No shadow ] 10 e
it e | s e
04| T ] 1L Mi’.“.?N.'.X.“."..?‘.’f’i/mﬁt**_f,....%
i 1 s 1 ; ROSHEEN
02 [ d+Au vE=200 GeV | B /F“R + 00°000 ¢‘??‘f§ﬁ> f
=0 2 4 \ﬁ 8 10 L %=0.3fm 1 v&=200 Gev ]
pr (GeV/c) L fo=1.5 CeV + ]
! 10-1 lsﬁ,=1.0‘7:l:eo.‘50 Gev,/fm A‘UJFA‘U ? 7‘07h |
Figure 2. The first predictions [15] of the Cronin effectin- Au e T T T T
collisions at/s = 200 GeV are compared to the recent RHIC data 2 4 6 810 2 4 6 8 10
from PHENIX [20] and STAR [21]. pr (GeV/c)

We assume a 1-dimensional expanding medium with aFigure 3. Hadron suppression factorsAm + Au collisions as
gluon densityp, (7, ) that is proportional to the transverse compared to data from STAR[24] and PHENIX [23]. See text for
profile of participant nucleons. According to Eq. 13, we will & detailed explanation.
calculate impact-parameter dependence of the energy loss as

. AL The fl?tﬁT dependence 0(1;theO s(;;ppressfiohn is a conse-
" T —1T0 S - guence of the strong energy dependence of the parton energ
AE(b,r, ¢) ~ <d7>1d /TO dr T0p0 pg(T,b, 7+ 77), loss. The slight rise oR 45 atpr < 4 GeVle in the calcu-
(18) lation is due to the detailed balance effect in the effective
whereAL(b, 7, ¢) is the distance a jet, producedrahas to parton energy loss. In this region, one expects the frag-
travel alongii at an azimuthal anglé relative to the reac- mentation picture to gradually lose its validity and is taken
tion plane in a collision with impact-parameterHere, pg over by other non-perturbative effects, especially for kaons
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and baryons. As a consequence, {fi& + p)/x ratio in tly relateh* and7® suppression via théK + p)/ ratio:
central Au + Au collisions is significantly larger than in  Ri* = R\ [1 + (K + p)/m]an/[L + (K + p)/7],p. Itis
peripheralAu + Aw or p 4 p collisions. To take into ac-  clear from the data thatk + p)/m becomes the same for
count this effect, we add a nuclear dependent (proportional 4y, + Ay andp + p collisions atpr > 5 GeVie. To de-

to (Npinary)) SOft component to kaon and baryon fragmen- monstrate the sensitivity to the parameterized parton energy
tation functions so thatk + p)/Tr.% 2atpr ~ 3 GeV/C, loss in the intermediater region, we also shovﬂifﬁf4 in 0-

in the most centrallu + Aw collisions and approaches its 5o centrality (dashed line) for = 2.0 GeV ande, = 2.04

p + p value atpr > 5 GeVie. The resultant suppression  gev/fm without the soft component.

for total charged hadrons (dot-dashed) and the centrality de- |, the same LO pQCD parton model, one can also cal-
pendence agree well with the STAR data. One can direc-ate di-hadron spectra '

]

do'ih: |
BBy 20AA =D / A2od?rdzy dayd®kypd®ker

d3p1d3p2 abed
ta(r)ta(|b —r)ga(kar,r)ga(kyr, b — 1))
fa/A(xaa Q27 r)fb/A(xbv sz ‘b - I‘|)

S

X Dyselze, @ AE) Dy a(2a, Q2 AEy)

22222
do 4
X (ab — cd)0*(pa + Pb — Pe — Pa), (19)
|
for two back-to-back hadrons from independent fragmenta- F0-5%
tion of the back-to-back jets. Let us assume hadrpis a 0.1 [-® staRAu+Au
triggered hadron withr; = pgf‘g. One can define a hadron- O STAR p+p
triggered fragmentation function (FF) as the back-to-back g5 [
correlation with respect to the triggered hadron: : 8
hihs /g2, trig 0 —/——
DI o, i) = pipe TALTPL IS (o) | 10-20%
do s/ dpy® e ol
similarly to the direct-photon triggered FF [12, 13] ia N\
jet events. Herepzr = pr/p~® and integration over ED/ 0.05 .
ly1,2] < Ay is implied. In a simple parton model, the two o
jets should be exactly back-to-back. The initial parton trans- 0 —
verse momentum distribution in our model will give rise to - 30-40% 1
a Gaussian-like angular distribution. In addition, we also 0.1 [ NG shadow T AutAu > ht+nt
take into account transverse momentum smearing within a P EKS shadow 1 v8=200 Gev
jet using a Gaussian distribution with a width(@f, ) = 0.6 0.05 |- s 5 T b
GeV/e. Hadrons from the soft component are assumed to be I o
uncorrelated. ob8———" [ F¢——*"
Shown in Fig. 4 are the calculated back-to-back correla- 04 06 08 1 0.6 0.8 1
tions for charged hadrons iw+ Aw collisions as compared Ad /v Ad /T

to the STAR data [25]. The same energy loss that is used

to calculate single hadron suppression and azimuthal ani-rigyre 4. Back-to-back correlations for charged hadrons with

sotropy can also describe well the observed away-side hay!s > ;. > 2 GeVk, p'® = 4 — 6 GeVic and|y| < 0.7 in
dron suppression and its centrality dependence. In the datadu + Au (lower curves) ang + p (upper curves) collisions as
a backgroundB(pr)[1 + 2v3(pr) cos(2A¢)] from uncor- ~ compared to the STAR[25] data.

related hadrons and azimuthal anisotropy has been subtrac-

ted. The value ob;(pr) is measured independently while With both the single spectra and dihadron spectra, the
B(pr) is determined by fitting the observed correlation in extracted average energy loss in this model calculation for a
the region0.75 < |¢| < 2.24 rad [25]. 10 GeV quark in the expanding medium(&E /dL)14 ~

0.85 &+ 0.24 GeV/fm, which is equivalent telFy/dL =~
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