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The density of gluons produced in the central rapidity region of a heavy-ion collision is poorly known. We
investigate the influence of the effects of quantum coherence on the transverse momentum distribution of
photons and gluons radiated by a quark propagating through nuclear matter. We describe the case where the
radiation time substantially exceeds the nuclear ra¢thes relevant case for RHIC and LHC energjeshich
is different from what is known as the Landau-Pomeranchuk-Migdal effect corresponding to an infinite me-
dium. We findsuppressiorof the radiation spectrum at small transverse ph@ion momentumk;, but
enhancemerfor k:>1 GeV. Any nuclear effects vanish fér=10 GeV. Our results also allow us to calcu-
late thekr-dependent nuclear effects in prompt photon, light, and hérgll-Yan) dilepton and hadron
production.[S0556-28189)05003-7

PACS numbdis): 24.85:+p, 12.38.Bx, 12.38.Aw, 25.75.q

[. INTRODUCTION corresponds to the opposite energy limit, when the radiation
time is much shorter that the time of propagation through the

One of the major theoretical problems in relativistic medium. It was first suggested by Landau and Pomeran-
heavy-ion physics is the reliable calculation of the gluonchuk [1] and investigated by Migddl5] and has attracted
bremsstrahlung in the central rapidity region. It is one of themuch attention in recent yeaf8,6—9. This regime applies
determining factors for the general dynamics of heavy-iorpnly for the problem of energy loss in a medium, which is
collisions, the approach to thermodynamic equilibrium, andhot the problem we discuss here. Our treatment should apply
the possible formation of a quark-gluon plasmalike stateto the real situation in heavy-ion collisions at high energies.
This problem has been approached by a variety of ways. Wehe relationships between the cited papers are complex. In a
do not want to discuss the relative drawbacks and merits ofecent publication Baieet al. [10] have shown that their
the various approaches here and we will only cite thosejiagrammatic approach is in fact equivalent to that of Za-
which are directly related to ours. kharov[8]. The latter is, however, physically far more intui-

In this paper we consider the bremsstrahlung of photongive and therefore lends itself more easily to a generalization
and gluons resulting from the interaction of a projectileto the case where the nuclei are not infinitely extended. In
quark with a nucleus for the case where the radiation time ignother recent paper, Kovchegov and Muglllet] have un-
much longer than the time needed to cross the nucleus. Thigertaken the first attempt to calculate an in-medium modifi-
radiation or formation time was introduced in R€t] and  cation of the transverse momentum distribution of gluon ra-

can be presented as diation. This paper also has elucidated the relation between
the approaches of Refg7] and[9]. In the approach of Ref.

=coshy% 20 ) [9] based on the use of the light-cone gauge the final state
ke k% ' interactions summed up in Rdf7] (in the covariant gauge

are effectively included in the light-cone wave function.

wherey, w, andky are the rapidity, energy, and transverseThese observations suggest that all three different ap-
momentum of the radiated quantum in the nuclear rest framgroaches might be equivalent when followed carefully
Equation(1) assumes that the radiated energy is relativelyenough.
small, i.e.,w<E,. It is easy to interpret the formation time ~ The main goal of this paper is to study the dependence of
(1) as the lifetime of a photdgluon-quark fluctuatiori2] or  the effects of coherence on the transverse momentum of the
as the time needed to distinguish a radiated quantum fromadiated photon or gluon. We use the light-cone approach for
the static field of the quarf3]. radiation first suggested in Rdfl2] and developed in Refs.

The total time for the bremsstrahlung is proportional to[13,8]. As it is based on an explicit treatment of the trans-
the initial energy and can therefore substantially exceed theerse coordinates it is easily adapted to our purpose. In ad-
time of interaction with the targd#]. Radiation continues dition it seems to be by far the most direct and elegant ap-
even after the quark leaves the target. This part of radiatioproach. We described this approach in Sec. Il for both the
does not resolve multiple scattering processes. Only the tot@hoton and gluon bremsstrahlung. We establish a relation
momentum transfer is important. This illuminating manifes-between the strength of the coherence effects and the trans-
tation of coherence is along the lines of the well knownverse size of the Fock state containing the radiated quantum.
Landau-Pomeranchuk-Migdal effedtPM) for which long The second main result of our paper is the extension of
formation times can be treated. Note that the LPM effectthe light-cone approach to calculations for differential cross
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difference between the amplitudes for a quark-photon fluc-
r Y tuation and a single quark. The impact parameters of these
' 9 quarks are different. Indeed, the impact parameter of the pro-
I—o jectile quark serves as the center of gravity for the fluc-
g tuation in the transverse plane. The distance to the quark in
the quark-gluon Fock-state is them; and that to the photon
is (1—a)rr.
FIG. 1. Feynman graphs for electromagnetic bremsstrahlung. (The v)vaTve function of theyq fluctuation in Eq.(2) for

. ) transversely and longitudinally polarized photons reads
sections as functions of the transverse ph@hmon mo-  (compare with Ref[14])

mentumIZT. This is presented in Sec. lll. As one might have

expected, nuclear shadowing, i.euppressiorof radiation, L, . _ N@em— At

is most pronounced at small. An unexpected result is W osg(Fr,@)= > xiO" " xiKo(err). 3
antishadowing, i.e.,enhancementof radiation for kg

>1 GeV, which, however, vanishes for still larger. Herey;  are the spinors of the initial and final quarks(x)

The results and practical implications for the Drell-Yan js the modified Bessel function. The operat@&! have the
process, prompt photon production, and hadroproduction amgym

discussed in the last section.
OT=imya26* - (X &)+ a* - (GXV)—i(2—a)é* -V,

IIl. INTEGRATED RADIATION SPECTRA (4)

We start with electromagnetic radiation. We cover both Ot =2m . (1-a), (5)
virtual photon radiation(dilepton productiohand real pho- 4
ton radiation(so called prompt photons where

The total radiation cross section f@rirtual) photons, as
calculated from the diagrams shown in Fig. 1, has the fol- £2=a2m§+(1—a)mi*. (6)
lowing factorized form in impact parameter representation
[12] (see also Refl.13)): e is the polarization vector of the photoii,is a unit vector

do™ ) along the projectile momentum, and acts onry. For ra-
o 9—7q f 2 12 diation of prompt photons, . =0.
—_—= v N 4 . Y
d(In @) dro W g )| “ogq(arr). (2) Equation(2) can be used for nuclear targets as well. We
consider hereafter formation times given by the energy de-
HereW .(a,rr) is the wave function of the-q fluctuation ~ nominator
of the projectile quark which depends anthe relative frac-

tion of the quark momentum carried by the photon, apd ¢ :ZEq“(l_ a) >R @
the transverse separation betweeandq (W is not normal- f e+ qu A

ized). oqq(p) is the total interaction cross section forgg _ _ _ o
pair with transverse separatignand a nucleonog,(p) de-  which substantially exceed the nuclear radius. In this limit
pends also parametrically on the total collision energythe transversey*-q separation in the fluctuation is “fro-
squareds, a dependence we do not write out explicitgee, zen,” i.e., does not change during propagation through the
however, Sec. 1. This becomes only important when fits to nucleus. The recipe for the extension of E2). to a nuclear
actual data are performed. Equati(®) contains a remark- target is quite simple[12,15. One should just replace
able observation which is crucial for this whole approachaqﬁq(arT) by qu(arT):

[12]: although we regard only a single projectile quark, the

elastic amplitude of which is divergent, tmadiation cross do*(g— ) _ 2 2 .12
section is equal to the total cross section @fcppair, which d(In @) =2| d% | d rTWW(“’rT”
is finite.

This can be interpreted as follows. One should discrimi-
nate between the total interaction cross section and the free-
ing (radiation cross section of a fluctuation. The projectile
guark is represented in the light-cone approach as a sum wfhere
different Fock components. If each of them interacts with the
target with the same amplitude the coherence between the -
components is not disturbed, i.e., no bremsstrahlung is gen- T(b)= f.depA(b’Z)' ©)
erated. Therefore, the production amplitude of a new gtate
new combination of the Fock componenis proportional to  Here pa(b,z) is the nuclear density which depends on the
the difference between the elastic amplitudes of differentimpact parameteb and the longitudinal coordinate One
fluctuations. Thus the universal divergent part of the elastican eikonalize Eq(2) because a fluctuation with a “frozen”
amplitudes cancels and the radiation amplitude is finite.  transverse size is an eigenstate of interacfiid].

It is also easy to understand why thg separation in Eg. Equation(8) shows how the interference effects work ver-
(2) is ary. As is pointed out above one should take thesusky. At smallry the exponentrgy(ar1)T(b)/2<1 since

X

1
1—exr{ — Eaaq(arT)T(b)}]7 (8)
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g dso-N(q_)qY) _ 2 2
q d(In a)d%k; _(277)2fd r1d7r

g X exgikr(F1— 1) [W(a,fy)

X‘lfyq(a,rz)oy(rl,Fz,a), (12)
FIG. 2. Feynman graphs for gluon bremsstrahlung of an inter-
acting quark. where

ogq(ary) is small. Therefore, one can expand the exponeny (f,fF,,a)= %{gaq(arl)+gaq(arz)—oaq[a(Fl— )]}
tial and the cross section turns out to be proportionahto

This is the Bethe-Heitler limit for the bremsstrahlung. In the (13
opposite limitogy(art) T(b)/2>1 one can neglect the expo-
nggtial forb<R, and the cross sectiq®) is proportional to
A<=, This is the limit of fuII_coherence when the Wh_oI(_a row "l %1 one can use the dipole approximation for the
of nucleons with the same impact parameter acts similar to a

) . 0ss section, i.e., one can %(p)ZCpZ. Moreover, this
single nucleon. As the gluon transverse momentum is relate O .
. o . approximation also works rather well at larger interquark
to the inverse of ¢, one could expect that the limit of maxi-

) . separations, even for hadronic siZd8]. For the latter the
qultiohtlarenci|s r_le_Fa]che?? fc;r snja;ll,hand the Bethe-HeltIeF cross section is proportional to the mean radius squared.
(;r;tledoa:s%ri%iu;s.ed iﬁ fﬁeuig: sli:,ctig\r:vever, more compi- Therefore, we use the dipole approximation for all cases con-

Gluon radiation is described by the diagrap@§] shown sidered. Then Eq13) simplifies to
in Fig. 2. The radiation cross section for a nucleon target and
the nuclear effectgl2] look similar to those of Eq42)—(8),

By integrating ovelk; one obviously recovers Eq2), since
o, (F,F,a)=0cg(ar).

UY(Fl,FZ,a)%Cazrl-Fz, (14)

and we can explicitly calculate tHe: distribution (12),

do™(q—
MZZJ def d?r 7| W o @, Fp)|2 oM (q—qy*) aem Ca? 2 a2
d(in ) Tdina) @k, w2 (Kt 2MaekT
1
X 1—ex;{—§agqq(Fl,F2)T(b)H, +[1+(1-a)?)(k}+eh}, (15
(10 d3ol(g—qy*) B 4aemCa2(l—a)2mi*k$ 16
d(ina)d’ks m2(ks+ €2)* (16

whereW 44(«,f7) is the wave function of a quark-gluon fluc- .
tuation which has the same form as H®), but with the Note that for smalle Egs. (15) and (16) vanish as does
replacements* =g, aen=4a¢/3, andm ~=m,. We keep a?. This could have been expected since electromagnetic
the gluon mass nonzero in order to simulate the possibl@remsstrahlung is known to be located predominantly in the
effects of confinement on gluon bremsstrahluag, is the ~ fragmentation regions of colliding particles rather than at
interaction cross section of a colorleggq system with a  midrapidity.
nucleon[17], In the case of a nuclear target the transverse momentum
distribution has to be modified by eikonalization of Egj2)
(see Appendix A

_

9
Ugﬁq(rl,rz):g{oﬁq(rl)"‘aﬁq(rz)}_gaﬁq(rl_rz), d3a-A(q_>qy) B 1 de &
(11) d(na)d®k;  (2m)2) @TdT2

| X explikr(F1= ) JW (e F1)
wherer; andr, are the transverse separations gluon-quark

and gluon-antiquark, respectively. In the case of gluon radia- X q(@, )2 (F1,77,a), 17
tion, i.e., Eq.(10), F;=rt andr,=(1— a)r;. Although Eq.

(10) looks simple, it includes the effects of quark and gluonwhere

rescattering in the nucleus to all orders.

1
Ey(rl,Fz,a)=Jd2b 1+exp[—E qq[a(r*l—rz)]T(b)}

lll. THE TRANSVERSE MOMENTUM DISTRIBUTION

1
A. Electromagnetic radiation - ex;{ 2 ogqlary)T(b)

The transverse momentum distribution of photon brems-
strahlung in quark-nucleon interactions integrated over the —ex;{

1
final quark transverse momentum reddse Appendix A a Eaaq(arZ)T(b)H' (18
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The fluctuation wave functions in Eq17) can be repre- 14 ~
sented using Eq3) in the form ~ iz reli=en transverse reli=Yon fongitudinal
s 05 0.5
2 1.0
T = * = N
% V(T )T (P2, @) g ﬁ 5
’ oa=1 a=1
%em 2 4 087 1 0.1 1 10
= imga Ko(er)Kp(er : :
272 Ma o(er)Ko(erz) kp (Ge¥) ks (GeV)
fqf
+[1+(1— @)?]e? 12 K1(8r1)K1(8r2)]: (19 FIG. 3. The exponen(2l) of the atomic number dependence
s parametrized aA" versusk; anda for transverselyleft figure) and

longitudinally (right figure polarized virtual photons.
L > L* N
;,f Voyra(T1 @)W g2, @) means of a nuclear form factor. Then the data can be de-
scribed quite nicelysee also Ref(21)).

An interesting result contained in Fig. 3 is the appearance
of an antishadowing region fde;>1 GeV. This is the first
case in which the coherence effects enhance rather than sup-
where we average over the initial quark polarization and sunpress the radiation spectrum. It originates from an interfer-

2a
= M (1= @)’Ko(er)Ko(erz),  (20)

over the final polarizations of quark and photon. ence effect which is not noticeable for the integrated quanti-
At first glance, one could think that the distribution is  ties. _ o _ o
not modified by the nucleus in the cage>R,, since the Nuclear antishadowing is especially strong for longitudi-

fluctuation is formed long before the nucleus and the quarkial photons and;~1.5-2 GeV. Color filtering in nuclear
interact. This is, however, not the case. Due to color filteringmatter changes the angular distribution of Drell-Yan pairs
[19] the mean size ofjg dipoles surviving propagation and enhances the yield of longitudinally polarized dileptons.
through the nucleus decreases withCorrespondingly, the The nontrivial behavior of for longitudinal photons at small
transverse momentum of the photon increases. In othd¢r is due to the dip akr=0 in the differential cross section
words, a heavier nucleus provides a larger momentum tranger a nucleon, see Eq16). This minimum is filled by mul-
fer to the quark, hence it is able to break up smaller sizdiple scattering of the quark in the nucleus leading to an
fluctuations and release photons with larger increase ofn(ky=0) and a strongA dependence ofi(k;
Note that one can also calculate the distribution with re-=0). [Formally, for longitudinal photons(k;=0) goes to
spect to the transverse momentyiip of the final quark in-  infinity for A=1, because the proton cross sectiorkgt 0
tegrating the differential cross section over the photon mois zero]
mentumky . The result turns out to be the same as Efj2) ~ Note that nuclear enhancement of D.reII—Yan pair produc-
and(17) with the replacement=1— «. tion at largek; was also observed experimentdl30]. How-
We also calculated the nuclear dependence of the diffe/€Ver, @ was mentioned, these data were taken in the kine-
ential cross sectioflL7), (18) using the dipole approximation Matical region of the Bethe-Heitler regime, i.¢;<R,.
for ogq(r). The details of the necessary integration can pelherefore, they cannot be compared with our calculations. In
found in Appendix B. As usual, we approximate the crossfact the observation was explained quite satisfactory in Ref.

section by arA" dependence. The poweis then defined by ]
Thek; dependence af is expected to be nearly the same

d(n{d3*(q—q)/[d(In @)d%k;]}) for different dilepton masses, down to the mass range probed
n(ky,a)= dinA) . (21 in the CERES experiment at SPS CERN. However, the
nuclear effects turn out to be quite different for real photons.
Our results are shown in Fig. 4. In order to compare with
experimental dilepton cross sections and prompt photon pro-

This power can also bA dependent. We performed calcula-
tions for A= 200. To simplify these calculations, we used the
constant density distributioma(r)=po®(Ra—r) with pg
=0.16 fm 3.

First of all, we calculated(ky,a) for Drell-Yan lepton Prompt photons
pair production atm,«=4 GeV. The results are shown in
Fig. 3 for transversely and longitudinally polarized virtual

n(kT’ O()

photons(the two components can be extracted from the an- .

gular distribution of the lepton paixsWe see thah<1 for 0305708/ /a=1

kr<1 GeV, i.e., the Drell-Yan pair production is shadowed 0.8 A

by the nucleus. The shadowing is stronger for larg¢d2].

Shadowing in the Drell-Yan process was first observed by 0.6 .

the E772 Collaboratiof20]. Their effect is, however, much 0.1 1 10
weaker which can easily be explained because for Fermilab kr (GeV)

energies the radiation tim@) is quite short compared to the
nuclear radius. This fact is taken into account in R&2] by FIG. 4. The same as in Fig. 3, but for real photons.
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duction rates our results have to be convoluted with theThis expression coincides with E¢L4) up to the factof 1
quark distribution function for the projectile proton. Since +9(1— a)/(4a?)]. Therefore, we can use the results),
the electromagnetic radiation steeply falls off with decreas{16) obtained for the photon bremsstrahlung which fer
ing « [proportional toa?, see Eqs(15), (16)], the convolu- —0 lead to

tion effectively picks out large values efwhere the nuclear

effects are in turn expected to be large. Detailed calculations d3a$‘(q—>qg)‘ _ 6Ca;s kg +my 06
and comparisons with data are postponed to a later publica- d(In )d%k | o 72 (K mg)“’ (26)
tion. a<
dPol(q—ga)|  12Camik: ,
B. Gluon radiation d(In a)deT |a<1~ wz(k$+mé)4' 27

Now we can discuss the bremsstrahlung in the non- .
Abelian case. Summing up the diagrams in Fig. 2 we get ijn contrast to the photon bremsstrahlung these cross sections

impact parameter representation do not vanish fora—0. This is a consequence of the non-
Abelian nature of QCD{16]. The radiating color current

d3cN(g—qQ) 1 o 1o propagates through the whole rapidity interval between the
d(In )d%k; = (2m)2 f dr,d<r, projectile apd the target proyiding a constant gluon density
(26), (27) with respect to rapidity.
XeXIiiET(Fer)]‘qu(afl) Eikonalization of the cross sectid@2) results in
X\I,gq(arr)z)o-g(rliFZ ,CY), (22) d3UA(q_’qg) _

_ 1 fdzr d?r
d(lna)d’ky ~ (2m)2 =02
X exliky(F1—F2) 1 (a,y)

X\Ifgq(aaf)Z)Eg(FliFZva)a (28)

where(see Appendix A

oy(F,M2,a)= E{Ugaq(r)llrl_ar2)+0'gaq(r2!r2_arl)
where

_Uﬁq[a('?l_rz)]_ﬂgg(ﬂ_Fz)}- (23 1
24(F1,F,a)= J d2b{ exr{ — E(Taq[a(lfl—l?z)]}

_9 i i
Here oy4(r) = 70q4(r) is the total cross section of a color-

lessgg dipole with a nucleon. 1
Note that Eq.(23) reproduces several simple limiting +exp _Eagg(rl_FZ)T(b)}
cases. .
(1) o4(ry,M,,a) vanishes if either of; or r, goes to [ 1 R
zero, which expresses the fact that a pointlike quark-gluon —eXH — 5 0gg(M1.M1—ary) T(b)
fluctuation cannot be resolved by any interaction. To show )
this limiting behavior one simply has to insert, e.g., for 1 Lo b
=0, the two relationsogy(F1.71) = 0gg(F1) and o4e(0, & ~ 5 %gui(l2, T2 ar)T(D) .
—ar)=og(—al)=o0g(af). (Quark and antiquark at 29)

the same point in space act similar to a glyon.

(2) For a—1 the quark-gluon separation tends to zero |In the limit @<1, which is of practical interest at high
and Eq.(23) transforms into Eq(13). On the other hand, at energy, Eq(23) transforms to the form of Eq24) and Eq.
a—0 the quark-antiquark separation vanishes and(Eg). (29 simplifies to
takes again the same form as Et), except that theq pair

. _ . . 1
is replaced by a gluon-gluon dipole: Eg(Fl,Fz,a)|a<1=f 42b 1+ex;{— EUgg(Fl—Fz)T(b)}
- 1 . 1
Ug(rlyera)|a<l=§{0'gg(r1)+0—gg(r2)_0'gg[(rl_r2)]} —ex;{—zggg(f’l)T(b)}
9 I 1
=27 (M2, @)a=1. (24 —ex%—zagg(Fg)T(b) ] (30)

Note that the transverse momentum distribution for gluon
Jadiation was calculated previously by Kovchegov and
Mueller [11] in the limit a— 0 andmy=my=0. Our results
(28), (30) agree with those in Refl1] in this limit and for
the dipole approximation.

In Eqg. (30) we make use of the fact that at zegq sepa-
CFP..F (25) ration agqq system interacts similar to a pair of gluons,

e Tgqa(Fi7) = 0gg(r)=(9/4)aqq4(r). Therefore, Eqs(28), (29)

We use the dipole approximatiqu—q(rT)%Cr% which is
well justified in this case since the mean transverse quar
gluon separation is small at smatl In this case Eqs(23)
and(11) lead to

Ug(ﬂ-@ﬂ)“

24 21
a*ty(1-a)
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1.2 y As a result of Born approximation the dipole cross section
~ Slugns ogq(p) is energy independent. It is well know28] that the
o M higher order corrections lead to a cross section rising with
g 10 energy. HERA data suggest that this energy dependence is
e correlated with the dipole size;. Therefore, the parameter
& 0.9 C(s) can be parametrized as
g mg=0.75GeV
081 my=0.15GeV s | AT
C(s)=Cy| — , (3D
0.7 T So
0.1 1 10
kr (GeV) wheres,=100 GeVf, Cy~3. The powerA(r;) grows with

decreasing . This dependence is extracted from an analy-

FIG. 5. The same as in Fig. 3, but for gluonsaat 0 for dif- sis of HERA data in Ref[25]
ferent effective gluon masses. Our results obtained for the radiation by a quark interact-
ing with a nucleus are easily adapted to proton-nucleus col-

' ) lisions by convolution with the quark distribution in the pro-
electromagnetic case at=1 (see Appendix B except that o \we plan also to extend our analysis to relativistic heavy-
the fluctuation wave functions must be takenaat0. We 5, collisions. The condition we usé;>R,, is poorly

assign an effective mass to the gluon, either of the order of,yisfied at present fixed target accelerators, but are well jus-

the inverse confinement radius,;~0.15 GeV, or in accor- ifieq at RHIC or LHC. Indeed, ifyy is the totalNN colli-

dance with the results of lattice calculations for the range oggp, energy squared, for a glughoton radiated at central
gluon-gluon correlationg22] of size my=0.75GeV. We rapidity '

sum over the polarization of the emitted gluon. The numeri-
cal results are plotted in Fig. 5. They are qualitatively similar
to those for photon radiatiofsee Fig. 3 shadowing at small 3kt (32)

can be calculated in the same way as E4®)—(17) in the

and antishadowing at larder. However, the effect of anti- Jsun
shadowing is more pronounced for light gluons.
Antishadowing of gluons results in antishadowing for in- Joer
clusive hadron production, which is well known as the Cro- t= SNN (33)

nin effect[23]. Although it was qualitatively understood that Mkt

the source of this enhancement is multiple interaction of the

partons in the nucleus, to our knowledge no realistic calcuwe conclude that at RHIC or LHC energies<1 and that
lation taking into account color screening has been done sgluons with a few GeV transverse momentum are radiated

far. We expect that the Cronin effect disappears at very larggar away from the nucleus, i.et;>R,. Thus our calcula-
kr, which would actually be in accordance with available tions should be directly applicable.

data[24]. For an honest comparison with these data, one has
to relate thekt of the gluon to that of the produced hadron, a

step which lies not within the scope of this paper. ACKNOWLEDGMENTS
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kr. At kt>1 GeV the interference instead actually enhances
the radiation spectrum. This was indeed observed for dilep-
ton and inclusive hadron production off nuclgronin ef- APPENDIX A
fect). The enhancement of radiation by the coherence effects

'ijrlnos Gc:g t'cl)'h\i/sa:/]\;zz aa:tsc:/igselzarl\r/ge?j it:]a;:gfgsfoéz?:?:n”ta ferential cross section in the case of a nuclear target and for

- Su réssion and enhancement of radiati(F))n bv the éffectthe example of the electromagnetic bremsstrahlung of an

PP o y eC®ectron. The latter is described as propagating in a station-

of coherence are quite different for transversely and longitu-, . - S : .

) ; L ary field U(X), wherex is a three-dimensional vector.
dinally polarized photons. Both contributions can be sepa- . . .

. S The differential cross section reads

rated by measuring the angular distribution of the produced

dileptons. 5

Note that we use Born graphs shown in Figs. 1 and 2 to d>o Qem 2

derive expression&2) and others having a factorized form. d(In a)deszkT: (27-r)4|Mfi

The main results of the paper are the following.
The factorized light-cone approaft?2] for the analysis of

In this appendix we illustrate how to eikonalize the dif-

(A1)
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whereIZT and pr are the transverse momenta of the photon ~d A, . . o

and the electron in the final state. The radiation amplitude for ' a4z, + 2p U(22,72)|G(22,72321,F1[P)

a transversely polarized massive photgh(w?=k2+ mi*) . o

has the form =10(2,—21) 8(Fp— 1) (A12)

N and satisfying the conditions
MT:fd3x\If’T %,Pp)a-6* e W (X,p,), (A2 I, .
" (X.P2) (X.Py). (A2) G(22,F2:21,71|P)|z,=2,= 8(F2— 1),

wherea = y,7 are the Dirac matrices and the wave functions G(2,,F2;21,74] ﬁ)|zl>22= 0. (A13)
W (X,P, o) of the initial and final electron are solutions of the
Dirac equation in the external potentid(X), It is convenient to choose the axslong the momentum

o of the radiated photon. Then
[E1,—U(X)—mB+iaV]¥(X,p;,)=0. (A3)

L kr
The upper indices- and + in Eq. (A2) indicate that for the Pir=—"7"
initial and final states the solutions contain in addition to the
plane wave also an outgoing and incoming spherical wave, 1—a.
respectively. Using the Furry approximati¢26] the solu- Por=Pr— —_—kr, (A14)

tion of Eq. (A3) can be represented as
whereIZT andp are the transverse components of the photon

ip1 |22 u(py) and final electron momenta relative to the direction of the
+ (%8 =elPlZd . E* (% 5
W (X,p1) =€ D F 7 (X,P1) 2E,’ A nitial electron;a is the fraction of the light-cone momentum

of the initial electron carried by the photon.
We arrive at the following expression for the radiation
, (A5)  amplitude(A2):

~—

u(p,

W (X,p,) =€'Pd?D,F~(%,p
(X,p2) 2F (X,P2) 3E,

4

1
T__ - 2 2 2
whereu(p; ») is the four-component spinor corresponding to Mfi_zp(l—a) f d*r1d°r,d*rdz

a free electron with momentuiy , L R
X exp(—iPori)G(Zy ,r2;2,r|P2)

. @V &P
Dl'2—1_| _2El’2_ 2El’2 -

(AB) X expidmn2) [ G(z,1;2- 14| Py)expliPariy),
(A15)
The scalar function$ (X,p) in Egs. (A4), (A5) are the

solutions of the two-dimensional Scliiager equation where
2
m2 m_,
d A @ v
id—ZF(i,ﬁ)=[—2—;+U(i) F%P). (A7) Unin=2(1—a)E ' 2aE" (AL6)

. ] .. ] andE,m are the energy and the mass of the projectile elec-
where p=[p|. We define F* in accordance with the {on. |n the approximation considered in this paper when the

asymptotic behavior fluctuation time substantially exceeds the interaction time,
s i61ef Umin<1/R, and can be neglected.
FP(XP)lzz ——=—eP1T, (A8) The vertex function in Eq(A15) reads
F (%Pl z, = welParT, (A9) I'=\1-au*(p,)D3a-&*D,u(p,)

_ Ut So 2y = T &k
Here we introduced new notations for transverseg;, and xolima(ixg) € +a(dxVr)-€

longitudinal,z=x, , coordinates.
It follows from Egs.(A7)—(A9) that these functions can
be represented in the form

—i(2—a)V1 6 ]x;. (A17)

The operatoﬁT=d/dF acts to the righty, , are the two-

component spinors of the initial and final electrons.

FH(X, ﬁl):f d%r,G(z,F;z_ ,fl|p’1)ei§1TFl' (A10) In the case of a com_posite target the potential has to be
summed over the constituents

PP [ 06z, roizilpe P, (A1) U(F2)= 20 Uolr=ri 2=2) (A19)
and the bremsstrahlung cross section should be averaged

whereG(z,,1,;2,,F1|p) is the retarded Green function cor- over the positionsi{ ,z;) of the scattering centers.
responding to Eq(A7), The averaged matrix element squared takes the form
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(IM{|3=2 Ref dzlfz dzzf d?r,d?r ;d?r,d?r ,d?rd?r d?pd?p’
o )

X exdiPor(Fo— 1) —ip1r(F— 1) = idmin(Z2—21)]
X(G(z4 ,F2;25,p|P2) G* (Z+ ,F5;25,7|P2))
XT"*(G(z,,p:21,7|p2) G* (22.F;21,5'|P1))

XT(G(zy,F;z_ ,F1p1)G* (z1,6";2- ,Filpa)), (A19)

wherel’ differs fromT" in Eq. (A17) by the replacement JszZE Ug(F(2)—F, . 2—2)
1 1

V4
d
dr

d

AR T =S Mf@)-F10z-2)0G-2), (A2

V=

-

The following consideration is based on the representawherey ()= [~ ..dzUy(F,z). The mean value of the eikonal
tion of the Green functiorG in the form of a continuous exponential is
integral [ 27]:

<exp[i2 {x[r*(zo]—x[r*'(z»]}@(zz—zi)@(zi—zg]>
. . . ip (2 dr(z) 2 !
G(Zg;l’z;Zl,r1|p):f Dr(z)exp|?f dZ( dz )

1 =exp[—%fzzdzn(z,ﬁ)a[r(z)—r'(z)]], (A22)
i Lzzdzu[r(z),z]], (A20) oo
where o(r—1)=2 [ dpla-extlix(r— ) —ix(7 ~ )}
(A23)

M(z)=r, (z)=r2, andn(z,b) is the density of scattering centers.
Using these relations and performing integration by parts

and the relation in Eqg. (A19),

T
do Qem

_ 2Ref°° dz fxdzfdzbdz a2
d(In @)d?prd?ky  (2m)*4p*(1—a)? A P pe

. > - . > - 0 - 21 -
Xex+ap2TP2_|0[p1TP1_ L dZV(Z,Pz)_f dZV(Z,Pl)}
> —

X YY1 W(Z5,62:21,p1]p)- (A24)

The variables in this equation are related to those in EqOther variables in EqA19) are integrated explicitly.

(AL19) as Matrices ¥ are related td” in Eq. (A17) by replacement
IR m=am andd/dr=d/dp.
ﬁlzrl M Absorptive potentiaV in Eq. (A24) reads
o
- Fé_ 2 . L O .
pP2=—" V(Z,p)=n(2,b)§(a'p)

andW is the solution of either of the equations
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—W(Z 05:Z1.0 |[l) = —I[ (—)2) 82] W(Z f) Z ﬁ |p)—V(f) V4 )W(Z ﬁ 4 f) |p) (A25)

922 2:1P2:41,P1 2 (] )p 2:P2:41,P1 2:42 2:P2:41,P1 ’

— _‘9 W(Z ﬁ yZ F) |p)— —I[ ( Ql) 2:|W(Z ‘[_)) yZ F) |[))—V(ﬁ z )W(Z ﬁ \Z ‘[_)) |p) (A26)
921 2:P2:415P1 2 (] )p 2:P2:415P1 1,41 2:P2:41:P1 '

with the boundary condition
W(Z;,62:21,p1|P)|2,=2,= 8(p2— p1)- (A27)
Using these equations and the relation

[A(5) - e%IKolelp)) = —2md(p), (A28)

simple but cumbersome calculations lead to a new form for(&g4),

do A fwd fdzbdz d2p,d?
d(ina)dp a2k, (2m)?| ¢ %% P p2tp

o z
xex[{iaﬁZTﬁZ_iaﬁlTﬁl_f dZ'V(Z'ﬁz)_J dZ'V(Z'ﬁl)}
Z — 00
XW(5,— p)[2V(z,5)—V(z,51) —V(2,62) 1V (1~ P)

-2 Ref dzlf def ded2p1d2p2d2pid2pé
—» 2}

V(G- py)

. > N . > - * - 2 -
Xex[{laDZTPZ_laplTpl_f dZV(Z,Pz)_f dzMz,p,)
2, —

X[V(22,p2) — V(22,65 IW(Z;.,65:21,61|P)[V(21.1) — V(Z4 'ﬁi)]‘PT(ﬁl_ﬁi)} , (A29)
where
ua<5»:%§§5rxdep» (A30)

In the ultrarelativistic limit f— ) we have

Z

- - - - Zz -
W(22:P2§21'P1|°°)=5(P2_P1)GXF{_f dZV(Z,Pz)}- (A31)
The integrations ovez,z;,z, in Eq. (A29) can be performed analytically, and we arrive at the expression

do' a? ) - o R . .
d(In a)d%p d%ky (277)4[ d?r,d?r ,d?r expi af (Pr+ke) +i(Fy— Fo) kel gr(Fr) 5 (F2)

X{Z[a(F+P)]+E[a(Ff—)]—2(al) —2[a(F+F =) ]}, (A32)
where
2(p)=j dzbll—ex;{—%p)T(b)“. (A33)

The derivation of the correspondent expressions for gluon bremsstrahlung was done analogously. It does not contain any
really new feature, and the expressions are too long to be displayed in detalil.
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APPENDIX B

1 -
_ , , I =—2Jd2r d?r 5(FyF exp{ik Fi—F.
In order to calculate Eq$17), (18) in the dipole approxi- *16(2m) 1d72(1ar2) r(f=re)
mation aqq——CrZ, we need to evaluate integrals of two 1
types: —Z(arf+cr§—2bflr*2)]
1 e
=7 Jd2r1d2r2exka(rl—rz)]Ko(erl) [ b Ka-b)(c—d)
| (ac—b?)? (ac—b?)3
1
XKo(erz)exp[—Z(fr§+hr§—29flr}) (B1) K2(a+c—2b)
Xexp — —————>— (B7)
ac—b
and
1 . one arrives at
Ifwf d?r1d?r, exfik(F1—F5)]
(F1F) = [ L ey
Maf =| ——exp—u—t)s,
X——2 Ky (1)K (1) ! tu s
riro
1 L. dtdu
xexp{—z(frerhfg—nglfz) : (B2 I2=82JWexp(—u—t)l4, (B8)
Here we use the notation
where
oqq(P) P R
TT(b)—Z(frl+hr2—Zgr1rz). (B3) .2 .2
a=—+f, c=—+h, b=qg. (B9)
We use the integral representation for the modified Bessel t u

functions, which reads

1 at 22 Thus, for the general case in addition to the integration over
Ko(er)= 5[ TeXp[ —t— ] (B4) the impact parameter one has to evaluate numericaly a two-
0

4t dimensional integral ovedt anddu.
The situation is simplified in the case of photon brems-
1 1 (=dt g2r? strahlung, when integration for the three exponentials in Eq.
orKaen=7 fo et (BS)  (17) corresponds to the following values of the parameters,
respectively:

After substitution of Eqs(B4) and (B5) into (B1) and

(B2) and making use of the following obvious relations: f=g=0, h=2ca?T(h),

1 -
_ 2, 42 ; S
|3—4(27T)2 f d°r,d fzeXp{'kT(rl M) h=g=0, f=2ca?T(b),
1 2 2 > > 2
- Z(arl+cr2—2br1r2) f=h=g=2ca“T(b). (B10)
2
1 k¥(a+c—2b) In this case Eqs(B8) are reduced to one-dimensional inte-
=—exXp—————75—(, (B6)
(ac—hb) (ac—b?) grals.
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