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PROPAGATION OF ENERGETIC PARTONSIN MATTER�D. ShiffLaboratoire de Physique Théorique (CNRS�UMR 8627)Université de Paris XI, Bâtiment 210, 91405 Orsay Cedex, Frane(Reeived Otober 11, 1999)We review the properties of energeti parton propagation in hot or oldQCD matter, as obtained in reent work. The medium indued energy lossis studied. It has the remarkable feature to grow as L2, the length of thetraversed matter squared. Numerial estimates suggest that it may be si-gni�antly enhaned 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 referene temperature T (L) whih is reahedafter the parton propagates on a distane L. Finally, the spetrum ofsoft radiated gluons is studied, leading to the alulation of the mediumdependent energy lost by a jet with opening angle �one. It is shown that thefration of this energy loss to the integrated one exhibits a universal beha-vior in terms of �2oneL3bq where bq is the transport oe�ient haraterizingthe medium. Phenomenologial impliations for the di�erene between hotand old matter are disussed.PACS numbers: 12.38.Bx, 12.38.Mh, 24.85.+p1. IntrodutionOver 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 indued by multiple sattering,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, Pomeranhuk and Migdal [16℄. Anumber of interesting results have been found: When a high energy parton� Presented at the XXXIX Craow Shool of Theoretial Physis, Zakopane, Poland,May 29�June 8, 1999. (3621)



3622 D. Shifftransverses a length L of hot or old matter, the indued radiative energyloss is proportional to L2. The energy loss of a high energy jet in a hotQCD plasma appears to be muh larger than in old nulear matter even atmoderate temperatures of the plasma, T � 200 MeV.The order of magnitude of the e�et in hot matter ompared to thease of old nulear matter may be expeted to be large enough to lead toan observable and remarkable signal of the prodution of the quark gluonplasma (QGP). Indeed, it has been proposed to measure the magnitude of�jet quenhing� in the transverse momentum spetrum of hard jets produedin heavy-ion-ollisions [17,18℄. Jet quenhing is the manifestation of energyloss as seen in the suppression and hange of shape of the jet spetrumompared with hadroni data. The angular distribution of radiated gluonswhih are the main soure of energy loss has been studied [10�13, 15℄. Thisallows for quantitative preditions 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 Setion 2, we give the basi elements of the equations and desribethe oherent pattern of the gluon radiative spetrum indued by multiplesattering.In Setion 3, we derive the indued energy loss and the jet transversemomentum broadening in terms of phenomenologially signi�ant quantities.Orders of magnitude are given.In setion 4, the more realisti ase of an expanding QCD plasma isonsidered and the orresponding energy loss alulated.In Setion 5, we indiate the elements of derivation of the angular depen-dene of the radiative gluon spetrum and the phenomenologial impliationsfor measuring the energy loss in hot QCD matter and old matter.2. The oherent pattern of the gluon radiative spetrum induedby multiple satteringWe 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 thesattering enters are stati and unorrelated (in the spirit of the Glauberpiture). We fous on purely radiative proesses sine the ollisional energyloss vanishes in the ase of stati enters.We de�ne a normalized quark��partile� ross-setionV (Q2) = 1�� d�dQ2 ; (1)



Propagation of Energeti Partons in Matter 3623where Q is the 2-dimensional transverse momentum transfer saled by anappropriate sale: ~Q = ~q�and � = Z d�d2Q d2Q : (2)In the ase of a hot QCD plasma, the �partile� is a quark or gluon and it is anuleon 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 partile in themedium be small ompared to the inident energy. The sale � harateristiof the medium is onveniently taken as the Debye sreening mass in the hotase and as a typial momentum transfer in a quark�nuleon ollision. Theondition that the independent sattering piture be valid may be expressedas: ��1 � � ; (3)where � is the parton mean free path in the medium � = 1=��. We assumethat a large number of satterings takes plae, that isL� � : (4)The general argument whih allows us to understand the oherent pat-tern of the radiation indued by multiple sattering in the medium is thefollowing. Let us de�ne the formation time of the emitted gluon:tf = 2!k2? ; (5)where ! and k? are respetively the energy and the transverse momentumof the gluon. We ompare tf with the gluon mean free path � (leaving asidefor the moment olor fators). When tf � �, radiation takes plae in aoherent fashion with many sattering enters ating as a single one. Thetypial k? being of order �, we may speify the gluon frequeny range forwhih this oherent regime takes plae:��2 � ! < E : (6)Radiation is suppressed with respet to summing inoherent emission oneah site. It is easy to understand that in this regime, the energy loss ona distane L is proportional to L2. Indeed, �E is roughly determined bythe maximum energy a radiated gluon an have still maintaining a ohe-rene length � L. The formation time of the radiated gluon is 2!=k2?max



3624 D. Shiffwith k?max the maximum transverse momentum that the gluon gets in themedium as it is being produed. Taking k2?max = �2L� where L� is thenumber of sattering enters and setting tf � L one �nds !<�1=2 �2� L2. Theproportionality of �E to L2 as understood here in a heuristi way will beon�rmed by the areful derivation outlined in the following pages. It isworth notiing that this form of �E is valid as long as the length L < Lr �p�E=�2. This orresponds to imposing ! < E.2.1. Jet p?-broadeningOn the way to deriving the gluon radiative spetrum, let us start withthe lassial di�usion equation satis�ed by the transverse momentum dis-tribution of a high energy parton whih enounters multiple sattering in amedium. Suppose the parton is produed in a hard ollision with an initialtransverse momentum distribution f0(U2) ; U is the dimensionless transversemomentum ~U � ~p� and Z d2Uf0(U2) = 1 :Negleting the transverse momentum given to the parton by induedgluon emission, one an derive a lassial kineti equation for the transversemomentum distribution f(U2; z) after a distane 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)



Propagation of Energeti Partons in Matter 3625with ev(B2) � 4B2 (1� eV (B2)) : (12)As disussed in [5℄, Eq. (11) is valid for hot and old QCD media.2.2. Radiative gluon spetrumLet us now turn to the gluon spetrum. 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 satterings. As derived in [3, 4, 6℄, thespetrum for the radiated gluon is alulated in terms of the interfereneterm between the quark-gluon amplitude at time t and the omplex onju-gate Born amplitude. For simpliity, we restrit here to the ase where thequark enters the medium from outside. (An additional term is needed [6℄ inthe ase when the quark is produed via a hard sattering at t = 0 in themedium). We denote by f(~U; ~V ; t) the quark gluon amplitude at time t. ~U isthe saled gluon momentum ~U � ~k� and ~V � ~U the saled quark momentumas illustrated below.
f (U,V,t) =

k

p-k

tTo aount for the gluon polarization, f is a 2-dimensional vetor whihwill be implied hereafter. The dependene on ~U and ~V is atually 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 desribedshortly.The indued gluon spetrum 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)



3626 D. ShiffThe various terms in (13) have simple interpretations. The �SCF�2 is the ou-pling of a gluon to a quark. The 1=L omes beause we alulate the spe-trum per unit length of the medium. The fator N2CF f(~U �x~V ; t2� t1)��dt1is the number of satterers in the medium, ��dt1, times the amplitude withgluon emission at t1, evolved in time up to t2, the time of emission in theomplex onjugate amplitude. The fator N2CF f�0 (~U � x~V )��dt2 gives thenumber of satterers times gluon emission in the omplex onjugate Bornamplitude. The subtration 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 = N2CF 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 spei� dependene of f and f0 in ~U and ~V , it is possible toexpress them in terms of a single impat 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 spetrum in impatparameter spae:!dId! dz = �sN2�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 desribing the Born amplitude are shown in Fig. 1. Graphsa� orrespond to inelasti reations with the medium while graphs d�gorrespond to forward sattering in the medium. For terms a� there areorresponding inelasti reations in the omplex onjugate amplitude. Inthe approximation that the forward elasti amplitude for quark satteringo� partiles in the medium is purely imaginary, the elasti and inelastiterms are proportional to V (Q2). The olor fators and the expression ofeah 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 impat parameter spae 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 Shrödinger-type evolution equation for the propagation of the quark�gluon system ina QCD medium. Comparing Eq. (17) to Eq. (11) is instrutive. The termproportional to e� in (17) is learly of quantum origin assoiated to thephase of the amplitude whereas Eq. (11) is a lassial di�usion equation.The ontributions entering the expression of the spetrum (14) are depitedin Fig. 2.
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Propagation of Energeti Partons in Matter 3629of ev(B2) is 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 logarithmiauray. The energy loss per unit length�dEdz = 1Z0 ! dId! dz (18)an be evaluated in the small x approximation leading to�dEdz = �s N12 �2L� ev(��10 ) : (19)In the ase where the jet is produed in matter, one �nds�dEdz = �s N4 �2L� ev(��10 ) : (20)As for jet p?-broadening, it is possible to de�ne a harateristi widthof the distributions f(U2; t) whih is found to be [5℄:p2?W = �2� L ev(��10 ) : (21)The linear growth with L is expeted and has been used to disuss p?-broadening of high energy partons in nulei. The oe�ient bq = �2� ev(��10 )plays the role of a transport oe�ient as enountered in lassial di�u-sion equations. Notie the remarkable relation between energy loss and jetp?-broadening: �dEdz = �s N12 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 typial value for ev � 2:5, we �nd bq ' 0:1 GeV3 [5, 15℄.With �s = 1=3, this leads for the total indued energy loss to��E � 30 GeV � L10 fm�2 : (23)



3630 D. Shiff3.2.2. Cold nulear matterIn Ref. [5℄, we show that it is possible to relate bq to the gluon struturefuntion G evaluated at an average sale �2B2 � �2 �L . Taking the nuleardensity � � 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 exat values too seriously. However they do suggestthat hot matter may be e�etive in stimulating radiative energy loss of highenergy partons.4. How to take into aount the expansionof the hot QCD plasmaIn the above the properties of the medium and the interations of theparton/jet, haraterized by the basi parameter bq, have been supposedonstant 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 produed in a relativisti entral A-A ollision whihours at (proper) time t = 0. At time t0, the quark enters the homogeneousplasma at high temperature T0 whih expands longitudinally with respetto 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 diretion at y = 0 so thatthe distane on whih it propagates is equal to the proper time t. On itsway it hits layers of matter whih 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 distane L within the gluon plasmaphase of matter. The properties of the expanding plasma are desribed bythe hydrodynamial model proposed by Bjorken [19℄ with the saling lawT 3 t� = onst : (25)The parameters � and � depend on T and thus on t. The power � whih 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 theindued spetrum is obtained by properly speifying the time dependene.The gluon emission amplitude at t1, evolved in time to t2 > t1 is nowf(~b; t2; t1) (~b is the unsaled 2-dimensional impat parameter) and f�0 (~b; t2)denotes the omplex onjugate Born amplitude for emission at t2. We �nd



Propagation of Energeti Partons in Matter 3631(in the large N limit) [14℄! dId! dz = �s N2�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 Shrödinger-like evolution equation.At �xed t1 in the logarithmi approximation, taking ev(b2) � ev, it is a 2-dimensional harmoni osillator equation whih 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 theindued 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 enhanement fator islarge equal to 6. Notie that in QCD � � 1�O(�2s) [20℄.5. Angular dependene of the radiative gluon spetrumAs a onsequene of the above, the energy loss is a huge e�et in hotmatter and may onstitute a remarkable signal of prodution of the QGP.The natural observable to measure is the transverse momentum spe-trum of hard jets produed in heavy ion ollisions. The onsequene of alarge energy loss is the attenuation of the spetrum usually denoted as jetquenhing. It is neessary to study the angular distribution of radiated glu-ons in order to give quantitative preditions for the energy lost by a jet



3632 D. Shifftraversing hot matter. Only the gluons whih are radiated outside the onede�ning the jet ontribute to the energy loss.In [15℄ a omplete alulation of the angular distribution is given for therealisti ase of a hard jet produed in the medium.5.1. Gluon transverse momentum spetrumIn ontrast to the ~U -integrated spetrum, given in Eq. (16), it is nees-sary to take into aount the possibility that the emitted gluon may resatterin the medium after time t2. For example, the ontribution shown in Fig.2a should be deorated with �nal state interations as illustrated in Fig. 3.
B1 2B

a b cFig. 3. Final state interations ontributing to Fig. 2a: (a) real, (b) and () virtualinterations.The analysis of p?-broadening given in [5℄ leads to de�ne a �nal state inter-ation amplitude in impat parameter spae as [15℄:Ffsi( ~B1 � ~B2; �) = exp ��12( ~B1 � ~B2)2�ev� ; (31)where ~B1 and ~B2 are respetively the impat parameters in the amplitudeand the omplex onjugate amplitude. As a onsequene the spetrum 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 hek of this formula, is that it gives bak Eq. (16) when integratingon ~U (in the small x-limit, the Born amplitude f0( ~B) = �4�iB2 ~B(1� eV ( ~B)).



Propagation of Energeti Partons in Matter 36335.2. Angular indued 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 reovered. One an �nd inRef. [15℄ the details of the alulation of �E(�one). The integral on � maybe performed analytially in the approximation of small angles but the !,�2 and �1 (Eq. (32)) integrals are done numerially.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 dependene of R is universally ontained in (L).This �saling� behavior may be understood using the following heuristiarguments: 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 typial gluon angle is suh that�2 � ��2 1L3 � 1bqL3 :5.3. EstimatesWe may use the estimates of setion 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 muh smaller value is found in the old nulear matter ase:(L)old � 10 (L=10 fm)3=2 :In Fig. 4, we show the variation of R with �one. As expeted from thefat that R depends universally on (L)�one, the urve is more ollimated
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