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Jet Tomography of Quark Gluon Plasma
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Recent experimental measurements of higthadron 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
ding states and thus the quarkonia suppression [2]. Suc
In high-energy heavy-ion collisions, a dense medium of |or screening is a result of strong interaction between qu
quarks and gluons is expected to be produced and possiand gluons at high density and temperature. The sam
bly a quark-gluon plasma is formed. One important step teraction will also cause attenuation of fast and enerc
in establishing evidence of QGP formation is to charaterize partons propagating through the medium. Such an e
the properties of the dense medium produced, for example,s the underlying physics of the jet quenching [3] pheno!
the parton and energy density and color confinement, amonghon and jet tomography technique for studying propertie
many other charateristics. Conventionally, one can studydense matter in high-energy heavy-ion collisions.
the properties of a medium via scattering experiments with 5 quenching as a probe of the dense matter in heav
particle beams. In deeply inelastic scattering (DIS) experi- collisions, takes advantage of the hard processes of jet
ments, for example, leptons scatter off the nucleon mediumy,+ion in high-energy heavy-ion collisions. Similar to 1

via photon (_axchang(_a with quarks. The response function OTtechnology of computed tomography (CT), study of th
the correlation function of the electromagnetic currents, energetic particles, their initial production and interact
1 ) with the dense medium, can yield critical information ab
Winla) = - /d%@wz(/‘ | 3™ (0)js™(z) | A) (1) the properties of the matter that is otherwise difficult to
T cess through soft hadrons from the hadronization of the
is a direct measurement of the quark distributions in a nu- medium. Though relatively rare with small cross sectic
cleon or nucleus. Such experiments have provided unprecethe jet production rate can be calculated perturbative in C
dented information about partonic structure of nucleons andand agrees well with experimental measurements in f
nucleus and confirmed the prediction of QCD evolution[1]. energypp(p) collisions. A critical component of the jet tc
For dynamic systems such as that produced in heavy-ionmography is then to understand the jet attenuation thre
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 transverse?  Modified Frag mentation Function
dimension. The system expands very rapidly both in the
longitudinal and transverse direction. These characteristics ) ) L o
make it impossible to use external probes to study the pro-A direct manifest of jet quenching is the modificati
perties of the produced dense matter in high-energy heavy-of the fragmentation function of the produced part
ion collisions. Fortunately, one can prove that the thermal Da—n (2, #*) which can be measured directly. This mo
average of the above correlation function gives the photonfication can be directly translated into the energy loss of
emission rate from the evolving system. The emission rate'€2ding parton.
depends mainly on the local temperature or the parton den- To demonstrate medium modified fragmentation fu
sity while the total yield also depends the whole evolution tion and parton energy loss, one can study deeply inel
history of the system. Therefore, a strongly interacting sys- scattering (DISkA [4, 5, 6]. Here, we consider the sen
tem can reveal its properties and dynamics through photoninclusive processes(L;) + A(p) — e(L2) + h(¢y) + X,
and dilepton emission. One can further study the resonancevhereL; and L are the four-momenta of the incoming a
properties of the emitted virtual photons and their medium the outgoing leptons, arfy is the observed hadron mome
modification. The screening of strong interaction in a color tum. The differential cross section for the semi-inclus
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process can be expressed as
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wherep = [pT, 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~* 4 ¢ scattering can be written as
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whereHﬁ)(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*/2pTq~ is the Bjorken
variable.? andy? are the factorization scales for the initial
quark distributionsf,;4 (x, 42) in a nucleus and the fragmen-

tation functionsD, ., (21, 2), 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 ir
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. W\
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

Cdtg o,

E%« s

Dg—n(zn/2)

L dz
Zh z

(4)

whereD, (2, u?) and Dy_. (21, u?) are the leading-twist fragmentation functions. The modified splitting functions at

given as

A%Z—*qg(zv L, TL, E%)
+o(1

AWq—*QlI(Zv L, 2L, E%)

14 22
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(6)

Here, the fractional momentum is definedsgas = (2./2p*q~2(1 — z) andz = x5 = Q?/2p* ¢ is the Bjorken variable.

The twist-four parton matrix elements of the nucleus,

TA

49(T2L)

x(1 -
x5 (Agg(0) 7 F

has a dipole-like structure which is a result of Landau-

/ Wty dyg e ermnv (1 = s
™

emiLpt W =Yg~y )0(y™ — y7)
Y2 ) FHo(yr ) gy~

A @)

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 radiationa, — 0) or when
the formation time of the gluon radiation; = 1/z.pt,

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, Sincez4 = 1/M R4, the energy losgAz,) thus depend:
quadratically on the nuclear size.

C N R
Tiy(w,zp) ~ a(l—e /74 f(x), 8

M7

whereC = 2Cxr f (z7) is considered a constant. One 105 [ <v>=11.5-13.4CeV, <Q">=2.6-3.1GeV* |

can identifyl/zpt = 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 0.9

nishes, demonstrating a typical LPM interference effect. 09 ©
Since the LPM interference suppresses gluon radlatlon\085 L

whose formation timer; ~ Q?/¢3.p*) is larger than the <

nuclear sizeM R4 /p™ in our chosen frame’2. should then C:; 08 | R
have a minimum value of2. ~ Q?/MRs ~ Q2/A'/3. X075 | .
Here M is the nucleon mass. Therefore, the Ieading higher- 07 - o "N HERMES 1

twist contribution is proportional tas R4 /€% ~ asR% /Q?
due to double scattering and depends quadratlcally onthe 062 [ o ®Kr HERMES(Preliminary)
nuclear sizdty | 08055304 05 06 07 08 08 1
With the assumption of the factorized form of the twist- z
4 nuclear parton matrices, there is only one free parameter
5(@2) which represents quark-gluon correlation strength Figure 1. Predicted nuclear modification of jet fragmentation ft
inside nuclei. Once it is fixed, one can predict thenergy  tion is compared to the HERMES data [9] on ratios of hadron
and nuclear dependence of the medium modification of the!routions betweem andd targets in DIS.
fragmentation function. Shown in Fig. 1 are the calcula-
ted nuclear modification factor of the fragmentation func-
tions for '* N and® Kr targets as compared to the recent
HERMES data[9]. The predicted shape of thdependence :
agrees well with the experimental data. A remarkable fe- C(Qz)&f(Qg)mNRz(CA/Nc)ZSln(l/ZxB). With the de-
ature of the prediction is the quadratit?/3 nuclear size  termined value ofC, (zp) ~ 0.124 in the HERMES
dependence, which is verified for the first time by an ex- experiment[9] and the average distaride,) = R4/2/7
periment. By fitting the overall suppression for one nu- for the assumed Gaussian nuclear distribution, one get
clear target, we obtain the only parameter in our calculation, quark energy losgE/dL ~ 0.5 GeV/fm inside aAu nu-
C(Q?) = 0.0060 GeV? with a,(Q?) = 0.33 atQ? ~ 3 cleus.
Ge\”. 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 nucleug;” = my, ¢ =
v, andzg = Q?/2ptq~ = Q?/2myv. One can ge
the averaged total energy loss dsf = v(Az,) =~

To extend our study of modified fragmentation functic

u? dez to jets in heavy-ion collisions, we can assufé) ~ u?
(Azg) = / / dz 72A’Y¢1*‘Jl1(z zp,xr, (1) (the Debye screening mass) and a gluon density pr
) ) p(y) = (10/7)0(R4 — y)po for a 1-dimensional expandin
_ 50,4045 rB / it (1-2) system. Since the initial jet production rate is indepenc
N, x2.Q? 2(1—2) of the final gluon density which can be related to the par
T dry a2 gluon scattering cross section[10} oG (zr) ~ p0,l,
X /0 ZU*@ LA, (®  onehasthen

a T4 (zp,
wherez, = u?/2pTq z(1—z) = zp/2(1—=z) if we choose Ty (@p, 1)

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

~ i [ dyagpl)lt -~ costy/ry)). (@)

wherer; = 2Ez(1 — z)/¢3 is the gluon formation time
One can recover the form of energy loss in a thin pla

pCacl ap G\fln (10) obtained in the opacity expansion approach[11],

(Azg)am ) = OZ oty
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_ Caa, ! %; 1+ (1—2)? Ra
<A2g> = T/O dZ/O dum /TO dTO'gp(T)
(T —T10)up?
. [1 o (mﬂ | (12)

Keeping only the dominant contribution and assuming dEy/dL « poR 4 is the energy loss in a static medium with
oy ~ Cy2ma?/u? (C,=1 for qg and 9/4 forgg scattering),  the same gluon density, as in a 1-d expanding system at

one obtains the averaged energy loss, time 79. Because of the expansion, the averaged energy los
3 Ra (dE/dL)14 1s suppressed as compared to the static case ar
<@> ~ TCaCacy / drp(t) (T — ) In 28 (13)  does not depend linearly on the system size.
dL Ra o T2

In order to calculate the effects of parton energy loss or
Neglecting the logarithmic dependence onthe avera- the attenuation pattern of highy partons in nuclear col-
ged energy loss in a 1-dimensional expanding system carlisions, we use a simpler effective modified fragmentation
be expressed a&if),; ~ (dEy/dL)(279/Ra), where function[12, 13],

|

D;I/C(ZC7Q21AEC) = €7<%>D2/C(2F7Q2)+(17€7<%>)
Zg ALz
X | S Djelzes @)+ (570 2Dy (7, Q%) (14)

wherez,, ; are the rescaled momentum fractions. This ef- tons with very high energy. However, the thermal absorptior
fective model is found to reproduce the pQCD result from reduces the effective parton energy loss by about 30-109
Eq.(4) very well, but only whel\>z = AFE./FE is setto be  for intermediate values of parton energy. This will increase
Az =~ 0.6(z4). Therefore the actual averaged parton energy the energy dependence of the effective parton energy loss |
loss should beAE/E = 1.6Az with Az extracted from  the intermediate energy region. One can parameterize suc
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 <E>1d =e(E/pn—1.6)"2/(75+ E/p), (16)
gluon emission and absorption by the propagating parton be- . )
cause of the presence of thermal gluons in the hot medium.1 e threshold is the consequence of gluon absorption th:
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!©SS: The parameteris set to be 1 GeV in the calculation.
of an energetic parton in a hot medium[14]. Taking into ac- . 10 c@lculate the modified highy spectra inA + A col-
count such detailed balance in gluon emission, one can thediSIOns, we use a LO pQCD model [15, 16],

get the asymptotic behavior of the effective energy loss in do” 4
the opacity expansion framework [14], dydpr K). /dedQTd%dxbkoangka
abcd
AE o, CppPL? {ln 28 048} x ta(r)ta(|b —rl)ga(kar,r)galkyr, [b —rl)
E 4)‘gE NQL ' X fa/A(l‘a7Q27r)fb/A($baQ27|b_r|)
7Tasch LT? ,UIZL 6</(2) D;l C(Zm Q27 AE(’) do
S [ e s xS~ ed), (1)

where the first term is from the induced bremsstralung andwith medium modified fragmentation funcitod, ,. given
the second term is due to gluon absorption in detailed ba-by Eg. (14) and the fragmentation functions in free space
lance which effectively reduce the total parton energy loss D}, .(zc, @*) 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 aatb) is the nuclear
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thickness function normalized tbd?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)14 is the average parton energy loss ove
The K ~ 1.5 — 2 factor is used to account for higher order distanceR 4 in a 1-d expanding medium with an initial ur
pQCD corrections. form gluon densitypy. The corresponding energy loss ir
The parton distributions per nuclegp 4 (zq, Q2,7)in- static mgdium with a uniform gluon density over a d?s-
side the nucleus are assumed to be factorizable into the partancela is [22] dEy/dL = (Ra/270)(dE/dL)14. We will
ton distributions in a free nucleon given by the MRSD  Use the parameterization in Eq. (16) for the effective en:
parameterization [18] and the impact-parameter dependenfléPendence of the parton quark energy loss. B
nuclear modification factor which will given by the new HI-  Shown in Fig. 3 are tr}‘le calculated n’lljclear modifi
JING parameterization [19]. The initial transverse momen- 10N factorsRas(pr) = do’ip/(Nvinary)doy, for hadron
tum distributiong 4 (kr, @2, b) 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, @s compared to experimental data [24, 23]. H
a nucleon and nuclear broadening. This model has been fit{Nbinary) = [ d*bd*rta(r)ta(|b — #1). To fit the obser-
ted to the nuclear modification of e spectra i+ A col- ved 7% suppression (solid lines) in the most central coll
lisions at up to the Fermilab energs = 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/(9p0) = 0.3 fm. The hatched area (also in ott
nin effect at RHIC forp + Au collisions aty/s — 200 GeV figures in this paper) indicates a variation @f = +0.3
as compared to the recent RHIC data. As one can see, thge\.//fm' The hatc_hed boxes afo“ﬁ.’d*B.: 1 represent ex
initial multiple scattering in nuclei can give some moderate perlmental errors in o;]/erall normallzzarflon._Nuclek?rEro-
Cronin enhancement of the high spectra. Therefore, any adening and parton s ad0W|_ng together give a slight en
. . ! - cement of hadron spectra at intermedijate= 2 — 4 GeV/c
suppression of the highr spectra inAu + Au collisions

without parton energy loss.
has to be caused by jet quenching. P 9

18 e 0Tk o]
] 1 1 X O PHENX =°
16 | E Foke -
: | /o, (PHENIX 0—10%) £
14 | .
12
z | TN
E 1 - . By S P A AT
o7 i
0.8 — .,""o PHENIX d+Au —> h¥ min. bias
O PHENIX d+Au —> 7° min. bias
06 ;+ No shadow i ol L ol el
I  _____ EKS shadow ) 1 _
o4 b HIWING shadow R O?Elew—soz /69”‘*%8% 4}
4t 1 ' - .
d+Au vE=200 GeV | g Footoremor N
024 2 4p (Ge\ﬁ/c) 8 10 ! M=0.3 fm 1 Vva=200 Gev N ]
i L =1, T 0 -
10-1 fsﬁ,=w.o‘7f0.‘so Gev,/fm A‘U*'A‘U ? A ’\h |
Figure 2. The first predictions [15] of the Cronin effectin- Au L T
collisions at,/s = 200 GeV are compared to the recent RHIC data 2 4 6 8 10 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 4+ Aw collisions as
gluon densityp, (7, r) that is proportional to the transverse compared to data from STAR[24] and PHENIX [23]. See text
profile of participant nucleons. According to Eq. 13, we will & detailed explanation.
calculate impact-parameter dependence of the energy loss as

The flatpr dependence of the® suppression is a cons

T—T0 po(7,b, 7+ i) guence of th_e strong energy dependence of_the parton e
Topo 0N ’ loss. The slight rise oR 45 atpr < 4 GeVie in the calcu-
(18) lation is due to the detailed balance effect in the effec

whereAL(b, 7, ¢) is the distance a jet, producedratas to parton energy loss. In this region, one expects the f
travel alongr at an azimuthal anglé relative to the reac-  mentation picture to gradually lose its validity and is tal
tion plane in a collision with impact-parameterHere, py over by other non-perturbative effects, especially for ka

dE

AL
AE(ba r, d)) ~ <E>1d/ dr
70
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and baryons. As a consequence, (i + p)/x ratio in tly relateh* and7® suppression via théK + p) /= ratio:
central Au + Au collisions is significantly larger than in Rff;iA = Z()A[l + (K +p)/m)aa/[l + (K + p)/7]pp. Itis
peripheralAu + Au or p + p collisions. To take into ac-  clear from the data thatX + p)/m becomes the same for
count this effect, we add a nuclear dependent (proportional 44 + A andp + p collisions atp; > 5 GeVie. To de-

t0 (Nbinary)) soft component to kaon and baryon fragmen- monstrate the sensitivity to the parameterized parton energ
tation functions so thatK" + p)/m ~ 2 atpr ~ 3 GeVle  |ossin the intermediatey region, we also shovlk’;éx in O-

in the most centralu + Au collisions and approaches its  ggy centrality (dashed line) for = 2.0 GeV ande, = 2.04

p + p value atpr > 5 GeVic. The resultant suppression  sev/im 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-|5te di-hadron spectra '

|

EL\E dojiy® _ K > :/dedQ dagdayd®kyrdk

L = rdx,dx ”

W s 2 A" kard® ke
abed

ta(r)ta(jb —r|)ga(ker,r)ga(ksr, b —r|)

fa/A('rav QQa T)fb/A(xln QQa |b - I‘|)
X Dh/c(zcaQ27AEC)Dh/d(Zd7Q27AEd)

S

22222
do 4
X E(ab — ¢d)§™(Pa + Po — Pe — Pd), (19)
!
for two back-to-back hadrons from independent fragmenta- - 0-5%
tion of the back-to-back jets. Let us assume hadrpis a 0.1 [ sTARAu+AU
triggered hadron withr; = ptjflg. One can define a hadron- L O STAR pp
triggered fragmentation function (FF) as the back-to-back g5 |-
correlation with respect to the triggered hadron: ’ . b
hihg /g2, trig 0 b, =T
Dt (2, ¢, pliie) = plie 2744 }{d Pr tded¢, (20) 10-20%
dois/d?pr T 01}
similarly to the direct-photon triggered FF [12, 13] 4R N
jet events. Herezr = pr/p't'® and integration over f;/ 0.05 L
ly1.2| < Ay is implied. In a simple parton model, the two i + 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%
a Gaussian-like angular distribution. In addition, we also 0.1 e shadow
take into account transverse momentum smearing within a b EKS shadow
jet using a Gaussian distribution with a width(@f, ) = 0.6 005 s o 7
GeV/c. Hadrons from the soft component are assumed to be i $ © ’
uncorrelated. ob——" " F+8——"*"
Shown in Fig. 4 are the calculated back-to-back correla- 04 06 08 1 0.6 0.8 1

tions for charged hadrons i+ Aw collisions as compared Ad /e A/

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

to calculate single hadron suppression and azimuthal ani-rigure 4. Back-to-back correlations for charged hadrons with
sotropy can also describe well the observed away-side hays ~ p. > 2 GeVic, pii'® = 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 of(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 |
the regior0.75 < [¢| < 2.24 rad [25]. 10 GeV quark in the expanding medium (i$E /dL) 4

0.85 + 0.24 GeV/fm, which is equivalent t@lE,/dL

~
~
~
~
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