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PROPAGATION OF ENERGETIC PARTONSIN MATTER�D. S
hiffLaboratoire de Physique Théorique (CNRS�UMR 8627)Université de Paris XI, Bâtiment 210, 91405 Orsay Cedex, Fran
e(Re
eived O
tober 11, 1999)We review the properties of energeti
 parton propagation in hot or 
oldQCD matter, as obtained in re
ent work. The medium indu
ed energy lossis studied. It has the remarkable feature to grow as L2, the length of thetraversed matter squared. Numeri
al estimates suggest that it may be si-gni�
antly enhan
ed in hot matter 
ompared to 
old matter, thus pointingtowards a possible signal for quark�gluon plasma formation. The more rea-listi
 
ase of an expanding (longitudinally) QCD plasma is studied. Theresulting radiative energy loss 
an be as large as 6 times the 
orrespondingone in a stati
 plasma at the referen
e temperature T (L) whi
h is rea
hedafter the parton propagates on a distan
e L. Finally, the spe
trum ofsoft radiated gluons is studied, leading to the 
al
ulation of the mediumdependent energy lost by a jet with opening angle �
one. It is shown that thefra
tion of this energy loss to the integrated one exhibits a universal beha-vior in terms of �2
oneL3bq where bq is the transport 
oe�
ient 
hara
terizingthe medium. Phenomenologi
al impli
ations for the di�eren
e between hotand 
old matter are dis
ussed.PACS numbers: 12.38.Bx, 12.38.Mh, 24.85.+p1. Introdu
tionOver the past few years, a lot of work has been devoted to the propaga-tion of high energy partons (jets) through hot and 
old QCD matter. Thejet p?-broadening and the gluon radiation indu
ed by multiple s
attering,together with the resulting radiative energy loss of the jet have been stu-died [1�14℄. These studies are extensions to QCD of the analogous QEDproblem 
onsidered long ago by Landau, Pomeran
huk and Migdal [16℄. Anumber of interesting results have been found: When a high energy parton� Presented at the XXXIX Cra
ow S
hool of Theoreti
al Physi
s, Zakopane, Poland,May 29�June 8, 1999. (3621)
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hifftransverses a length L of hot or 
old matter, the indu
ed radiative energyloss is proportional to L2. The energy loss of a high energy jet in a hotQCD plasma appears to be mu
h larger than in 
old nu
lear matter even atmoderate temperatures of the plasma, T � 200 MeV.The order of magnitude of the e�e
t in hot matter 
ompared to the
ase of 
old nu
lear matter may be expe
ted to be large enough to lead toan observable and remarkable signal of the produ
tion of the quark gluonplasma (QGP). Indeed, it has been proposed to measure the magnitude of�jet quen
hing� in the transverse momentum spe
trum of hard jets produ
edin heavy-ion-
ollisions [17,18℄. Jet quen
hing is the manifestation of energyloss as seen in the suppression and 
hange of shape of the jet spe
trum
ompared with hadroni
 data. The angular distribution of radiated gluonswhi
h are the main sour
e of energy loss has been studied [10�13, 15℄. Thisallows for quantitative predi
tions of the energy lost outside the 
one de�ningthe jet. As a result, the energy loss is quite 
ollimated in the 
ase of a hotQCD medium .In Se
tion 2, we give the basi
 elements of the equations and des
ribethe 
oherent pattern of the gluon radiative spe
trum indu
ed by multiples
attering.In Se
tion 3, we derive the indu
ed energy loss and the jet transversemomentum broadening in terms of phenomenologi
ally signi�
ant quantities.Orders of magnitude are given.In se
tion 4, the more realisti
 
ase of an expanding QCD plasma is
onsidered and the 
orresponding energy loss 
al
ulated.In Se
tion 5, we indi
ate the elements of derivation of the angular depen-den
e of the radiative gluon spe
trum and the phenomenologi
al impli
ationsfor measuring the energy loss in hot QCD matter and 
old matter.2. The 
oherent pattern of the gluon radiative spe
trum indu
edby multiple s
atteringWe 
onsider a high energy parton say a quark of energy E traversinghot or 
old matter under a length L. The main assumption [1℄ is that thes
attering 
enters are stati
 and un
orrelated (in the spirit of the Glauberpi
ture). We fo
us on purely radiative pro
esses sin
e the 
ollisional energyloss vanishes in the 
ase of stati
 
enters.We de�ne a normalized quark��parti
le� 
ross-se
tionV (Q2) = 1�� d�dQ2 ; (1)
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 Partons in Matter 3623where Q is the 2-dimensional transverse momentum transfer s
aled by anappropriate s
ale: ~Q = ~q�and � = Z d�d2Q d2Q : (2)In the 
ase of a hot QCD plasma, the �parti
le� is a quark or gluon and it is anu
leon in the 
ase of 
old matter. To guarantee that d�=dQ2 depends onlyon ~Q, we assume that the energy transfer from the quark to a parti
le in themedium be small 
ompared to the in
ident energy. The s
ale � 
hara
teristi
of the medium is 
onveniently taken as the Debye s
reening mass in the hot
ase and as a typi
al momentum transfer in a quark�nu
leon 
ollision. The
ondition that the independent s
attering pi
ture be valid may be expressedas: ��1 � � ; (3)where � is the parton mean free path in the medium � = 1=��. We assumethat a large number of s
atterings takes pla
e, that isL� � : (4)The general argument whi
h allows us to understand the 
oherent pat-tern of the radiation indu
ed by multiple s
attering in the medium is thefollowing. Let us de�ne the formation time of the emitted gluon:tf = 2!k2? ; (5)where ! and k? are respe
tively the energy and the transverse momentumof the gluon. We 
ompare tf with the gluon mean free path � (leaving asidefor the moment 
olor fa
tors). When tf � �, radiation takes pla
e in a
oherent fashion with many s
attering 
enters a
ting as a single one. Thetypi
al k? being of order �, we may spe
ify the gluon frequen
y range forwhi
h this 
oherent regime takes pla
e:��2 � ! < E : (6)Radiation is suppressed with respe
t to summing in
oherent emission onea
h site. It is easy to understand that in this regime, the energy loss ona distan
e L is proportional to L2. Indeed, �E is roughly determined bythe maximum energy a radiated gluon 
an have still maintaining a 
ohe-ren
e length � L. The formation time of the radiated gluon is 2!=k2?max
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hiffwith k?max the maximum transverse momentum that the gluon gets in themedium as it is being produ
ed. Taking k2?max = �2L� where L� is thenumber of s
attering 
enters and setting tf � L one �nds !<�1=2 �2� L2. Theproportionality of �E to L2 as understood here in a heuristi
 way will be
on�rmed by the 
areful derivation outlined in the following pages. It isworth noti
ing that this form of �E is valid as long as the length L < L
r �p�E=�2. This 
orresponds to imposing ! < E.2.1. Jet p?-broadeningOn the way to deriving the gluon radiative spe
trum, let us start withthe 
lassi
al di�usion equation satis�ed by the transverse momentum dis-tribution of a high energy parton whi
h en
ounters multiple s
attering in amedium. Suppose the parton is produ
ed in a hard 
ollision with an initialtransverse momentum distribution f0(U2) ; U is the dimensionless transversemomentum ~U � ~p� and Z d2Uf0(U2) = 1 :Negle
ting the transverse momentum given to the parton by indu
edgluon emission, one 
an derive a 
lassi
al kineti
 equation for the transversemomentum distribution f(U2; z) after a distan
e z in the medium [5℄.In terms of the variable t = z�R with �R the mean free path for a partonof 
olor representation R, one �nds the following gain�loss equation�f(U2; t)�t = + Z f(U 02; t) V ((~U 0 � ~U)2)d2U 0� Z f(U2; t) V ((~U � ~U 0)2)d2U 0 (7)with f(U2; 0) = f0(U2) : (8)De�ning the Bessel transform ef(B2; t) asef(B2; t) = Z d2U e�i ~B�~U f(U2; t) (9)and eV (B2) = Z d2Q e�i ~B� ~Q V (Q2) (10)we �nd � ef(B2; t)�t = �14B2ev(B2) ef(B2; t) (11)
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 Partons in Matter 3625with ev(B2) � 4B2 (1� eV (B2)) : (12)As dis
ussed in [5℄, Eq. (11) is valid for hot and 
old QCD media.2.2. Radiative gluon spe
trumLet us now turn to the gluon spe
trum. We shall from now on spe-
ialize to a quark jet. The general 
ase is given in [6℄. After the gluon isemitted from the high energy quark, the quark�gluon system moves throughthe medium and 
arries out multiple s
atterings. As derived in [3, 4, 6℄, thespe
trum for the radiated gluon is 
al
ulated in terms of the interferen
eterm between the quark-gluon amplitude at time t and the 
omplex 
onju-gate Born amplitude. For simpli
ity, we restri
t here to the 
ase where thequark enters the medium from outside. (An additional term is needed [6℄ inthe 
ase when the quark is produ
ed via a hard s
attering at t = 0 in themedium). We denote by f(~U; ~V ; t) the quark gluon amplitude at time t. ~U isthe s
aled gluon momentum ~U � ~k� and ~V � ~U the s
aled quark momentumas illustrated below.
f (U,V,t) =

k

p-k

tTo a

ount for the gluon polarization, f is a 2-dimensional ve
tor whi
hwill be implied hereafter. The dependen
e on ~U and ~V is a
tually only inthe 
ombination ~U�x~V with x = kp . f(~U; ~V ; t) satis�es the initial 
onditionf(~U; ~V ; 0) = f0(~U; ~V ) where f0 is the Born terms amplitude to be des
ribedshortly.The indu
ed gluon spe
trum is written as:! dId! dz = �s CF�2L 2Re Z d2U( LZ0 dt2 t2Z0 dt1� ��� NC2CF f(~U � x~V ; t2 � t1)� ��� NC2CF f�0 (~U � x~V )�)!=1! :(13)
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hiffThe various terms in (13) have simple interpretations. The �SCF�2 is the 
ou-pling of a gluon to a quark. The 1=L 
omes be
ause we 
al
ulate the spe
-trum per unit length of the medium. The fa
tor N
2CF f(~U �x~V ; t2� t1)��dt1is the number of s
atterers in the medium, ��dt1, times the amplitude withgluon emission at t1, evolved in time up to t2, the time of emission in the
omplex 
onjugate amplitude. The fa
tor N
2CF f�0 (~U � x~V )��dt2 gives thenumber of s
atterers times gluon emission in the 
omplex 
onjugate Bornamplitude. The subtra
tion of the value of the integrals at ! =1 elimina-tes the medium independent 
ontribution. Eq. (13) may be simpli�ed usingt � �2CFN
 �� � . De�ning �0 = N
2CF L� , we obtain! dId! dz = �s N
�2� ReZ d2Q�( �0Z0 d� �1� ��0� f(~U � x~V ; �) � f�0 (~U � x~V ))!=1! : (14)Due to the spe
i�
 dependen
e of f and f0 in ~U and ~V , it is possible toexpress them in terms of a single impa
t parameter as:f(~U � x~V ; �) = Z d2B(2�)2 ei ~B�(~U�x~V ) ef( ~B; �) ;f0(~U � x~V ) = Z d2B(2�)2 ei ~B�(~U�x~V ) ef0( ~B) ; (15)allowing us to obtain the following expression for the spe
trum in impa
tparameter spa
e:!dId! dz = �sN
2�3�ReZ d2B2� ( �0Z0 d� �1� ��0� � ef( ~B; �) � ef�0 ( ~B))!=1! : (16)2.2.1. The Born amplitude f0(~U � x~V )The diagrams des
ribing the Born amplitude are shown in Fig. 1. Graphsa�
 
orrespond to inelasti
 rea
tions with the medium while graphs d�g
orrespond to forward s
attering in the medium. For terms a�
 there are
orresponding inelasti
 rea
tions in the 
omplex 
onjugate amplitude. Inthe approximation that the forward elasti
 amplitude for quark s
atteringo� parti
les in the medium is purely imaginary, the elasti
 and inelasti
terms are proportional to V (Q2). The 
olor fa
tors and the expression ofea
h graph 
ontribution are derived in [6℄.
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gFig. 1.2.2.2. The time evolved amplitudeThe quark�gluon amplitude f(~U; ~V ; t) obeys an integral evolution equa-tion derived in Refs. [3, 4, 6℄. In impa
t parameter spa
e and in the smallx-limit, this equation takes the simple form��� ef( ~B; �) = ie� r2B ef( ~B; �)� 2(1� eV (B)) ef( ~B; �) (17)with e� = 2CFNC ���22! � and ef( ~B; 0) = ef0( ~B). This equation is a S
hrödinger-type evolution equation for the propagation of the quark�gluon system ina QCD medium. Comparing Eq. (17) to Eq. (11) is instru
tive. The termproportional to e� in (17) is 
learly of quantum origin asso
iated to thephase of the amplitude whereas Eq. (11) is a 
lassi
al di�usion equation.The 
ontributions entering the expression of the spe
trum (14) are depi
tedin Fig. 2.
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t 1Fig. 2.3. The indu
ed energy loss3.1. Solving the equationsSo long as ev(B2) � 4(1 � eV (B)=B2 
an be treated as a 
onstant, thesolution of Eq. (17) pro
eeds in analogy with that of the 2-dimensionalharmoni
 os
illator with imaginary frequen
y. We expe
t that the behavior
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lose in general to the Coulomb 
ase i.e. � `n1=B2 at small B2.The solution of (17) is worked out in [4℄ and is thus valid to logarithmi
a

ura
y. The energy loss per unit length�dEdz = 1Z0 ! dId! dz (18)
an be evaluated in the small x approximation leading to�dEdz = �s N
12 �2L� ev(��10 ) : (19)In the 
ase where the jet is produ
ed in matter, one �nds�dEdz = �s N
4 �2L� ev(��10 ) : (20)As for jet p?-broadening, it is possible to de�ne a 
hara
teristi
 widthof the distributions f(U2; t) whi
h is found to be [5℄:p2?W = �2� L ev(��10 ) : (21)The linear growth with L is expe
ted and has been used to dis
uss p?-broadening of high energy partons in nu
lei. The 
oe�
ient bq = �2� ev(��10 )plays the role of a transport 
oe�
ient as en
ountered in 
lassi
al di�u-sion equations. Noti
e the remarkable relation between energy loss and jetp?-broadening: �dEdz = �s N
12 p2?W (22)in the 
ase of a quark entering the medium from outside.3.2. EstimatesThe parameter 
ontrolling the magnitude of the energy loss is bq. Esti-mates 
an be provided for its value, allowing us to give orders of magnitudefor the energy loss.3.2.1. Hot matterTaking T = 250 MeV, �2� � 1 GeV/fm2 taken from perturbative esti-mates at �nite T , a typi
al value for ev � 2:5, we �nd bq ' 0:1 GeV3 [5, 15℄.With �s = 1=3, this leads for the total indu
ed energy loss to��E � 30 GeV � L10 fm�2 : (23)
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hiff3.2.2. Cold nu
lear matterIn Ref. [5℄, we show that it is possible to relate bq to the gluon stru
turefun
tion G evaluated at an average s
ale �2B2 � �2 �L . Taking the nu
leardensity � � 0:15 fm�3, �s = 1=2, xG � 1, it is found that��E � 2 GeV � L10 fm�2 : (24)One should not take the exa
t values too seriously. However they do suggestthat hot matter may be e�e
tive in stimulating radiative energy loss of highenergy partons.4. How to take into a

ount the expansionof the hot QCD plasmaIn the above the properties of the medium and the intera
tions of theparton/jet, 
hara
terized by the basi
 parameter bq, have been supposed
onstant in time. It is interesting to 
onsider the 
ase of a high energyquark entering an expanding hot medium. We imagine the medium to bea quark gluon plasma produ
ed in a relativisti
 
entral A-A 
ollision whi
ho

urs at (proper) time t = 0. At time t0, the quark enters the homogeneousplasma at high temperature T0 whi
h expands longitudinally with respe
tto the 
ollision axis. t0 may be 
onsidered as being the thermalization time.It turns out that for most of the results the limit t0 ! 0 
an be taken. Thequark is supposed to propagate in the transverse dire
tion at y = 0 so thatthe distan
e on whi
h it propagates is equal to the proper time t. On itsway it hits layers of matter whi
h are 
ooled down due to the longitudinalexpansion of the hadrons. We assume that the plasma lived long enough sothat the quark is able to propagate on a distan
e L within the gluon plasmaphase of matter. The properties of the expanding plasma are des
ribed bythe hydrodynami
al model proposed by Bjorken [19℄ with the s
aling lawT 3 t� = 
onst : (25)The parameters � and � depend on T and thus on t. The power � whi
h isapproximated by a 
onstant may take values between 0 and 1. The value � =1 
orresponds to the ideal �uid. The natural generalization of Eq. (16) for theindu
ed spe
trum is obtained by properly spe
ifying the time dependen
e.The gluon emission amplitude at t1, evolved in time to t2 > t1 is nowf(~b; t2; t1) (~b is the uns
aled 2-dimensional impa
t parameter) and f�0 (~b; t2)denotes the 
omplex 
onjugate Born amplitude for emission at t2. We �nd
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 limit) [14℄! dId! dz = �s N
2�2 1L2Re( t0+LZt0 dt2�(t2) t2Zt0 dt1�(t1)� Z d2b(2�)2 f(~b; t2; t1) � f�0 (~b; t2))�����!=1! (26)the initial 
ondition is f(~b; t1; t1) = f0(~b; t1) : (27)The amplitude f(~b; t2; t1) satis�es a S
hrödinger-like evolution equation.At �xed t1 in the logarithmi
 approximation, taking ev(b2) � ev, it is a 2-dimensional harmoni
 os
illator equation whi
h takes the following formi ��t2 f(~b; t2; t1) = � 12! ~r2b � 12! !20(t2)~b2� f(~b; t2; t1) : (28)With !20(t2) = ibq(t)=! where bq(t) is the t dependent transport 
oe�
ientbq(t) = �2(t)�(t) ev = bq(t0)� TT0�3 � bq(t0)� t0t �� : (29)The derivation given in Ref. [14℄ leads to an analyti
 expression for theindu
ed energy loss�dEdz = 6(2� �)(3 � 2�) ��dEdz �stati
 ; (30)where � �dEdz �stati
 is the energy lost by a quark traversing a medium at�xed temperature T (L). It is remarkable that the result is independent ofT0. For the ideal gas 
ase when � = 1, the resulting enhan
ement fa
tor islarge equal to 6. Noti
e that in QCD � � 1�O(�2s) [20℄.5. Angular dependen
e of the radiative gluon spe
trumAs a 
onsequen
e of the above, the energy loss is a huge e�e
t in hotmatter and may 
onstitute a remarkable signal of produ
tion of the QGP.The natural observable to measure is the transverse momentum spe
-trum of hard jets produ
ed in heavy ion 
ollisions. The 
onsequen
e of alarge energy loss is the attenuation of the spe
trum usually denoted as jetquen
hing. It is ne
essary to study the angular distribution of radiated glu-ons in order to give quantitative predi
tions for the energy lost by a jet
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hifftraversing hot matter. Only the gluons whi
h are radiated outside the 
onede�ning the jet 
ontribute to the energy loss.In [15℄ a 
omplete 
al
ulation of the angular distribution is given for therealisti
 
ase of a hard jet produ
ed in the medium.5.1. Gluon transverse momentum spe
trumIn 
ontrast to the ~U -integrated spe
trum, given in Eq. (16), it is ne
es-sary to take into a

ount the possibility that the emitted gluon may res
atterin the medium after time t2. For example, the 
ontribution shown in Fig.2a should be de
orated with �nal state intera
tions as illustrated in Fig. 3.
B1 2B

a b cFig. 3. Final state intera
tions 
ontributing to Fig. 2a: (a) real, (b) and (
) virtualintera
tions.The analysis of p?-broadening given in [5℄ leads to de�ne a �nal state inter-a
tion amplitude in impa
t parameter spa
e as [15℄:Ffsi( ~B1 � ~B2; �) = exp ��12( ~B1 � ~B2)2�ev� ; (31)where ~B1 and ~B2 are respe
tively the impa
t parameters in the amplitudeand the 
omplex 
onjugate amplitude. As a 
onsequen
e the spe
trum isworked out to be, in the small x limit:! dId! dz d2U = �s CF�2L 2Re( �0Z0 d�2 Z d2B1(2�)2 d2B2(2�)2 ei( ~B1� ~B2)�~U�24 �2Z0 d�1 ef( ~B1; �2 � �1)35 � 4�i ~B2B22 heV ( ~B1 � ~B2)� eV ( ~B1)i�e�ev=2( ~B1� ~B2)2(�0��2))!=1! : (32)An easy 
he
k of this formula, is that it gives ba
k Eq. (16) when integratingon ~U (in the small x-limit, the Born amplitude f0( ~B) = �4�iB2 ~B(1� eV ( ~B)).
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ed radiative energy lossLet us de�ne the integrated loss outside an angular 
one of opening angle�
one given by �E(�
one) = L 1Z0 d! �Z�
one !dId! dz d� d� : (33)For �
one = 0, the total loss �E (Eq. (20) is re
overed. One 
an �nd inRef. [15℄ the details of the 
al
ulation of �E(�
one). The integral on � maybe performed analyti
ally in the approximation of small angles but the !,�2 and �1 (Eq. (32)) integrals are done numeri
ally.De�ning R(�
one) as the ratio �E(�
one)�E , one 
an show the remarkablefeature that R depends on a single dimensionless variableR = R(
(L)�
one) ; (34)where 
2(L) = NC2CF bq�L2�3 : (35)The medium and the size dependen
e of R is universally 
ontained in 
(L).This �s
aling� behavior may be understood using the following heuristi
arguments: the radiated energy loss is dominated by gluons having ! '�2� L2. The angle that the emitted gluon makes with the quark is � = k=!with k2 � �2L� so that the typi
al gluon angle is su
h that�2 � ��2 1L3 � 1bqL3 :5.3. EstimatesWe may use the estimates of se
tion 3 to give orders of magnitude for
(L) in the 
ase of a hot/
old medium:
(L)hot ' 40 (L=10 fm)3=2 :A mu
h smaller value is found in the 
old nu
lear matter 
ase:
(L)
old � 10 (L=10 fm)3=2 :In Fig. 4, we show the variation of R with �
one. As expe
ted from thefa
t that R depends universally on 
(L)�
one, the 
urve is more 
ollimated
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Fig. 4. Medium indu
ed (normalized) energy loss distribution as a fun
tion of 
oneangle �
one for hot (T = 250 MeV) (solid 
urve) and 
old matter (dashed 
urve) at�xed length L = 10fm.in the hot medium than in the 
old medium 
ase. In the hot QCD 
ase,taking �
one = 10Æ (40Æ), the fra
tion R is redu
ed to 40 % (20 %). When
omparing to the 
old matter 
ase, �E(40Æ) is still quite large, however:�Ehot(40Æ) ' 12 GeV � L10 fm�2, 
ompared to �E
old(40Æ) � 3 GeV � L10 fm�2.As a 
on
lusion, we expe
t that the medium indu
ed angular energy loss�E(�
one) for energeti
 jets 
an be large in hot QCD matter and although
ollimated still appre
iably larger than in 
old matter for 
urrent 
one sizes:�
one � 30Æ � 40Æ.This le
ture is a summary of work done sin
e a few years with R. Baier,Yu.L. Dokshitzer, A.H. Mueller and S. Peigné. I would like to thank theorganizers of the s
hool for the opportunity of presenting it in su
h a pleasantand stimulating atmosphere. REFERENCES[1℄ M. Gyulassy, X.-N. Wang, Nu
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