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Nonperturbative effects in gluon radiation and photoproduction of quark pairs
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We introduce a nonperturbative interaction for light-cone fluctuations containing quarks and gluoEq. The
interaction squeezes the transverse size of these fluctuations in the photon and one does not need to simulate
this effect via effective quark masses. The strength of this interaction is fixed by data. Data on diffractive
dissociation of hadrons and photons show that the nonperturbative interaction of gluons is much stronger. We
fix the parameters for the nonperturbative quark-gluon interaction by data for diffractive dissociation to large
massestriple-Pomeron regime This allows us to predict nuclear shadowing for gluons which turns out to be
not as strong as perturbative QCD predicts. We expect a delayed onset of gluon shadowingOat
shadowing of quarks. Gluon shadowing turns out to be nearly scale invariant up to virtu@ftie$é Ge\?
due to the presence of a semihard scale characterizing the strong nonperturbative interaction of gluons. We use
the same concept to improve our description of gluon bremsstrahlung which is related to the distribution
function for a quark-gluon fluctuation and the interaction cross section&:f@fluctuation with a nucleon.

We expect the nonperturbative interaction to suppress dramatically the gluon radiation at small transverse
momenta compared to perturbative calculations.

PACS numbgs): 12.38.Lg, 12.38.Bx, 13.60.Hb

. INTRODUCTION OL=2Qa(1—a)a-n, (4

The light-cone representation introduced[ i is nowa-
days a popular and powerful tool to study the dynamics 01Where the dlmenS|0n two operatﬁr acts on the transverse
photo-inducedreal and virtual reactions. The central con- coordmatep, n=p/p is a unit vector parallel to the photon
cept of this approach is the non-normalized distribution ammomentumsg is the polarization vector of the photon.
plitude of qq fluctuations of the photon in the mixeg (a) The advantage of the light-cone approach is the factorized
representation, whegeis the transversgq separation and form of the Interaction cross section which IS given b_y the
is the fraction of the light-cone momentum of the photonsum of the cross sections for different fluctuations weighted
carried by the quarkantiquark. For transversely and longi- _by the probabilities .Of these Fock ;tal[é_s3,6_]. The fIavqr
tudinally polarized photons it read,?] independent color-dipole cross sectiog), first introduced in

[5] as dependent only on transverpg separatiorp. It van-
R Voam— ishes quadratically gi— 0 due to color screening,
Vo (pa)=—5 " x 0T x Kol ep). @
O'Eq(PuS)|pHO:C(PaS)P2: (5)

Here x and; are the spinors of the quark and antiquark

; . o : whereC(p,s) is a smooth function of separation and energy.
respectivelyKy(ep) is the modified Bessel function, where (p.S) P )%

In fact, C(p,s) also depends on relative sharing by thand
g of the total light cone momentum. We drop this depen-
dence in what follows unless it is importafe.g. for diffrac-
. L . tive gluon radiation It was first evaluated assuming no en-
This is a generalization ¢f.,2] to the case of virtual photons ergy dependence in perturbative QQBQCD) [5,7] and

=a(1-a)Q%+m;. 2

3.4 . phenomenologicallf8] at medium large energies ands
The operator© ™" have the form and turned out to b€~3. There are several models for the
function C(p,s) (e.g., in [9-11]), unfortunately neither
OT=myo-e+i(1-2a)(o-n)(e-V,)+(oxe)-V,, seems to be reliable. In this paper we concentrate on the

(3 principal problems of how to include nonperturbative effects
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and do not try to optimize the form of the cross section. For A crude estimate of the interaction parameters is given in
practical applications it can be corrected as soon as a moigec. Il A 1 within the additive quark modéAQM). For this
reliable model foiC(p,s) is available. We modify one of the purpose the cross section of diffractive gluon radiation by a
models mentioned aboJd.0] which keeps the calculations quark,qN — g GN, is calculated in Appendices A2 and B 1,
simple to make it more realistic and use it throughout thishased on general properties of diffractiGhppendix A1)

paper. _ and the direct calculation of Feynman diagrams.
The distribution amplitudes1) control the mean trans-  Quite a substantial deviation from the results for the
verseqq separation in a virtual photon: AQM is found in Sec. IlIA2 and Appendix C where the

diffractive excitation of a nucleon via gluon radiatiodN
— XN is calculated. The high precision of the data for this
reaction allows to fix the strength of the nonperturbative in-
teraction of gluons rather precisely.

The cross sections of diffractive gluon radiation by me-
sons and photons are calculated in Appendixes A3 and B 2.
— ) is very small,aQ2~m§. This observation is central to N Sec. A3 we compare the values of the triple-Pomeron

the aligned jet moddl2]. At small Q2 soft hadronic fluctua- couplings(calculated in Appendix LCfor diffractive disso-
tions become dominant at amy In this case the perturbative ciation of a photon and different hadrons and find a violation
distribution functions(1) which are based on several as- Of Regge factorization by about a factor of two.
sumptions including asymptotic freedom, are irrelevant. One  Our results for the cross section of diffractive dissociation
should expect that nonperturbative interactions modifyy*N — qgqGN in the limit of vanishing nonperturbative in-

(squeezpthe distribution of transverse separations of gjge teraction can be compared with previous perturbative calcu-
pair. In Sec. Il A we introduce a nonperturbative interaction!ations[18,19. In this limit we are in agreement witfi.9],
between the quark and antiquark into the Sdimger type but disagree witH18]." The source of error if18] is the

equation for the Green function of th_m pair[12—14. The application of Eq(A6) to an exclusive channel and a renor-

shape of the real part of this potential is adjusted to repro_mallzatlon recipe based on a probabilistic treatment of dif-

: ; . fraction.
duce the light-cone wave function of tpemeson. We derive Diffractive radiation of photons is considered in Appen-

new light-cone distribution functions for the interacting  gices A4 and B 3. It is shown that no radiation occurs with-
fluctuations of a photon, which coincide with the known per-qt transverse momentum transfer to the quaricontrast to
turbative ones in the limit of vanishing interaction. The giyon radiatiop. Therefore, the cross section for diffractive
strength of the nonperturbative interaction can be fixed bBbroduction of Drell-Yan pairs is suppressed compared to the

comparison with data sensitive to the transverse size of th@xpectation of20] which is also based on an improper ap-
fluctuations. The observables we have chosen in Sec. 11 B al8lication of Eq.(A6) to an exclusive channel.

the total photoabsorption cross sections on protons and nu- gection 111B is devoted to nuclear shadowing for the
clei and the Cross section for diffractive dissociation of agluon distribution function at smaX. Calculations for many
photon into agq pair. hard reactions on nuclgileep inelastic scatterin@IS), high

For gluon bremsstrahlung we expect the transverse sep@- jets, heavy flavor production, etcdesperately need the
ration in a quark-gluon fluctuation to be of the order of thegluon distribution function for nuclei which is expected to be
typical color correlation length-0.3 fm obtained by several shadowed at smak. Many approache§21-31] to predict
QCD analyse$15-17. This corresponds to the radius of a nuclear shadowing for gluons can be found in the literature
constituent quark in many effective models. To the extendsee recent revieWWd2]). Our approach is based on Gribov's
that the typicalg— G separation is smaller than tlyg] one  theory of inelastic shadowinfB3] and is close to that in
we expect gluon radiation to be suppressed. This results i80,31 which utilizes the result§34,35 for the gluonic
particular in a suppression of diffractive gluon radiation, i.e.,component of the diffractive structure function assuming fac-
of the triple-Pomeron coupling, which is seen indeed in theorization and using available data. Instead, we fix the pa-
data. rameters of the nonperturbative interaction using data on dif-

In Sec. llIA we assume a similar shape for the quark-fraction of protons and real photons. Besides, we achieved
gluon potential as for thaq one, but with different param- subs_tantial progress in und(_arstanding _the evolution of dif-
eters. A new light-cone distribution function for a quark- fractively produced |ptermed|ate states in nuclear matter.
gluon fluctuation of a quark is derived, which correctly ~Nuclear suppression of the gluon density which looks like
reproduces the known limit of perturbative QCD. a result of gluon fusiorGG—G in the infinite momentum

Comparison with data on diffractive excitations with large ffame of the nucleus, should be interpreted as usual nuclear
mass fixes the strength of the nonperturbative interaction othadowing for the total interaction cross section of fluctua-
gluons. An intuitive physical picture of diffraction, as well as
a simple calculation of the cross sections of different diffrac-
tive reactions is presented in Appendix A. A more formal in spite of the claim if19] that their result coincides with that of
treatment of the same diffractive reactions via calculation of18], they are quite different. We are thankful to Mark gtlioff for
Feynman diagrams is described in Appendix B. discussion of this controversy.

(6)

Thus, even a highly virtual photon can create a Iargegi]ze
fluctuation with large probability provided that (or 1
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tions containing a gluon if seen in the rest frame of the Gaq(zz,'ﬁ;zl,o)
nucleus. We perform calculations for longitudinally polar-
ized photons which are known to be a good probe for the
gluon distribution function. Although the physics of nuclear
shadowing and diffraction are closely related, even a good
knowledge of single diffractive cross section and mass dis- FIG. 1. lllustration for the Green functionGyq(z;,p1
tributions is not sufficient to predict nuclear shadowing com-=0:z,,5,=p) for an interactingqq fluctuation of a photon, as
pletely, but only the lowest order shadowing correction. Adefined by Eq(7).
technique for inclusion of the multiple scattering corrections
was developed 12,13 which includes evolution of the i iYht- iNG— -
intermediatep stat:a[s prggpagating through the nucleus. Thegees(:nb(Ed E)y a light cgne Gregn funCtl.Oqu(zl’pl

i X i . =0;z,,p,=p). The evolution equation for this Green func-
corrections are especially important for gluon shadowmg(ion was studied if12—14,2
which does not saturate even at very smxaih contrast to '

shadowing of quarks. In Sec. IlIB1 we find quite a steep  d . .

x-dependence of gluon shadowing@t=4 Ge\? which is 'd_ZZGEq(Zlvpl;ZZ’PZ)

rather weak compared to what have been estimated in

[30,31. Shadowing starts at smaller valuesxaf 0.01 com- _ 62—Ap - - _ - -
pared to the shadowing of quarks. Such a delayed onset of T 12pa(l—a) +Vaq(Z2.p,@) | Gag(Z1,p1:22,p2)-

gluon shadowing is a result of enlarged mass of the fluctua-
tions containing gluons.
As soon as our approach incorporates the nonperturbativ:

effects we are in position to calculate shadowing for soft-Iehe first term on the right-hand sid&HS) is analogous to

gluons as well. This is done in Sec. Ill B2 using two meth_the kinetic term in a Schainger equation. It takes care of

ods. In hadronic basis one can relate the shadowing term i€ Phase shift for the propagating pai. Indeed, the rel-
the total hadron-nucleus cross section to the known diffracévant phase factor is given by gxp;’dz q (2)], with the
tive dissociation cross section. This also give the scale forelative longitudinal momentum transfey . The latter is
the effective absorption cross section. A better way is tadefined by

apply the Green function approach which includes the non-

perturbative gluon interaction fixed by comparison with data M2(z)+ Q2 24+ k%
for diffraction. With both methods we have arrived at a simi- q.(2)= 2p = Ppa(l-a)
lar shadowing, but the Green function approach leads to a

delayed onset of shadowing starting<at 0.01. We conclude Y is the bh is the effecti f
that gluon shadowing is nearly scale independent u@%o erep is the photon momentuni is the effective mass o

~4 Ge\2. the qq pair (which varies withz) and Q? is the photon vir-
The nonperturbative interaction of the radiated gluons estU@lity. It depends on the transverse momentimof 2the

pecially affects their transverse momentum distribution. Onéluark (@antiquark which is replaced by the Laplaciakr=>

can expect a substantial suppression of radiation with small &, in the coordinate representatién). .

kr related to large transverse separations in quark-gluon fluc- The imaginary part of the potentiafyy(z;,p,) is re-

tuations of the projectile quark. Indeed, in Sec. Il C we havesponsible for absorption in the medium which is supposed to

found suppression by almost two orders of magnitude fobe cold nuclear matter:

radiation atkk;=0 compared to the perturbative QCD predic-

tions. The difference remains quite large up to a few GeV of R Taq(p)

momentum transfer. Especially strong nonperturbative ef- IMVoa(22,p,0) = = —5—palZ2). 9

fects we expect for th&; distribution of gluon bremsstrah-

lung by a quark propagating through a nucleus. Instead of a

_ ; Here pa(2) is the nuclear density and we omit the depen-
sharp peak dt;=0 predicted by PQCD36] now we expect PA
PP T P yPQ | P dence on the nuclear impact parametey(p,s) is the total

)

®

a minimum.
interaction cross section of a colorlegs pair with a nucleon
[5] introduced in Eq.(5). Equation(7) with the imaginary
II. VIRTUAL PHOTOPRODUCTION OF QUARK PAIRS potential(9) was used if12] to calculate nuclear shadowing

A. Green function of an interacting

ark-antiquark pair
au quark pal 20ur Green function is related to that 2] by

Propagation within a me.diu_m. pf an inter.actiag pair %(21,51:0;22,52:5)
which has been produced with initial separation0 from a L,
virtual photon at a point with longitudinal coordinate and =exfl —i€%(z;~z)/2pa(l-a)]
developed a separatignat the pointz, (see Fig. 1 can be XW(z1,p1=0;2,,p>,=p).
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in deep-inelastic scattering. In other applications the quarks a’(a) ia%(a)
were treated as free, what is justified only in the domain of Ggq(Z1,p1:22,p2) = > ex :

T ) isi Az 2siNwAz
validity of perturbative QCD. misin(w Az) M A2)

Our objective here is to include explicitly the nonpertur- X[(p2+ p2) coS wAZ)—2p,-p
bative interaction between the quarks in Ef). We are go- L{pi+p2) cod pa-p2]
ing to rely on a nonrelativistic potential, which, however, i€?Az
should be modified to be a function of the light-cone vari- 2pa(l—a)l’ (14
ablesﬁ and «. This general problem is, however, not yet
solved. Nevertheless, we try to model the real part_of thevhereAz=2z,—2z, and
potential based on its general properties. Particularlygtpe )
pair is supposed to have bound states which are vector me- 0=o(a)= a“(a) (15)
sons. pa(l—a)’

It is assumed usually that the wave function of a vector
meson in the ground state dependspoand @ according to  The normalization factor here is fixed by the condition
GEq(ZlaP1;22:P2)|z2:zl: 8%(p1—p2)-

Now we are in the position to calculate the distribution
function of aqq fluctuation of a photon including the inter-
action. It is given by the integral of the Green function over
the longitudinal coordinate; of the point at which the pho-

ton forms theqq pair (see Fig. 1,

(10

N 1 N
Vy(p,a)= f(a)exr{ —- 5a%(a)p?

In order for this to be a solution of E¢7) the real part of the
potential should be

TL >
Vg (pa@)

- a'(a)p?
Rquq(Zz,p,a)Zm. (11) |Z /a’e d _éTL
47Tp6¥(1_ ) Zl(X X)
Unfortunately, no reliable way to fix the form & is _ > > L
y y (a) Xqu(zlrpl122!p2)|p1:0;p2:p' (16)

known. A parametrization popular in the literatureaibe)
=2aya(1-a), which results from attempts to construct a

relativistic approach to the problem ofqaq bound statdsee
[37] and references thergirin this case, however, the mean on the coordinate;.

gqq separationpoc1/\a(l—a) increases unrestrictedly to- If we write the transverse part as
wards the endpointa=0,1. Such a behavior contradicts the

concept of confinement and should be corrected. The sim-
plest way to do so is to add a constant ternafa) [the real
form of a(e) may be quite different, but so far data allow then the distribution functions read

only for a simple two parameter Jjt S ..
‘Paq(p,a)zzq V C(em[ACDO(G,p,)\)+ B Cpl(é,p,)\)], (18)

The operator© ™" are defined in Eqg4)—(6). Here they act

xO'x=A+B-V,, (17)

al(a)=ai+4ala(l—a). 12 _
(T At 2 VE (p,0) =2 ZgVaenQa(1—a) xo- Ax@o(e,p.\),
One can roughly evaluate, by demanding that even at (19
=0,1 the transversaq separation does not exceed the con-where
finement radius,
2a%(a)
aONRc_l%AQCDv (13 A=Ma)= e 20

i.e., a,~200 MeV. Comparison with datésee below leads The functions®,; in Egs.(18),(19) are defined as
to a somewhat smaller value. B 5 5

In what follows we study the consequences of the inter;, o(EpN) = _f dt A ex;{— Ne“p cth(N D) —t
action betweery andq in the form (11),(12) for the quark shint) 4
wave function of the photon, and we discuss several observ- (21

ables.
Let us denote the Green function oaq pair propagating \€®p?
) - 2 ; (e pN)=—=— - cth(\t) —t|.
in vacuum (ImV=0) asGyy(21,p1:22,p2). The solution of Sm\t) 4
Eq. (7) has the forn{38] (22)
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Note that theq—ainteraction emerges in Eq&18),(19) L —gOo2N 2 22 ld
through the parameter defined in Eq.(20). In the limitA ~ “tot™ Q"N = ©q%em| Had
—0 (i.e. Q°—=0, «a is fixed, «#0 or 1) we get the well

known perturbative expressiofik) for the distribution func-
o P pressiofd X(1-a) [ Fporgg(p. 51030 29)

1 Here N is the number of colors, and the contributions of
(I)O(e,p,)\)|)\:022—|‘(0(ep), (23)  different flavorsF are summed up.
7T According to Eq.(5) the dipole cross section vanishes
aaq(p,s)Osz at small p<1fm. Such a behavior approxi-
E,; 1 . mately describes, e.g., the observed hierarchy of hadronic
—K,(ep)=——VKqy(ep). (24  cross sections as functions of the mean hadronic &
2mp 2m We expect, however, that the dipole cross section flattens off
at larger separations>1 fm. Therefore, the approximation
In contrast to these relations, in the general case, i.e) for (rgq(p)ocp2 is quite crude for the large separations typical for
#0, soft reactions. Even the simple two-gluon approximation
[39,4Q provides only a logarithmic growth at large [5],
and confinement implies a cross section which becomes con-
stant at largey. Besides, the energy dependence of the dipole
cross section is stronger at smalthan at largep [41]. We
In the strong interaction limith>m, [or if both (Q?,  use hereafter a parametrization similar to one suggested in

mg—0)] which is appropriate particularly for real photons [10]:
2
1—exp( -0 )l (30
po(s)

Dy(€,0,N)]y—0=

D(e,p,\)# —VDPo(e,p,\). (25)

and massless quarks, the functiehg,; acquire again simple
analytical forms,

Oqq(p,S)=0p(S)

1 1
T ka2 2
Dol N)r—a= 47 Koz 27 (@)p”), @6 \here po(5)=0.88 fm (so/s)%™* and s,=1000 Ge\t. In
contrast to[10] all values depend on enerdgs it is sup-
- posed to berather than orx and we introduce an energy
. 1
B1(ep M)y um . p 2ex;{ _ Eaz(a)pz . @27 dependent parametety(s),
mp
" 3p5(s)
. . . . .. O-O(S):O-tot(s) 1+ 2 ’ (31)
The interaction confines even massless quarks within a finite 8(rép)

range ofp.
otherwise one fails to reproduce hadronic cross sections.
Here(r2,),=0.44+0.01 fnf [42] is the mean square of the
pion charge radius. Cross secti@®) averaged with the pion

For highly virtual photonsQ?>a?(«), according to Eq. wave function squared automatically reproduces the pion-
(20) A—0 and the effects related to the nonperturbatige ~ Proton cross section. We use the results of thet 8 for the
interaction should be gone. Although for very asymmetricPomeron part of the cross section,
configurations,a(1—a)<<1, see Eq(2) the transverseq
separation increases and one may expect the nonperturbative
interaction to be at work, it does not happen if the dipole
cross section is independent @fat largep.

Thus, our equations show a smooth transition between th
formalism of perturbative QCD valid at hig? and our
model for lowQ? where nonperturbative effects are impor-
tant.

The absorption cross sections for transverg€jyand lon-
gitudinally (L) polarized virtual photons , including the non-
perturbative effects, read

B. Absorption cross section for virtual photons

aiR(s)=23.6(s/s) %% mb, (32

wheres,=1000 Ge\f. We fixed the parameters comparing
data with the proton structure function calculated using Egs.
&8),(29) and the cross sectidB0). Agreement is reasonably
good up toQ?~20 Ge\ sufficient for our purposes.

To fix from data the parametegg, ; of the potential we
concentrate on real photoabsorption which is most sensitive
to nonperturbative corrections. The photoabsorption cross
section with free quark fluctuations in the photon diverges
logarithmically atmy—0,

1
U;rotZZNCE Zczla'emf da’f dszEq(P,S) T 1
F 0 Tt~ 0 n Mg p .
q PO

(33

2 52 2 _ 2 2 2
x{mg ®5(€,p,N) +[a"+ (1= a)?][@(e,p,N)]%}, Inclusion of interaction between the quarks in the photon
(28 makes the photoabsorption cross section finitsat-0.
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T @erNe 5 ordinatez. This expression can be used for virtual photons as
UtotzaoWZ Zy[P(X1) = p(X2)], (34 well with a proper discrimination between transverse and
longitudinal photons.
A calculation of the observabldg) and (i) shows, how-

where ever, a surprising stability of the results against variation of
142202 2 v in Eq. (37): the cross sections change only withirl % if
agPo ag . .
Xi=—— 5 X2=—5, (35) v varies between 0 and 1. Thus, we were unable to constrain
aipo aj the parametera, anda, any further.
We have also calculated the effective interaction cross
and section of aqq pair with a nucleon,
X Vi+x+1 ) B 5 o
¢(x)—4|n(4) 2X+(4+X)J1+x In 1) qu_J dad®p |[Vq4(a,p)l’o (p,S)=<0_2> "
(36) Te ~ (o)’

ff —

fdadzplwaq(a,p)lza(p,S)
In this case the cross section of photoabsorption is indepen-
dent of the quark mass in the linit,/ag;<1. which is usually used to characterize shadowing for the in-

We adjust the values adi; and a; to the value of the : — : :
. . teraction of thegq fluctuation of a real photon with a nucleus
hotoabsorption cross sectioff,=160ub at s=200 GeV P
P P oty ubat\s (e.g., see in30,31)). We got atcd9'=30mb ats=200

[44,45. Equation(34) alone does not allow to fix the two . .
GeV. This well corresponds to the pion-nucleon cross sec-

parameters, anda; completely, but it provides a relation e ) ) X
between them. We found a simple way to parametrize thidion (32) oig;=31.7 mb at this energy. This result might be

ambiguity. If we choose treated as success of the vector dominance modeM).
On the other hand, a calculati¢47] using VDM ando [}
az=v'1%(112 MeV)? ~25 mb instead o&{}; at lower energy for photoproduction
of p-mesons off nuclei is in good agreement with recent
a?=(1-v)11%(165 MeV)?, (377 HERMES measuremen(d8,49.

However, a word of caution is in order. The nucleus to

the total photoabsorption cross section, turns out to be corfucleon ratio of total photoabsorption cross sections in the
stant(within 1%) if v varies between 0 and 1. This covers all @pproximation of frozen fluctuationgreasonably good at

possible choices foa, andaj. very smallx) reads[5,30,3]

In order to fixv in Eq. (37) one needs additional experi- p
mental information. We have tried a comparison with the ot 2 fdzb 1 GT b 42
following data. Agty:tN—<O_> exg — 5 T(b)| ), )

(i) The cross section of forward diffraction dissociation
YN—qgN (the PPR graph in the triple-Reggeon phenom-Expanding the exponential up to the next term after the
enology[46]), double scattering one (1/4); one gets (1/24)0°)/{ o).
This is 1.5 times larger than (1/24%,/(o) if to use the
dipole approximatiorro p? and a Gaussian distribution over
p for color triplet (q—q) or color octet G—qq) dipoles.

do( yN—>aq N)
dt

1
:Ef da d?p [Wgq(a,p)|?a?(p).
(38

t=0

" . . . Ill. GLUON BREMSSTRAHLUNG
(i) The total photoabsorption cross sections for nuclei

(high-energy limij, A. Radiation of interacting gluons
In processes with radiation of gluons, like
O'tyoAtzzf dzbf da d’p | Weg(a,p)|? q+N—q+G+X 43)
1 —
X[l—ex;{ia(p)T(b)H, (39 y*+N—q+q+G+X, (44)
the interaction between the radiated gluon and the parent
where quark traveling in nearly the same direction may be impor-
. tant and significantly change the radiation cross section and
T(b)= f dzpa(b,2) (40) t_he transverse momentum distribution compared to perturba-
— tive QCD calculation$50,36,51.

We describe the differential cross section of gluon radia-
is the nuclear thickness function and the nuclear densityion in a quark-nucleon collision in the factorized light-cone
pa(b,z) depends on impact parameteand longitudinal co- approach 36]
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The key ingredient of Eqs(45), (48), and (49) is the

(a—aG) 2 12 o . -
a1 42K 52 dr;der, distribution functionWgq(a,r) of the quark-gluon fluctua-
(Ina) d%r ( ) tion, wherea is the fraction of the light-cone momentum of

X exgikp(ri— 1) ] VE (1) Tegla,ro) the parent quark carried by the gluon, ani$ the transverse
e voeaTe quark-gluon separation. This function has a fd1$6,52,53
Xog(ry,ra,a), (45  similar to Eq.(1),

where T - 1 Jas -4\
q’Gq(aar)|free:; ?Xfr " xi Ko(7ry),  (50)

(TG(rl rz @) Z{Ueqq(rl r1 ary)

where the opera’tcii’T is defined in[36],

+0Gq(M2,M2—ary) Al — - - — e e — -
“ [T=imya?e* - (nX o) +a e*-(eXV)—i(2—a) e -V

—ogla(ri—T)]—oee(fi—T2)}. (46 (51)

Hereafter we assume all cross sections to depend on energiye treat th? gll_JonS as masslgs.s since we incorporatg the
but do not show it explicitly for the sake of brevitynless it  nonperturbative interaction explicitly and do not need to in-

is importanj. troduce any effective mass.

The cross section of a colorles3qq system with a The factorr differs from e as defined in Eq(2):
nucleono gy (r,ro) is expressed in terms of the usug 2 o2 52
dipole cross sections, q-

. _ 9 1 L In the general case the distribution function including the
UGEq(fl,rz)=§{an(F1)+ Tqq(r2)}— gUEq(rl— r,) (47)  interaction between the quark and gluon can be found via the

Green functionGya(z1,p1;22,p2) for the propagation of a

Fl and Fz are the transverse separations gluon-quark anguark-gluon pair, in analogy to E¢16),

gluon-antiquark, respectively. In  EQ.(46) ogg(r) i Jad3

=2 0qq(r) is the total cross section of a colorléS$ dipole P G(ﬁ,a) _vsT

with a nucleon. d 2mpa(l—a)
The cross sections of reactiofé3),(44) integrated over

kt have the simple form

le (xTx)

X GqG(ZlyF;l;ZZaF;Z) (53

p1=0:pp=p

do(q—qG)
d(In a) (2 )2

d’r | W r r(1—a)r
f W gl Poagl (1= a)r], Let us add a few comments as to why this direct analogy
(48) holds. Equation(46) might give the impression that we
would have to implement the interaction between all three

do(y* _)an) parto'ns: th_e glupn, the q'uark and thg antiquark. Checking the
W way in which this equation was derived, one realizes, how-
ag<l ever, that this is not the case. We studied gluon bremsstrah-
lung from a single quark and then expressed the radiation
f daqf d2r |\If (R ag) )| amplitude as a difference between the inelastic amplitudes
for aqG system and an individua. This is howoggq has
to be interpreted and this is why one should only take the
f d2r{|Voo(R+T, a0)|2oag(R+T) q— G nonperturbative interaction into account.
The evolution equation for the Green function of an inter-
+ |‘I’qe(F,ae)|20GG(r)— Re\Pa‘G(F,aG) s actinggG pair originating from the parent quark at the point

with longitudinal coordinatez; with initial transverse sepa-
X(§+F,ao) [UGG(§+F)+UGG(r)—UGG(R)]}_ ration p; =0 looks similar to Eq.(7) with the replacement
(a9 €= 7andVg(z, ,p,a)=Va(22,p,@). We parameterize the

quark-gluon potential in the same way as in Efjl) for

Here a is the fraction of the quark momentum carried by quark-antiquark,

the gluon;R andr are the quark-antiquark and quark-gluon
transverse separations respectively. The three terms in the
curly brackets in Eq(49) correspond to the radiation of the
gluon by the quark, by the antiquark, and to their interfer-
ence, respectively. whereb?(a)=b3+4b? a (1—a).

b*(a)p?

pat-ay

RquG(ZZ ,E,CY) =
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The solution of the evolution equation for the quark-gluon
Green function in absence of absorption Myg=0) looks
the same as Eq14) with replacementa(a)=b(«a).

The following transformations go along with Eq4.6)—
(27). The vertex function in Eq(53) is represented as

—r . -
xI''x=D+E-V,, (55

then the result of integration in E¢3) is

Va(p,a)=2 \/(%S) [D ®o(7,p\)+E-Py(7,p,\)].

(56)

FIG. 2. Feynman diagrams for diffractive radiation of a gluon in

The functionsby(7,p,\) andd,(7,p,\) are defined in Egs. a quark-nucleon interactiogN—qGN.

(21),(22). However,\ is now defined by We shall use this observation in the next section to fix the

2 b%(a) - corresponding parametelg andb;.
2 1. Diffractive bremsstrahlung of gluons. The triple-Pomeron
coupling in the additive quark model

One might argue that the quark-gluon potential we need
(and which we shortly shall constrain by comparison with

experimental dajacould simply be obtained by adding two ﬁional 0 the gluon densitB(x,02) = x g(x,Q?) [56,57 (it

qguark-quark potentials with an appropriate color factor. Suc L g O .
a procedure could, however, lead to a completely wrong reg,hould be a non-diagonal distribution if the energy is not

sults as we want to illustrate by the following example. very Iar_ge) as Is shpwn n F'Q' 2. Slnc.e the amplitude s
Motivated by perturbative QCD one might expect that thepredom_mantly Imaginary at high energies one can use the
gluon-gluon and quark-quark potentials differ simply by agenerallzed unitarity relation known as Cutkosky (B8],
factor 9/4(the ratio of the Casimir factoysHowever, this
relation is gffected by nolntrlwal'propertles of the QCD 2ImA=2, AacAva (59)
vacuum which makes the interaction of gluons much stron- c
ger[54,17). The octet string tensiorg is related toa}, the
slope of the Pomeron trajectory in the same way as the colovhere A, is the amplitude of the process—b anda, b
triplet string tension relates to the slope of the meson Reggdenote all the particles in initial and final states respectively.
trajectorieq 55], In the case under discussia{q,N}, b={q,G,N}, andc
denotes eithec,={q,N3} or c,={q,G,Ng }, whereN§ is a
color-octet excitation of the nucleon resulting from gluon
oo ~4 GeV/fm. (58)  radiatior(absorption by a nucleon.
P In what follows, we concentrate on forward diffraction,

i.e., the transverse momentum tranﬁe# 0. In this case the
diffractive amplitude reads

Let us start with diffractive dissociation of a quaiN
—(qGN. We assume the diffractive amplitude to be propor-

Kg=

Here ap=0.25 GeV 2. Thus, the value okg is in fact four

times larger than the well knowqq string tension,x;=1

GeV/fm, and not only by a factor 9/4. i (d%p -
Another piece of information about the strength of the F(OI,kT,QTZO)Z—J — gkt qqu(a,[}) }(5),

gluon interaction which supports this observation comes 4m) 2m

from data on diffractive dissociation. The triple-Pomeron

coupling turns out to be rather smadl6]. If interpreted as a . )

product of the Pomeron flux times the Pomeron-proton totaVNerekr is the transverse momentum of the radiated gluon

cross section, the latter turns out to be an order of magnitud@"

smaller than the proton-proton one. Naively one would again

assume that the Pomeron as a colorless gluonic dipole should

interact 9/4 times stronger that an analogqggipole (such

a consideration led some authors to the conclusion that glu-
ons are shadowed at smallin nuclei stronger than sea Equation(60) is derived in Appendix A2 in a simple and
guarks. The only way to explain this discrepancy is to as-intuitive way based on the general properties of a diffractive
sume that the gluon-gluon dipole is much smaller. This, inprocess discussed in Appendix A1l. A more formal deriva-
turn, demands a stronger gluon-gluon interaction. Thus, diftion based on a direct calculation of Feynman diagrams and
fraction is sensitive to nonperturbative interaction of gluonsthe Cutkosky rulg59) is presented in Appendix B 1.

(60)

~ -9 -
5(p) =5 Taa(p). (61)
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The relation(60) is valid for any value ofx. In contrast to

the inclusive cross section for gluon bremsstrahlung the dif-~

fractive cross section depends aronly via the distribution
function.
The amplitudg60) is normalized according to
da(gN—qGN)
d(ln 0[) deT dqu

=|F(a.kr.ap)? (62)

The distribution for the effective mass squared?
=k3/a(1— a)~Kk3/a, atqr=0 has the form
do(gN—qGN)

M2 I
— 2 2 2
szdcﬁ _277 fo dkT|F(a1kT1qT)| y

=0

(63)

which transforms in the limiM?—o into

M?2do(qN—qGN)
dM2dg?

qr=0

1 U
= — 1 2 2
167Tll_n:(|)f d%p [Vye(a.p) o(p,9)|*, (64

where s=M2/¢, where M3=1 Ge\? and {=xp=1-X¢
~M?/s.

Since dissociation into large mass states is dominated by

the triple-Pomeron3P) graph the value on the LHS of Eq.
(64) is the effective ® coupling G3p(qN— XN) (see defi-
nition in [46]) at gr=0. It can be evaluated usim@s;p(pp

—Xp)~1.5 mb/GeV as it follows from measurement by

the CDF Collaboratior59] (according to[61]° we divided
the value ofGsp given in[59] by factor 2. This value is

twice as small as one derived from the triple-Regge analys
[46] at medium large energies. This is supposed to be due
absorptive corrections which grossly diminish the survival

probability of large rapidity gaps at high energ[€&f]. One
can see energy dependenceXf even in the energy range
of the CDF experiment59].

Assuming the additive quark modéhAQM) to be valid
one can write

A N XN~ ~05">
38 (AN—XN)~3 Ggp(NN—XN)~0.5 5 (65

(see below about interference effectfo compare with this

estimate we calculate the triple-Pomeron coupliéd) using
the distribution function in the forrfb66) and the dipole cross

section(30),
27&5 (0] 2 t1t2

2
3

G4V (gN—XN) =

PHYSICAL REVIEW 2 054022

q3 q,
q; N a3
9 94
G 4 G
N N N N

FIG. 3. Contributions from projectile valence quarks to the am-
plitude of diffractive gluon emission ilNN collisions. Six addi-
tional graphs resulting from the permutati¢h=2} and {1=3}
have not been plotted.

where t;=b%(0)/2, t,=t;+1/p5 and t3=2tt,/(t;+1,).
The parametersy and py are defined in Eq(30). We use
here a fixed value ofvg=0.6 which is an appropriate ap-
proximation for a soft process.

Comparison of Eq(66) with the value(65) leads to a
rough evaluation of the parametey of our potentialwe are
not sensitive td; since we keemr smal),

bARM(0)~570 MeV. (67)

Thus a typical quark-gluon separation -sl/b(0)~0.4
fm what is roughly the radius of a “constituent” quark. Note
that a substantial modification of E(5) by interference of
radiation amplitudes for different quarks is possible.

2. Diffractive excitation of nucleons, NN-»XN,
beyond the AQM

The amplitude of diffractive gluon radiationNN
—3qGN can be represented as a superposition of radiation
by different quarks as shown in Fig. 3. In this process the
colorless 3 system (3q);) converts into a color-octet final
state (3q)g). There are two independent oct@qg) states
which differ from each other by their symmetry under a per-
utation of the color indices of the quarks. Correspondingly,

etge amplitude for the proces$N—|3q)sGN is a superpo-

sition of two amplitudegsee below.
The contribution to the amplitude of the first graph in Fig.
3 reads

ifabc

V3

XCI)({F,(X},E]_,CYG).

F'(NN—3qGN)=—=((3q)g| 7$" 72| (30)1) (p1)

(68)

The second and third graphs in Fig. 3 give correspond-
ingly,

Ifabc

N ((3q)gl 75 72)](30),)

F'"(NN—3qGN)=

X[0(pa)—o(r1—T3)]

X®r,a},py,a0); (69)

3We thank Doug Jansen and Thomas Nunnemann who helped to

clarify this point.

and
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F"'<NNa3qGN>=”j§°<<3q>glré”r‘cz>|<3q>1> = [F(NN-3qGN?
N - 1 N 3 )
X[a(p3)—a(ri—rs)] =§|‘I'Nasq({r,a})|2[i21 |‘I'qG(Pi ,CVG)|2
XD{r,at,p1,ac). (70

XA(')({F}'[-;) — Re;k \PqG(pi ’aG)

Here{r,.a}z(r_l,rz,r3;ala2,a3); riare tlje eositions cif.the X‘I’qe(ﬁk,ae) B(i,k)({f’},ﬁ)} , (75)
quarks in the impact parameter plapg=p—r;, wherep is
the position of the gluon;

where
CD({F,a},;;i ,aG/ai):‘I’N—»sq({F'a}) \Iqu(,;i ,aG);(71) A(l)({F},I;)=2§2+2i3+212213a (76)
BAA({r},p) =23 5,+ 3 1S5+ 309 — S 15803, (77)

fanc is the structure constant of the color group, wheeg’*  The expressions foh(?), A®) andB(3), B(>? are obtained
is the color index of the radiated gluon, and we sum ovemby simply changing the indices.
“b” and “c.” The Gell-Mann matrices\;= 2 7 act on the The effective triple-Pomeron coupling results from inte-
color index ofith quark. grating Eq.(75) over phase space,

Using the relation

G3p(NN—NX)= %f d?r, d?r ,d?r3d%p da; da, dag
fabc Tél) 7_((:1) |3q>1: fabc(TEJZ) Tc(:l)+ 7'(bg) T((:l)) |3q>1 )
(72 X S(F+Tp+13)8(1— a;— ar—as)
one can present the sum of the amplituBiésF" andF'" in X Ef [F(NN—3qGN)*. (78)
the form
To evaluate G3p(NN—NX) we use Eq. (19 for

\PqG(ﬁ,a) and a Gaussian parametrization for the valence

(1) _rl I 1
FH(NN=3qGN)=F+F +F quark distribution in the nucleon,

ifabcq)(* > > ) 2
= ri,ai, —-r , ¥ N -
V3 e |wNasq<{r,a}>|2xexp[—(§1riz) / (réne

2) (1 3) (1
X((30)g| 7P M Syt 78 7V S

, (79

where(r2,),~0.79+0.03 fn? is the mean square radius of
X (3d)1), (73 the proton[62]. At this point one has to introduce some
specific model for they; distributions. Quite some proposals
L can be found in the literature, and a quantitative analysis will
where =0 (p—ri)+o(p—rj)—o(ri—rj). The index require careful numerical studies. For a first qualitative dis-
“1” in  FAO(NN—3qGN) indicates that the gluon is cussion we make the simple ansatz for the quark momentum
radiated by the quarl, in accordance with Fig. 3. distribution in the nucleoan‘(al,az,a3)o<Hi5(ai—1/3)
The amplituded=( andF®) is obviously related t&=()  which allows to continue our calculations analytically. The
by replacement 1-2,3. Note that the color structure details of the integration of E¢78) can be found in Appen-
fane 72 7(3) which is not present ifi73) is not independent dix C. Gzp is a function of the parametés(0). As atrial
due to the relation value we choose E67), b(0)=570 MeV,[estimated using
the result of the additive quark mod@él;p(qN—XN)~0.5
mb/GeV?] we arrive at Gsp(NN—XN)~2.4 mb/Ge\l.
fapd 75 70+ 72 73+ 7{3 7(M) [39),=0. (74  This value is substantially higher than the experimental value
G3p(NN—XN)=1.5 mb/Ge. This is an obvious manifes-
tation of simplifying approximationgthe quark additivity
Thus, we are left with only two independent color structuresyve have done. In order to fit the experimental value of
as was mentioned above. G3p(NN—NX) after the contributions of the second and
The full amplitude for diffractive gluon radiation squared third graphs in Fig. 3 are included we should use in @8
|[F(NN—3qGN)|?=|FV+F@+F®)|2 summed over all
color states of the @G system, reads b(0)=650 MeV. (80)
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FIG. 4. Diagrams for the diffractive radiation of a gluon in
photon-nucleon interactiony* N—qqGN.

With this value Eq.(66) gives
G N—XN)=~0.3 mb 1G NN—XN), (81
3p(AN—XN)~0. Gev 5 3p(NN—XN), (81)

which shows a substantial deviation from the AQM.

3. Diffractive gluon radiation by a (virtual) photon and mesons.
Breakdown of Regge factorization

One can use a similar technique to calculate the cros

section for diffractive gluon radiation by a photon and me-
sons. The diffraction amplitudey(M)N—qgqGN is de-

PHYSICAL REVIEW 2 054022

but is quite different from the cross section of diffractive
gluon radiation derived if18] [Eq. (60)] (see footnote 1 A
crucial step in[18] is the transition from Fock states which
are the eigenstates of interaction, to the physical state basis.
Such a rotation of th&matrix leads to a renormalization of
the probabilityamplitudesfor the Fock statessee Appendix
A1), rather than just the probabilities as it was assumed in
[18].

The amplitudg(83) is normalized as

do
d(In ) dof

1

" 167
ar=0

d2P1 dszda

X|F(yN—qqGN)|2.  (84)

Direct comparison of of the cross section for diffractive
gluon radiation by a photon calculated with this expression

with data is complicated by contribution of diffraction dj
states and nondiffractivéReggeoh mechanisms. This is
why one should first perform a detailed triple-Regge analysis
of data and then to compare E84) with the effective triple-
Pomeron coupling. Good data for photon diffraction are
available at lab. energf, =100 GeV[63]. At this energy,
ﬁowever, there is no true triple-Regge region which demands
sIM?>1 and M?>1 Ge\?. Therefore the results of the
triple-Regge analysis if63] cannot be trusted. It is much

diagrams correspond to the AQM. In this approximation the.qiger HERA, particularly those ifi64] at \s=200 GeV

forward (qr=0) amplitudeyN—qqGN reads
FAQM(yN—qqGN)
=Wgqy(@,p1—pa) [F(AN—gGN)—F(qN—qGN)]

N N CYG > ~
=Voq(a,p1—p2) | Yqo - P a(p1)

: (82

o ag - ~
~Vae| 7=, P2] o(p2)

wherep,=p—r; (i=1,2). ﬁ,r}z are the radius-vectors of the
gluon, quark and antiquark, respectively. The lia{— 0 is
assumed.

After addition of the last two graphs in Fig. 4 the ampli-
tude takes the formfwe do not write out its trivial color
structure,

F(yN—qqGN)

ag - B acg -
q’qG(;:pl) _‘Pqe(m,Pz) }

X[o(p1)+a(ps)—o(p1—p2)]- (83

:“I,Eq(a'ypl_PZ)

where a triple-Regge analysis taking into account four
graphs was performed. The result for the effective triple-
Pomeron coupling

GIR(0)=(8.19+1.6+1.34+2.22) ub/Ge\®  (85)

should be compared with our predictiorG}B(0)
=9 ub/Ge\. To estimate the mean energy for the dipole

cross sectiors/M? GeV? we used the midvalud2=250
Ge\? of the interval ofM? measured if64] which corre-
sponds taxp=0.0064. Thus, high-energy data for gluon ra-
diation in diffractive dissociation of protons and photons
give the value(80) for the parameter of nonperturbative
quark-gluon interaction.

Note that the relative role of “additive’(Nos. 1,2 in Fig.
4 and No. 1 in Fig. Band “non-additive” (Nos. 3,4 in Fig.
4 and Nos. 2,3 in Fig.)3graphs depends on the relation be-
tween the three characteristic siz&,= \/<ri2j), po and
1/b(0). In thelimit R,>pq, 1/b(0) the contribution of the
“nonadditive” graphs vanishes and the additive quark model
becomes a good approximation. However, at realistic values
of R,~1 fm the “additive” and “non-additive” contribu-
tions are of the same order and the latter becomes dominant
for smallR,,. Particularly, this explains why the factorization
relation,

The detailed calculation of the diagrams depicted in Fig. 4 is

presented in Appendix B 2. A much simpler and more intui-
tive derivation of Eq(83) is suggested in Appendix A 3.

If one neglects the nonperturbative effects in E§3)
[b(a)=0] this expression coincides with E(B.4) in [19],

Gap(hN—XN)

Agp(hN—>XN): o t(hN)
(0]

=const, (86)

i.e., independent df, is substantially broken. We expect
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Azp(NN—XN)=0.025 GeV 2, photon. Such a simple result cannot be true because of the
strong gluon-gluon interaction which makes their distribu-

Azp(mN—XN)=0.031 GeV ?, tion function quite different(“squeezes” iy. Besides, the
spin structure of theGG distribution function is different

Azp(KN—XN)=0.042 GeV?, too.

Aszp(yN—XN)=0.052 GeV?2. (87 1. Nuclear shadowing for longitudinal photons

Longitudinally polarized photons are known to be a good

We see that our predictions for the triple-Pomeron vertex aggpe for the gluon structure function. Indeed, the aligned jet
defined from diffractive dissociation of nucleons and photonsyqgel[2] cannot be applied in this case since the distribution
are different by almost factor of three. On top of that, thef,nction for longitudinal photons(1),(4) suppresses the

absorptive corrections which are known to be larger for dif- .= . .
. . . . asymmetricqq fluctuations with «—0,1. Therefore, the
fraction than for elastic scattering also contribute to the

breaking of Regge factorization. A manifestation of theselfansverse separation of thgg pair is small~1/Q* and
correction shows up as deviation between the data and tHaclear shadowing can be only due to shadowing of gluons.
Regge based expectations for the energy dependence of tfe can also see that from the expression for the cross sec-
diffractive cross sectiofi61,65. tion of a small size dipol¢56,57,

B. Gluon shadowing in nuclei )

It is known since long timé66] that the parton distribu- o2N(ry x)~ Tr—as(Qz) Gn(x,Q?), (88)
Lo - ; qq 3
tion in nuclei is shadowed at smalldue to parton fusion. In
QCD this effect corresponds to the nonlinear term in the
evolution equation responsible for gluon recombinationwhere Gy(x,Q%) =x g(x,Q?) is the gluon density an®?
[21,67]. This phenomenon is very important as soon as one- 1/r$. Thus, we expect nearly the same nuclear shadowing
calculates the cross section of a hard reactginon radia-  at largeQ? for the longitudinal photoabsorption cross section
tion with high ky, prompt photons, Drell-Yan reaction, and for the gluon distribution,
heavy flavor production, efc. assuming factorization.
Nuclear shadowing of sea quarks is well measured in DIS,
but for gluons it is poorly known. One desperately needs to L 2 2
know it to provide predictions for the high-energy nuclear TAX.Q )~ Galx,Q )_
colliders, the BNL Relativistic Heacy lon CollidéRHIC) oR(x,Q%)  Gn(x,Q?)
and CERN Large Hadron CollidéLHC).

The interpretation of nuclear shadowing depends on th§e estimate for nuclear shadowing for longitudinally polar-

choice of the reference frame. In the infinite momentum;,q photons follows.

fram_e of the nucleus it looks like parton fgsion. Indeed, the  nyclear shadowing for photons corresponds to the inelas-
longitudinal spread of the valence quarks in the bound nucleg. nyclear shadowing as it was introduced for hadrons by
ons, as well as the internucleon distances, are subject to Logipoy 30 years agd33]. Therefore, the termho(y*A)
entz contraction. Therefore the nucleons are spatially well ool ¥ A) — A o (¥*N) representiné shadowing in the to-

. . o]
separated. However, the longitudinal spread of partons gt nhotoabsorption cross section is proportional to the dif-

small x contracts much less because they havexdimes fractive dissociation cross sectiopt N— XN [33,69, con-
smaller Lorentz factor. Therefore, such partons can OVerIaBidered above. In the lowest order in the intensityXof

and fuse even if they originate from different nucleg66]. ;o2 ction the shadowing correction reads
Fusion of two gluons into &q pair leads to shadowing of
sea quarks. If two gluons fuse to a single gluon it results in
shadowing of gluons.
The same phenomenon looks quite differently in the resi\ o-(4* A)=87 Ref deJ dm2
frame of the nucleus, as shadowing of long-living hadronic
fluctuations of the virtual photon. This resembles the ordi-

(89

nary nuclear shadowing for the total cross sections of XdZO(V*NHXN)
hadron-nucleus interaction. Indeed, the total virtual photoab- dM2de?
sorption cross section is proportional to the structure func- xAT ar=0
tion F,(x,Q?). However, one can calculate in this way only
shadowing of quarks. To predict shadowing of gluons it was r Jx
. . X | dz dz, 0(z,—-z b,z b,z
suggested if68] to replace the photon by a hypothetical Oz dz0(z V) Pa(B.21) pa(b.22)

particle probing gluons. Assuming for tl&G fluctuation of

this particle the same distribution function as émr one may xXexd —iqL(zz—z)], (90
conclude that the effective absorption cross section providing

shadowing is 9/4 times larger than foraq fluctuation of a  where
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Q*+M¥
W=7, (91
Here v is the photon energyz; andz, are the longitudinal
coordinates of the nucleom$; andN,, respectively, partici-
pating in the diffractive transitiony* N;— XN; and back
XNy— v* N,.

The longitudinal momentum transfé®1) controls the
lifetime (coherence timé.) of the hadronic fluctuation of the
photon,t,=1/q, . It is known only if the mass matrix is

PHYSICAL REVIEW 2 054022

switch to the quark-gluon representation for the produced

stateX=1qq), |qqG), |qq2G), ... . As one can see below
an exact solution is not an easy problem even for the two
lowest Fock states. For higher states containing two or more
gluons it may be solved in the double-leading-log approxi-
mation which neglects the size of the previous Fock state and
treats a multi-gluon fluctuation as a color octet-octet dipole.
This is actually what we do in what follows, except the Fock
state with only one gluon leads to aM? mass distribution

for diffraction, while inclusion of multi-gluon components

diagonal, i.e., the fluctuations have definite masses. Howmayes it slightly steeper. This is not a big effect, besides, the
ever, in this case the interaction cross section of the fluctug;cjear formfactor substantially cuts off the reachable mass

tion has no definite value. Then one faces a problem of cal
culation of nuclear attenuation for the intermediate siate

via interaction with the nuclear medium.

interval (see below. Therefore, we restrict the following
consideration by the first two Fock states.

This problem can be settled using the Green function for- FOr the lowest statéqq) one can write

malism developed above in Sec. I1[A2,14. One should

d?o(y*N—XN)

szefsz
* dMidg?

ar=0

exd —iq(z—2z1)]

2+k2

—1RJd2kf1dF — (Rr,a)|? - T
=5Re T, a|F x_qq(kr, )| ex —lm(zz—zl)

1 1 + - - - -
EEReJ d2r1d2r2f0 da F . (. (r2,@) G%q(rz,zz;rl,zl) Fox_qq(r,a), (92
|
where e was defined in Eq(3). R R 1 o
The amplitudes of diffraction’* N— XN in the transverse G%q(rz Zoi11,29)= 2] d%ky ex;{ —ikg-(ro—ry)
momentum and coordinate representations are related by (2)
Fourier transform: ) k2( )
ikT(z,—24
_2va(1—a) ' (95)
. 1 ) - s The boundary condition for the Green function is
Fy*ng(kT,a)=ﬂf drF x _gqq(ri,a) € 7" (93
0 - - - -
Gyq(r2:22:71,21)| 7,2, = 8(r2=11). (96)

In Eq. (95) the phase shift on the distanzg—-z, is con-

This amplitude in the coordinate representation has a factok;q|jed by the transverse momentum squared as one could

ized form

For aqq(T1.@)=Vgq(r,a) ogq(r). (94)

G%q(Fz,zz;Fl,zl) in Eq. (92 is the Green function of a

free propagation of thaq pair between points; andz,. Itis
a solution of Eq(7) without interaction

expect from Eqs(90),(91) where it depends on thM)Z(.
However, Eq(92) is written now in the coordinate represen-
tation and contains no uncertainty with the absorption cross
section, as different from Eq90). In order to include the
effects of absorption of the intermediate stAtmto Eq.(92)

one should replace the free Green func@ﬂz(?z 251 1,21)
by the solution of the Schdinger equatior(7) with imagi-
nary potential(9). This was done in papégd 2] and the re-

sults have demonstrated a substantial deviation of nuclear
shadowing from usually used approximations for transverse
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photons. One should also include the real part of the poterpresent paper. Therefore, we skip further discussion of
tial which takes into account the nonperturbative interactiomuclear shadowing for thigq) pair and switch to the next
betweeng andq as it is described in Sec. Il A. This is im- Fock componenﬁqG).

portant only for nuclear shadowing of transverse photons and For the intermediate statd4) X=qqG Eq. (92) is modi-
and lowQ? longitudinal photons and is beyond the scopes offied as

d?0(y*N—XN)

CcO Zr,— 2
dMidq% $d.(z,—21)]

=0

SWfdMi

1 2 2 2 2 T YY)
:>§Re d°x, d°y, d“x; d°y, daqd|n(aG)F7*_>qu(Xz,yZ,aq.ae)

X Gaqa(X2,Y2:22;X1,Y1,21)F yx _qqa(X1,Y1,aq,ac), (97)

where aq and a are the fractions of the photon light cone
momentum carried by the quark and gluon, respectively. The

amplitude of diffraction y* N—XN depends on they-q
transverse separatiohand the distanc§ from the gluon to —
the center of gravity of theq pair (we switch to these vari-

2ImV(X,,Y5,25,aq, ag)

9
g%w(¥) g

- aa -
Oqql Y 1_aGX

ables from the previously usqﬁlyz for the sake of conve- R ag -
nience, it simplifies the expression for kinetic endrgy T YT 1, X) ] pa(b,2). (100
The Schrdinger equation for the Green functid®yqc ¢

describing propagation of tleg G system through a medium

including interaction with the environment as well as be- ) ) )

tween the constituent has the form The real part of this potential responsible for the nonpertur-
bative interaction between the quarks and gluon is discussed
below.

q If the potential IMV(Xy,yz,22,eq,ac) is a bi-linear
[ i Gaqa(X2,Y2,22:X1,Y1,21) function ofx andy then Eq.(98) can be solved analytically.

Nevertheless, the general case of nuclear shadowing for a
) B three-parton system is quite complicated and we should sim-
_) Q7 agta AG)— 1 AY,) plify the problem.
2v 2vagay 2 2vag(l-ag) Ya Let us consider nuclear shadowing for longitudinally po-
larized photons with higiQ?2. The latter means that one can

L neglect the eikonal attenuation for thg Fock component of
+V(X2,Y2,25,aq,ac) the longitudinal photon, i.e.,
X Gy i,ﬁ,z ;)Z,e,z , 98

qq6(X2,Y2,223X1,Y1,21) (99 Q?>4C (TA>mlGe\/2, (101)

with the boundary condition,

whereC is the factor in Eq(5) and(T,) is the mean nuclear
Ay - = () S(va—v thickness function.
qu(x?’yZ’ZZ'Xl’yl’zl)|zzzzl_ (X2=X1) (Y2~ Y1)- As different from the case of transversely polarized pho-
(99) tons which distribution function(1)—(3) containsqq pairs
o with large separation—0,1) even at Iargggz, in longitu-
~ The imaginary part of the potentidd(x;,y>.2,,2q.a6)  dinally polarized photons small size-(1/Q) qq pairs always
in Eq. (98) is proportional to the interaction cross section for jominate[1,2]. This property suggest a few simplifications
the qqG system with a nucleon, for the following calculations.
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(1) One can neglect at larg®? the nonperturbativeq o d .
interaction and use the perturbative photon wave function gz, CoalY2.22:¥1.21)

(1)—(4).
(2) One can s_implify the expression for the diffractive A()72)
amplitude y* N—qqGN introduced in Eq.(97) relying on =~ 5 T V(Y¥2.22) | GgalY2,22:Y1.21),
ey Lo . . 2vag(l-ag)
smallness of the typicalq separatior|x| ~1/Q in compari-
son with the distance between tlg and the gluon|y (106
~1/by~0.3 fm.
(3) One can also simplify Eq98) for the Green function where

Gyqc fixing x=0 in the expressiof@9) for the nonperturba-

tive potential IMV(Xy,Y>,2,,eq,ac). This leads in Eq(98) 2ImV(Y,2)=—ogs(Y) pa(b,2). (107)
to a factorized dependence on variabeandy.
As a result of these approximations amg—0 we arrive On analogy to Eq(11) we assume the real part of the
at potential has a form
R ot y2
L ReV(y.2)=5—————— 1—ag)’ (108
F e qqa(XY,aq,a6) =~ W (X.aq) X-V Waa(Y) 5a(Y), er e
102 \hereb~ bo.
To simplify the estimate we assume thatsg(r,s)
where ~Cgq(S) r?, whereCgg(s)=d ogg(r,s)/d re_,.
The solution of Eq(106) has a form
- - G V2.20.Y1,2
Voa(y)= lim Wog(ag,y), (103 ootz Z2iys. 21
ag—0 _ A
~ 2msinh (Q Az)
and A
xexp — 5 (y2+y3) cothQ Az)
2y,-y
9 __yl—yz , (109
Ueg(r,S):ZO'qq(l',S). (104 sinh(Q Az)
where
As soon as we neglect the size of the color—oatqatpair, it
interacts a gluon, this is why one can replagcg,s by the A= \/L54—iaG(1—aG) vCqsspa
dipole cross sectiongg. The latter is larger thaog, by the
Casimir factor 9/4. iA
In this case the tree-body Green function factorizes to a Q= PREET
product of two-body ones, ag(l-ag)v
Az=27,—12,. (110
Gqu(§2,§2,22;§1,§1,21) The quark-gluon wave function in Eg102 has a form
similar to Eq.(27),
=Ggq(X2,22:%1,21)Gga(Y2,22:Y1:21)s L
- 2 J|ag ey b2
10 = \/== 22 _ 2
(109 Voc(y) p \/ 3 2 exr{ >y } (111
whereGgq(iz,zz;il,zl) is the “free” Green function of the Now we have all the components of the amplitide2)

qq pair, andGea(Y2,2,:Y1,21) describes propagation of the Which we need to calculate the nuclear shadowing correction

GG dipole which constituents interact with each other, as(97). Integration in>21,2 and 371,2 can be performed analyti-
well as with the nuclear medium. cally:
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d?0(y*N—XN)
dMZda;

8w f dM%
qr=0

16aem( }F) zg) ag(Q?) Ci;

PHYSICAL REVIEW D62 054022

cogq, Az)

= Ref dagdIn(ag)

[(1-2¢=¢%) e “+ 82 (3+ ) Ex(0)]

where

u=tcoshQ Az)+sinh(Q) Az);

w=(1+1?) sinhQAz)+2tcoshHQAZ).
(113

The rest integration in Eq112) can be performed nu-
merically. We calculated the ratio Ry
=Ga(x,Q%/a Gy(x,Q?) for the gluon distribution func-
tions for small values of Bjorken 18<x<10"! and high
Q?=10 Ge\?. We foundR%),, almost independent ad? at
higherQ?. The results are depicted in Fig. 5.

3 71_2 QZBZ
t sinhQAz) t?| 2t3 tsinhQAz) 4¢3
X|—4+——In|1—-— |+ + —, (112
w t u?/  uw? w? w?

cussion of the dynamics of antishadowirigwelling of
bound nucleons, etcgoes beyond the scopes of this paper.

A similar approach to the problem of gluon shadowing is
developed if 30] which relates shadowing to the diffractive
radiation of gluons. Note that a delayed onset of gluon shad-
owing (atx<0.02) is also expected {180]. However, this is
a result of anad hoc parametrization for antishadowing,
rather than calculations. The phase shift factor gpAf)
which controls the onset of shadowing in E¢87),(112) is
neglected if30] assuming thax is sufficiently small. How-
ever, nuclear shadowing for gluons does not saturate even at
very smallx because of the M? form of the mass depen-
dence of diffractive radiation of gluorriple-Pomeron dif-
fraction). The smaller thex=Q?/2my is, the higher masses
are allowed by the nuclear form factpg, = (Q?+ M?)/2v
<1/R,] to contribute to the shadowing.

Our results also show th&,, steeply decreases down to
smallx and seems to have a tendency to become negative. It
would not be surprising for heavy nuclei if our shadowing
correction corresponded to double scattering term only.

One can see that in contrast to the quark distribution thédlowever, the expressio(®7) includes all the higher order
onset of nuclear shadowing for gluons starts at quite smallescattering terms. The source of the trouble is the obvious
x~10"2. This is because the photon fluctuations containingoreaking down of the unitarity limitry;;;<oo;. This prob-

gluons are heavier thayy fluctuations. Correspondingly, the lem is well known and easily fixed by introducing the uni-

lifetime of such fluctuations is shortéor g, is smallej and

tarity or absorptive corrections which substantially slow

they need a smallerto expose coherent effects like nuclear down the growth of the diffractive cross section. Available
shadowing. One can expect an antishadowing effect at mélata for diffractionpp— pX clearly demonstrate the effect of
dium x~0.1 like in F,(x,Q2) which should push the cross- unitarity correctiong 61,65. One may expect that at very

ing point GA(x,Q%)/Gy(x,Q%)=1 down to smallewx. Dis-

FIG. 5. Ratio of the gluon distribution functions in nuclear-
bon, copper and leadind nucleons at small Bjorkenand Q%= 4
Ge\? (solid curves and 40 GeV (dashed curves

high energies the relative fraction of diffraction decreases.
We restrict ourselves with this word of caution in the present
paper and postpone a further study of unitarity effects for a
separate publication, as well as the effects of higher Fock
components containing more than one gluon. Those correc-
tions also become more important at small

Note that quite a strong nuclear suppression for gluons
GA(x,Q%)/GN(x,Q%) <F5(x,Q?)/F}(x,Q?) was predicted
in [68] basing on the fact that the cross section of a color
octet-octet dipole contains the factor 9/4 comparedrp.
However, it is argued above in Sec. lll A and confirmed by
the following calculations that the observed smallness of the
diffractive cross section of gluon radiation shows that that
the strong nonperturbative interaction of gluons substantially
reduces the size of fluctuations including the gluon. The situ-
ation is much more complicated and cannot be reduced to a
simple factor 9/4.
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A perspective method for calculation of nuclear shadow-section. In eigenstate representation for the interaction
ing for gluons was suggested in the recent publicafi1. Hamiltonian the same effect comes from the dependence of
Experimental data for diffractive charm production can bethe elastic amplitude on positions of the valence quarks in
used to estimate the effect. This seems to be more reliabltae impact parameter plafg]. On top of that, the projectile
than pure theoretical calculations performed above. Indeedhadron can dissociate via gluon radiation which corresponds
the transverse Separation of a heavy f|av0@ pair is to the triple-Pomeron term in diffraction. It can also be in-
small even at lowQ?, and may be assumed to be muchterpreted in the infinite momentum frame of the nucleus as a

reduction of the density of gluons which interact with the
hadron. This relation gives a hint how to approach the prob-
ﬁem of gluon shadowing at smallfor soft gluons.

Let us model this situation in eigenstate representation
with two Fock states for the projectile hadron,

smaller that the mean distance between @@ and the
gluon. Unfortunately, the available data obtained at HER
have quite poor accuracy. The results from HZI] and
ZEUS[72] experiments are different by almost factor of two.
Besides, the theoretical analy$B&4,35 which is needed to
reconstruct the diffractive cross section of charm production Ca

from production ofD* in a limited phase space, introduces )= (1=w)lh), +wlh)g. (114

substantial uncertainty. According f85] the realistic solu- where|h), and|h)e are the components withotonly va-

tions for the diffractive charm production differ by a factor |oce quarksand with gluons which can be resolved at the

of five. In this circumstances we suppose our calculation fok, scale. We assume them to be eigenstates of interaction
nuclear shadowing of gluons seems to be more rellaple. with eigenvalueso, and o respectively. The relative
Note that we expect much weaker nuclear shadowing fo\r/veights are controlled by the parametsr The hadron-

quon§3than itzwas predicted i27,29,30. For instance at , cjeon and hadron-nucleus total cross sections can be rep-
x=10"°% andQ*=4 GeV* we expectGa/A Gy=0.9, while  oconted ak74,5]

a much stronger suppressioB,/A Gy=~0.6 [27], even
Ga/A Gy=0.3[29,30 was predicted foA~200 atQ?=4 =0, +WAo (115
Ge\2. '
It is instructive to compare the gluon shadowing at highwhereAo=0¢g—0o,, and
Q? with what one expects for hadronic reactions at much
1
1- exy{ 50 T(b)”

smaller virtualities. One should expect more shadowing at A 5
smallerQ?, however, the soft gluon shadowing evaluated in UtotZZJ d*b
! T(b ! T(b
ex ~ 50 (b) | —ex 506 (b)] .
(116

the next section turns out to be much weaker than one pre-
dicted in[27,29,3(Q at highQ?.

At the same time, quite a different approach to the prob-
lem of gluon shadowing based on the nonlinear GLR evolu-
tion equation21] used in[26] led to the results pretty close
to ours.

+w

This cross section is smaller than one given by the eikonal
Glauber approximatiof73], and the difference is known as
2. Nuclear shadowing for soft gluons Gribov’s inelastic correctiong33]. The Glauber’s cross sec-
() Hadronic diffraction and gluon shadowingThe  tioncan be corrected by replacing the nuclear thickness func-
hadron-nucleus total cross section is known to be subject tbon by a reduced ond(b)=T(b)<T(b), which is related
usual Glaubefeikona) [73] shadowing and Gribov’s inelas- to the reduced gluon density in the nucleus,
tic correctiong 33]. Those corrections are controlled by the
cross section of diffractive dissociation of the projectile had- Ga(x,b)  T(b)
ron hN— XN which contains particularly the triple-Pomeron m =m- (117
contribution. The latter as was shown above is related to

gluon shadowing in nuclei. Namely, absorption of the in-  Thys, nuclear shadowing for soft gluons can be evaluated
coming hadron can be treated as a result of interaction witBomparing the total cross sectighl6) with the modified

the gluon cloud(in the infinite momentum frame of the Gjauber approximation,

nucleus of bound nucleons at small A substantial part of

this absorption is reproduced by the eikonal approximation hA )
which assumes the gluon density to be proportional to the Utotzzf d°b
number of bound nucleons. However, evolution of the gluon

density including gluon fusiosee[66] and[21,67] for high Expanding both expressions in small parameteesT and

Q?) results in reduction of the gluon density compared to _ = .
one used in the eikonal approximation. Such a reductior] ? AT, whereAT(b) =T(b) =T(b), (they are indeed small

makes nuclear matter more transparent for prof@bs-77. even for heavy nuclgiwe get
That part of nuclear shadowing which comes from dif-

. (118

1 -
1- exp( - EU{‘O'\‘tT(b))

2
fractive excitation of the valence quark component of the AT(b)= MTz(b)[l_ EAUT(b)JFO((AUT)Z)}_
projectile hadron corresponds in terms of the triple-Regge 40{‘0’“t 6
phenomenology to th€ PR term in the diffractive cross (119
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We left here only the leading terms and omitted for the sake The important difference between E421) and the usual
of simplicity the terms containing higher powersuf expressiori 69,70 for inelastic corrections is absence of ab-
According to relation/A10) w (A¢)?/16m7 is the forward  sorption for the initial ¢<z;) and final ¢£>z,) protons in
cross section of diffractive gluon radiation which corre- Eq. (121). This is a natural result, since proton absorption
sponds to the triple-Pomeron part of the diffraction crosgmostly of eikonal typghas no relevance to gluon shadow-

sectionh N— X N. Therefore, the correctioil19 to the ing.
nuclear thickness function can be expressed in terms of the Absorptiono,,s= Ao in intermediate statez(>z>z,) is

effective cross section, much smaller tharrfy, and is related to the amplitude of
diffractive gluon radiation[see (A10)]. One can estimate
w(Ao)? Mﬁ]ax 0 aps aSsuming Regge factorization. In this cagg is uni-
Oett=—hn = 16mAgp(hN—=XN)In| ——, versal and can be applied even to a quark, hesg. This
tot min (120 makes sense in our model due to the short range nature of the

nonperturbative gluon interactions, demanding 8@®1) to

2 _ . . reproduce correctly the “frozen” limit ofj — 0. This needs
whereMy, ,,~2 J3's/(my R,) is the upper cutoff for the dif ape= 0arr, A Was actually guessed [80).

T e e e e o 2" Vowever he scussion folowing E842 shows tr
trip]e-Pomeron diffraction at small masses which is poorlyafter ftls averaged_ over t he quark-gluon separation the ab-
known. At high energies under consideration this uncertaintf’orptlve Cross section gains an extra factofys=1.50%rs-

) We performed numerical estimates #¢ 200, 64 and 12

r_elzat(e;d\t/o the choice oMy, is quite small. We fixM ;p, assuming a constant nuclear density(r)=po ® (Ry—r)
— < Lev. with po=0.157 fm 2 andR,=1.15A3 fm. In this case in-

Within an approximate Regge factorization schem A :
X : ; . egration in Eq(121) can be performed analytically and the
Asp(hN—XN) defined in Eq.(86) is an universal constant rengtlreaIds afl2be per ylically

[see, however, Eq87)]. Therefore, the driving term in Eq.
(119 and gluon shadowing are independent of our choice for G 1
hadronh, a result which could be expected. A(X) —1—

Data on diffractive reactionpp—pX fix the triple- A Gn(X) 32%In(M2 /M2
Pomeron couplinge.g., see i146,61,69) with much better
certainty than for other reactiorigicluding data for diffrac- x{

3
3— §v2+ ¥-3(1+v)e?

tive DIS). The value ofAsp varies from 0.075 GeV? at
medium high energies to 0.025 Ge¥ at Tevatron energy
[see EQ.(87)]. Correspondingly, the effective cross section
for A=200 ranges asq¢~3.5-5.5 mb. This is an order of X|In D) STy
magnitude smaller than the value used36] at highQ?. It L UM Ra (Migin=miy)
is very improbable thair.¢; can grow(so much with Q2. 3
It is silently assumed in Eq116) that the energy is suf- +|3— §v2+ v
ficiently high to freeze the fluctuations, i.e., there is no mix- .
ing between the Fock components during propagation '3 11 (11 5 2)
e v

S

[v+Inv—Ei(—v)]
through the nucleus. If, however, the energy is not high, or +H ==+ =+ =v—v ]
the effective mass of the excitation is too large, one should 12 2 2 2
take care of interferences and represent E§$7),(119 in (122
the form (compare td69,70)

Ga(x) wherev=3 oot poRa, y=0.5772 is the Euler constant, and

AlX Ei(2) is the integral exponential function. The valuexafan

————=1-87A X

A Gn(X) 7 Asp(PP—PX) be evaluated ag=4 (k?)/s, where(k?)~1/b3 is the mean
5 transverse momentum squared in the quark-gluon system.

xReJ deJ’w dej“’ dz The results of numerical calculations with Ed22) for

1
M2 —

2 Mi gluon shadowing are depicted in Fig. 6 by thin solid curves
for lead, copper and carbdfrom bottom to top as function
% * 42 (20— 2% pa(b b of x. Shadowing for soft gluons turns out to be much weaker
L (22=21) Xpa(b.21) pa(b.25) than predicted if30,31] for high Q2. This contradicts the
natural expectation that the softer gluons are, the stronger
Xexg —iqL(z2—21)] shadowing should be.

(ii) The Green function formalisnOne can also use the
, (122 Green function formalism to calculate nuclear shadowing for
soft gluon radiation. It provides a better treatment of multiple
interactions and phase shifts in intermediate state. In contrast
where o4,s= Ao, and we exponentiated the expression into the above approach which uses a constant average value
square brackets in the RHS of E317). for oes, in the Green function formalism the absorption

1 2
XeXF{__Uabsf dzpa(b,z)
2 7
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1.0 a constant nuclear density is given by E85). Note that the
r2 approximation for the dipole cross section is justified by
. the small value ofr2)=1/b3~0.1 fr?.

S: 09 Integrations in Eq(124) can be performed analytically,
3
(O

0.8 . 4dag

P(ag.,b)=—%—RelnWw), (125
37
0.7 — — —
10 10 10 where
x

FIG. 6. The same as in Fig. 5, but for soft gluons. The thin
curves are obtained with Eq122 using data for the triple-
Pomeron contribution to diffractiopp— pX. The thick curves are
predicted using the Green function method.

— A%+D3
W=ch(Q Az)+ N
2 A b2

sh(QAz), (126)

cross section as well as the phase shift are functions of lon- — . =
gitudinal coordinate. This is also a parameter-free descrip- Az=2 Ry~ b"
tion, all the unknowns have already been fixed by compari-

Solw'th d:?ta. treat shadowing f t al ¢ .We use here the same notations as in E§89—(110.

S usual, we treat shadowing for Soft gluons as a Contrl- -ty regyts of calculations are depicted in Fig. 6 by thick
bution of the gluonic Fock component to shadowing of the urves for lead, copper and carbéirom bottom to top.
prOJ_ect!Ie-nucIeus total cross section. One can use as a s ey demonstréte about the same magnitude of shadowing
SroJSCtv]e a real pho'ii)n,l a meson, e.ver;d% 2'?‘3'_8 quarE. Inés was calculated above using hadronic basis. However, the

ee "’ t tehn:etﬁn quark—g utg)n seEaratldmbt. > T II'S rfr]wtuc onset of shadowing is delayed downxet0.01. We believe
smaller tha e_quar -antiquark separa _|on N a ight MeSOat this result is trustable since the Green function approach
or a qq fluctuation of a photon. For this reason one canreats phase shifts and attenuation in nuclear matter more
neglect in Eq.(49) the interference between the amphtudesconsistenuy_
of gluon radiation by thej andq. Since the gluon contribu- Comparing predicted shadowing for soft gluons in Fig. 6
tion to the cross section corresponds to the difference beand one aQ?=4 GeV in Fig. 5 we arrive at a surprising

tween total cross sections fﬁq@ and |aq> components, ~conclusion that shadowing is independent of scale. A small
the quark spectator cancels out and the radiation cross Se@iﬁerence is within the accuracy of calculations. This is a
tion is controlled by the quark-gluon wave function and colorhontrivial result since calculations were done using very dif-
octet (GG) dipole cross section. ferent approximations. Shadowing of hard gluons was esti-
Thus, the contribution to the total hadron-nucleus crossnated assuming that tlegy pair is squeezed to a sizel/Q
section which comes from gluon radiation has the form much smaller than the transverse separation between the
1 gluon and thegq. On the contrary, radiation of soft gluons is
ggAzf —GJ d?b P(aG,B), (123 dominated by configurations with a distagtand q sur-
x &G rounded by small gluon clouds. The fact that shadowing ap-
pears to be the same is a result of existence of the semihard
where scaleb3 (which should be compared witQZ,,<Q?/4). At
w larger virtualities shadowing decreases as one can see from
P(ag ,5)2] deA(b,z)f d2r | W oa(r, ac)|2 oca(r,S) comparison 0fQ?=4 Ge\? with 16 Ge\? in Fig. 5.

(127)

—ERe * dz,dz, 0(z,— 2, C. Nonperturbative effects in the transverse momentum
2 L, T2 2 A distribution of gluon bremsstrahlung
As soon as the strength of the nonperturbative quark-
X pa(b,z7) pA(b,Zz)f d?r, d?r, gluon interaction is fixed, we are in a position to calculate
the cross section of gluon bremsstrahlung for a high energy
XW* (Fy,06)06a(r2,S) Goo(T2:22:71,21) quark interacting with a nucleon or a nuclear target and to
qct 22 TEITEE 2 ee i compare the results with the perturbative QCD calculations
Xoga(ry,s) Woa(rs, ag). (124  [36].
Here the energy and Bjorker are related as=2myv 1. Nucleon target

=4b§£x. The explicit solution for the Green function  The transverse momentum distribution of soft gluons
Ggo(r2,22:r1,21) in the case obrgg(r,s)=Cgg(s) r? and  (ag<1) readq36]
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do
d(In ag) d?kt

T 2(2m)?

Xexfikr(r1—ry) loee(r) + oec(ra)

—oga(r1—ra)].

f d’ry d’r, W qG(rlva’G) ‘I’qe(rzaae)

PHYSICAL REVIEW D62 054022

do/ d(Ine) dk2 |4 . | (mb/GeV?)
=

Here the overline means that we sum over all possible polar- , , ‘ ,
izations of the radiated gluon and recoil quark and average 0 2 4 6 8 10
over the polarization of the initial quark. In our model for the K2 (Gev?)
quark-gluon distribution function including nonperturbative
effects we get

FIG. 7. Transverse momentum distribution for gluon brems-
strahlung by a quark scattering on a nucleon target. The solid and

lI'Z|G(Flaa(3) ‘I’qG(Fz ,ag)

dag . . b3
—Srl~r2exp{— ?(r§+r§) .

2.2 .2
3mrir;

dashed curves correspond to parametrizations | and Il for the dipole
cross section, respectively. The upper curves show the results of the
perturbative QCD predictior{86]; the bottom curves correspond to
the full calculation including the nonperturbative interaction of the
radiated gluon.

The cross sectiotrgg(r) in Eq.(128) has the form(104). In the case of parameterization Il it is convenient to rep-
We performed calculations for the transverse momentunjesent the dipole cross section in the form

distribution of gluons for two parametrizations of the dipole
cross section(l) one which is given by Eq(30) which is d 1

constant ap?>p2. For the sake of convenience we change Taq(r) =0y SZE 1—9XF{ - 552 rz” . (132
the notation heres?=2/p5=0.125GeV ?; (Il) the dipole s?=0
approximation(5) with C= o s%/2. Only this parametriza- Then the differential cross section reads

tion is used for nuclear targets because it allows to perform

integrations analyticallyof course one can do numerical cal- dU|N|
culation for any shape of the cross secj}ion

3a.0,s?

F.(k%,b%,s%), (133

Correspondingly, we obtain for the differential radiation d(In ) d*kr m?
cross section,
where
do}! ~3asoy
F(k7,bg,s%), 130 d
d(nag) d%k; 72 (kr g% (130 Fl(k%b%,sz)=QF(kZ,bZ,SZ)Iszzo
where
2 1 2
=AT—A{ A+ 5 AS; (139
1 1 & 2
F(kz,bé,sz)——zﬁ Q-2 Q) +—| Ei
k 43 23 1 1 k2
A== =—1-exp ——5| |;
k2 R 2b2
—2Ei —x1 +Ei| — Xy (131
2s?

N 1 k2
=—exp ——|.
) 22 2 b2

The results of calculations for variants | and Il are de-
picted in Fig. 7 by solid and dashed curves, respectively. The
two upper curves correspond to perturbative calculations,
while the two bottom ones include the nonperturbative ef-
fects. The strong interaction between gluon and quark leads
to a substantial decrease in the mean transverse size of the
quark-gluon fluctuation. Therefore, the mean transverse mo-
mentum of the radiated gluons increases. The nonperturba-
tive interaction has especially strong effect at small trans-
verse momenturky, where the radiation cross section turns

0q,=1- exp(

Q,=1—ex
2 F{ 2(b2+s2)

2 2
oj b
I 2 I
b3+ s2 bj+2 s?

Xl:

and Ei@) is the exponential integral function.
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—_
[=
—

with qG-interaction
—~
. . . &
without qG-interaction > 102 Cu --ome
¢ YN Ph
g Pb
£
N3
0 <
s

do/ d(ine) dk% | o | (mblGev?)
S
2
T
60
/

._.
<

do / d(Ina) dk
£

8 10
8 . 10 K2 (Gev?)
k7.(Gev?)

—_

(=
IS

=)

N

N

()}
<
8]
ES
(=)}

] ) ) FIG. 10. Comparison of the cross sections of gluon radiation per
FIG. 8. The differential cross ection per bound nucleon of soft,cleon in the perturbative QCD limit for collisions of a quark with

gluon bremsstrahlung in quark-copper collisiions. The solid and, nucleon(solid curve, copper(dashed curveand lead(dotted
dashed cruves correspond to calculations with and without the NONsurve versus the transverse momentum squared of the gluon.

perturbative effects, respectively.

_etrization Il for the sake of simplicity. For heavy nuclei this
out to be suppressed by almost two orders of magnitudg,proximation can be quite good due to a strong color filter-
compared to the perturbative QCD expectations. ing effect which diminishes the contribution from large size

~ Note that intensive gluon radiation originating from mul- ginoles. The transverse momentum distribution has the form
tiple nucleon interactions in relativistic heavy ion collisions

is found [78,79 to be an important alternative source for do? 8u
suppression of charmonium production rate and is able to - SJ’ d?B F(kz,bg,SZ(B)), (136
explain the corresponding data from the NA50 experiment at d(Inag) d*ky 37
CERN Super Proton Synchrotrqi®PS. The found strong
suppression of gluon bremsstrahlung by the nonperturbativé/nere
interaction relevant only to smalk<1. However, it may
: . 9
substantially reduce the influence of prompt gluons on char- SX(B)= =0y S2T(B). (137
monium production if is important at large as well. This is 8
to be checked.

For numerical calculations we use the approximation of con-
2. Nuclear targets stant nuclear der_lsi_typA(r) =3A/(_47TRf\) O(Rap—T). The _
results for the radiation cross section per bound nucleon with
In the case of nuclear targets E§28) holds, butoec(r)  (solid curve and without(dashedl the nonperturbative ef-

has the form fects are compared in Figs. 8 and 9 for copper and lead
targets, respectively. Obviously the nonperturbative interac-

créG(r)=2 f d2B [ 1_9)(% _ 2(,7 (r) T(B)H' tion generates very large nuclear effects. _ _

g 1 The nuclear effects are emphasized by a direct compari-

(139 son in Figs. 10 and 11 for different targets, a nucleon, copper
. o ) ) and lead, including and excluding the nonperturbative inter-
Our calculations for gluon radiation in the interaction of a g¢tion respectively. We see that the difference between a free
quark with a nuclear target are performed only in the paramznq a bound nucleon at smél} is substantially reduced by

the nonperturbative interaction. Indeed, the interaction

— 101 J\\ with gG-interaction 1 15
5 5 without gG-interaction ----------- ) ’

S ~ N —

r] % 3 [ 0)) Qpe—

E ¢ Pb

= 9 2 25

_é 107 1 E
Sl 3 2F

3 F

E g

3 100t 5 gt

8 ]

05 |
2 . . . . 0 :
10 0 2 4 6 8 10
0 2 4 6 8 10 K2(Gev?)
K2 (Gev?)
FIG. 11. The same as in Fig. 10, but the nonperturbative inter-

FIG. 9. The same as in Fig. 8, but for a lead target. action of gluons is included.
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squeezes the quark-gluon fluctuation and reduces the nuclegeak similar to what is found &2~ 4 Ge\2. Such a scale
effects. Besides, the region of antishadowing is pushed tfhvariance at low and medium high virtualities is a conse-
larger values okr . quence of the strong nonperturbative interaction of gluons
This manifestation of the nonperturbative interaction im-which introduces a semihard scale4 b§=1.7 Ge\~.
plies that gluon saturation which is an ultimate form of shad-  The nonperturbative interaction changes dramatically the
owing should happen with a smaller gluon density comparegransyverse momentum distribution of gluon bremsstrahlung
to the expectation$24,25 based on perturbative calcula- by a high energy quark interacting with a nucleon or a
tions. On the other hand, the saturation region spreads up {cleus. The gluon radiation cross section at stkallurns
higher values ok . out to be suppressed by nearly two orders of magnitude com-
pared to the expectations from perturbative Q{D,36.
Although these results concern the gluons radiated with
—0, it might also suppress gluon bremsstrahlung at larger

We explicitly introduced a nonperturbative interaction be-@g Which is predicted 78] to contribute to the break up of
tween partons into the evolution equation for the Green funccharmonia produced in relativistic heavy ion collisions.

tion of a system of quarks and gluons. The shape ofc_{tlpe This effect is especially strong for nuclear targets where
potential is chosen to reproduce the light cone wave functio he nonpe_rtl_eratN_e interaction of radiated gluon_s creates a
of mesons. The magnitude of the potential is adjusted t orward minimum in the transverse momentum distribution.
reproduce data for photoapsorptive cross sections on nucldiS SUPPression is an additional contribution to nuclear

ons and nuclei and data on diffractive dissociation of photon hadowing calculatt_ad perturbatively 50,36 which also
eads to a suppression of small transverse momenta. The re-

into qq pairs. ) ) sults of our calculations presented in Figs. 8, 9 include both
Based on theoretical arguments and experimental facts w, enomena

expect a much stronger inter_action for a quark-gl_uon pai Nuclear shadowing for small transverse momenta of the
than fqr a quark-antiquark pair. Indeeq, datg on dlffr""Ct'veradiated gluons is the same effect as the saturation of parton
dissociation of hadrons and photons into high mass stat

A ; . ensities at smab in nuclei as seen in the infinite momen-
show that the cross section is amazingly small, what is USUum frame of the nucleus. This phenomenon is expected to

ally phrased as evidence that the triple-Pom_eron <_:oup|ing 'Be extremely important for the problem of quark-gluon
smgll.. We have p_erformed calculaﬂons for d_|ffract|ve gluqn plasma formation in relativistic heavy ion collisions. On the
radiation(responsible for the production of high mass exci- Jne hand. a growth of the mean transverse momentum of

tations)r:nclfudri]ng the rilonlperturbativg ?ﬁ?/(\:/ts' fandoll‘ixed theradiated gluons increases the produced transverse energy, on
strength of the quark-gluon potential. We found a Veryuy,q oiher hand, it leads to a higher probability for such glu-

simple and intuitive way to get the same results as d'reCan to escape the interaction region without collisions, i.e.,
calculations of Feynman diagrams. Both approaches lead Re gluon gas may not reach equilibriyso]
the same diffractive cross section which in the limit of per- '

turbative QCD coincides with the result of a recent calcula-

tion [19] for the procesg* N—qqGN. We conclude that the ACKNOWLEDGMENTS
previous analogous calculatiofik8] are incorrect. : - .
We adjusted the quark-gluon potential to data for the dif- We are grateful. to Yuri 'Ivanov a.nd ap Raufglsen for
) ) . their constant assistance in numerical calculations and to
fractive reactionp p— Xp which have the best accuracy and . - . . .
) . Jag Hufner, Mikkel Johnson, Andrei Leonidov and Hans-
cover the largest range of energies and masses. We predict

the single diffractive cross sections for pions, kaons and phosl'ugen Pirner for useful discussions. A substantial part of

tons and find a substantial violation of Regge factorization.thIS work was done when A.V.T. was employed by the In-

We calculated nuclear shadowing for longitudinally poIar-StItlJt fur Theoretische Physik der UniverditHeidelberg

. . " and was supported by the Gesellschaft$ehwerionenfors-
ized photons which are known to serve as a sensitive prob

A . . .~ Chung, GSI, grant HD HB T.
for the gluon distribution, using the Green function technique

developed if12] describing the evolution of gqG system
propagating through nuclear matter. The evolution equation APPENDIX A: DIFFRACTION
includes the phase shift which depends on the effective mass
of the fluctuation, nuclear attenuation which depends on the
transverse separation and energy, and the distribution over In this section we present a general analysis of diffraction
transverse separation and longitudinal momenta of the pabased on the eigenstate decomposition.
tons which is essentially affected by the nonperturbative in- The off-diagonal diffractive scattering is a direct conse-
teraction of the gluon. The latter substantially reduces the&uence of the fact that the interacting partidleadrons, pho-
effect of nuclear shadowing of gluons. We have foundkan ton) are not eigenstates of the interaction Hamiltonian
dependence for gluons which is quite different from that for[81,82. They can be decomposed in a complete set of such
quarks. These differences are far beyond the simple Casimé@igenstatesk) [74,83,
factor 9/4.

Nuclear shadowing for soft gluons is essentially con- _ h
trolled by the nonperturbative effects. It turns out to be rather I EK Culk, A

IV. SUMMARY AND OUTLOOK

1. General consideration
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where CE are the amplitudes for the decomposition which To regulate the divergence we can introduce a small
obey the orthogonality conditions gluon massmg, which will not enter the final result, and
impose that for separatiom$>1/mg the dipole cross section
S (cytehog, . is given by the additive quark limitggq(r>1/mg)=2 oy .

e k k™ “hhrs To find the convergent part @f,g(p) — oy we can make use
of Eqg. (47). Let us choose in Eq47) r,<1/mg andr,
>1/mg. Then the LHS of Eq.(47) saturates atoy

> (€chrcp=s. (A2)  +o0qa(ry). Here ogg(ry) is different from o due to the
n color dipole moment of theG system, i.e., due to,#0.

We denote byf,=i 0,/2 the eigenvalues of the elastic Then Eq.(47) is modified to

amplitude operatof. We assume that the amplitude is inte- 9 5

grated over impact parameter, i.e., that the forward scattering Oqt 0qa(r])=={0m(r)+20, —=ay. (A8)

elastic amplitude is normalized d$,|2=4 7 do/dt|;—o. 4’ Tactt 8{ gttt @ 8 1

We can then express the hadronic amplitudes, the elastic

fei(hh) and off diagonal diffractivef y4(hh’) amplitudes as  From this relation we obtain the combination of cross sec-
tions at the RHS of EqA7) which takes the form

fa(hh)=2i > [Cil? 0y=2i (0); (A3)
-9
fad(a—=0G)[q,=0=1 Yae(@.p) g oge(p).  (A9)

faa(hh')=2i 3 (C})' CRoy. (A4)
K Thus, we derived Eq60) in a simple and intuitive way. A

Note that if all the eigen amplitudes are equal the diffractive™ °re formal derivation based on direct calculation of Feyn-

amplitude (A4) vanishes due to the orthogonality relation man diagrams is presented in Appendix B.1.

(A2). The physical reason is obvious. If all tiig are iden-

tical the interaction does not affect the coherence between 3. Diffractive gluon radiation by a qq pair

the different eigen componentk) of the projectile hadron ) ) ) o —

|hy. Therefore, off diagonal transitions are possible only due_ The diffractive amplitude of gluon radiation bycg pair,

to differences between thg’s. For instance, in the two d9—dqG, can be easily derived in this approach. We re-

channel case, strict ourselves to two Fock componenty]) and |qqG).
Then the distribution amplitude@E get the meaning of dis-

" _a; hyt~h _ o
fad(hh)=2i(C2)'Cy(01= ). (A5 tibution functions for these Fock states, namelig, (r;

If one sums over all final states in the diffractive cross ™~ "2:@) and¥geq(p1.p2,@,ac), where the transverse co-
section one can use the completeness conditi®). Ex- ordinates are defined in E¢82). Summation ovek in Egs.
cluding the elastic channels one gfT#,83,9 (A1)—(A4) now means integration over the transverse sepa-

rations and summation over the Fock components. éccord—
dolly S (e[S [ch? 2 ing to Egs.(A4) and (A5) the diffractive amplitudef 44(qq
dt 4 |C| | i - |C| | (o _,qu) reads
t=0 ' I '

167

2\ (2 - _ ..
=(07)={o)". (A6) faa(99—qqG) =2 f 42, 020, Wage(pr.p2 )

This formula is valid only for the totafforward) diffractive P L.
cross section and cannot be used for exclusive channels. X[ogaq(p1:p2) = 0gq(P1—p2)].

(A10)
2. Diffractive excitation of a quark, g—qG

In this case we can restrict ourselves to the first two FockHere we make use of the obvious relat'(bgﬂ(r*) = 5(F). The

;:omponents of the quark, ahbare quitk and|qr?) 'anher?_ total cross sections for the two Fock componeqts and
ore, we can use EqA5). Thus, we arrive at the following Gaq are introduced in Eq€9) and (47).

expression for the forward amplitude of diffractive dissocia- The distribui litude for the oa fluctuation in th
L L o> e distribution amplitude for qq fluctuation in the
tion into aqG pair with transverse separatign limit of ag—0 is easily guessed. Indeed, in this limit the
fdd(quG)|qT:0:i ‘I’qe(a,f;) [oqa(p)—0ql. (A7) impact parameters of thg andq are not affected by gluon
radiation. Therefore, th# . should be a product of theq

Both cross sectionsr,g and o, are infrared divergent, but distribution function in the projectile hadrdiphotor) times
this divergence is obviously the same and cancels in Eqhe sum of the gluon distribution amplitudes corresponding
(A7). to radiation of the gluon by or q,
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— 0z APPENDIX B: DIFFRACTION: FEYNMAN DIAGRAMS
\I,qu(Plvpba’aG)

Voa(p1—p2.a) | Vg

o 1.gN—gGN
e G
(Pl,—> For the example of diffractive excitation of a quark,

qN—qGN, (B1)
(A11)

N o
_\Iqu<p211_G ) ’ . . . .
@ we demonstrate in the following the techniques and approxi-
mations we use for the calculation of more complicated dif-

where¥ ., and¥ . are defined in Eqg18),(19) and in(56)  fractive processes.

respectively. Thus, we have arrived at E83). A more for- Weéuse theefollowing notations for the kinematics of Eq.

mal derivation based on the calculation of Feynman graphs iB1): k; and p; are the transverse momenta of the final

presented in the next Appendix. gluon and quark respectively is the fraction of the initial
After integration over 51+52) in Eq. (A10) the ampli- light-cone momentum carried by the gluoﬁir;=IZT+|5T is

tude of diffractive gluon radiation turns out to be propor- the total transverse momentum of the final quark and gluon,

tional to the difference\ o(p;— p2) between the cross sec- andxr=(1— a)kT apT appears further on, When the trans-

tions of the colorless system&qgq and qg. This is a  verse separatlonsG b+(1 a)p and rq—b+ ap are |n-

straightforward consequence of the general property of offserted:k;-rs+py-r, —(kT+ pr)- b+ ((1— @)Ky + apr)- p.

diagonal diffractive amplitudes given in EGA5). We normalize the amplitude of E¢B1) according to
These conclusions are also valid for diffractive gluon ra-

diatipn by a photonyN—EqGN. At first glance presence of do(gN—gGN) 1 2 () s = )

a third ch_an_nel, the _photon, may change the_snuatlon and | ad?rr dqu—gmu’S AL (qr k7, @)

gluon radiation amplitude may not be proportional Ao

This is not true, however, since the relative weights ofEhe

andqqG components of the photon are the same as above as
soon as they are generated perturbatively.

In the limit of purely perturbative interactions the same
result as our Eq(83) was obtained recently ifi19] [Eq.
(3.4)]. However, the cross section for diffractive gluon radia-
tion cierlved earllgr n{lSJ [Eq. (60)] is not propornongl tp Agu,v):(qu)f A.q”, (B3)
(Ao)“, but contains a linear term. We think that this is a
consequence of improper application of relati@®) to an  andqg”(® are the color spinors of the quark in the initial and
exclusive channel. final statess is the color index of the radiated gluon.

We assume that at high energies one can neglect the ratio
of the real to imaginary parts of the amplitude for reaction

(B1). Then one can apply the generalized optical theorem
The forward amplitude for photo(real or virtua) radia-  (Cutkosky ruleg58]),

tion by a quark is similar to that for gluon radiatidA7),
except that the photon does not interact strongly and one has

(JOH

—g Tr[AL(Gr,x7,@) AlGr,k7,0)],

(B2)

where

4. Diffractive electromagnetic radiation

R i A A
_ t
to replaceo g by g, A(a—b)= 52 A'(b—c) A(a—c). (B4)
faa(a—0y*)|q,—0=1 Wy (a.p) [oq—0q]=0. Here=, includes not only a sum over intermediate channels,
(Al12)  but also an integration over the intermediate particle mo-
menta.

Thus, in order to radiate a photon the quark has to get a kick 10 simplify the problem we switch to the impact param-
from the target, no radiation happens if the momentum trans€ter representation,
fer to the target is zero.

This conclusion is different from the expectation for dif-

- B NV
fractive Drell-Yan pair production of20]. The latter was A(b,p)—(2 Tr)zf d*q d*xr A(Qr, &)
based on the conventional formula10) which cannot be
used for an exclusive chann@s well as for gluon radia- Xexp(—iqrb—i k7p). (B5)
tion). Therefore, the diffractive Drell-Yan cross section
should be much smaller than estimated 20]. Since the initial impact parameters are preserved during the

Nevertheless, a hadron as a whole can radiate diffradnteraction we sum only over intermediate channels in this
tively a photon without momentum transfer as two of its representation.
quarks can participate in diffractive scattering, each of them We use the Born approximation, i.e., the lowest order in
may getting a momentum transfer, while the total momentumy, for the sake of clarity, and generalization is straightfor-
transfer is zero. ward. In this case and faa={qN}, b={qGN} only two
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intermediate states are possible in B84): c;={q Nz} and A (gGN—aGN*)= 6.7 (f|v.(B-)li
c,={q G N}, whereN} =|3q)s is the octet color state of =+ (4 AGN)= s i (Tl (b2)I1)
the 3g system produced when the nucleon absorbs the ex- +ifeg, (f|§/r(53)|i>. (B10)
changed gluon.
One should sum in EqB4) over all excitations of the

NE Here b,=b; b,=b—ap are the impact parameters of the
projectile and ejectile quarks in reacti¢Bl), respectively;

A(qN—qGN) = [Al(qGNang)A(qNang) 53=5+é(1—a)5 is the impact parameter of the radiated
f gluon; p is the transverse separation inside 4® system,

andb is the distance from its center of gravity to the nucleon
+2 AL (aGN—qGN) : 0) i istributi i ir:

: sslLdGN—qGNg target;V 4c(a, p) is the distribution function for thg G pair;

s N =27, are the Gell-Mann matriced;, is the structure
constant for theSU(3) group. The matrice§yr(5k), (k
=1,2,3) are the operators in coordinate and color space for
the target quarks,

XAy (qN—qGN) |. (B6)

Heres' is the color index of the gluon in the intermediate

state. 3

We skip the simple but lengthy details of calculation of N RN 0 (F_2
the amplitudes on the RHS of E(B6) and present only the 7r(b) ,Zl 7 x(be=s) (B1D
results:

A(AN—aNg) =1, (f|%(by)li); (B7) 1. adq) explid.@)
2 N N X(B)= ;f a7 (B12)
Aé(qN—>QGN§)=[TSr Tr <f|'}’r(b1)||>_ Tr Tg! <f|7r(b2)||> g

. A N3 - B,
=1 fs'rp7p<f|Vr(b3)|'>]7‘1’qe(a,p); wheres; is the transverse distance between ftievalence

quark of the target nucleon and its center of gravity; the
(B8  matricesr! act on the color indices of this quark. The ma-

trix elements(f|y,(by)|i) between the initial =N and final

* > . ~ " .
As(AGN—qNg)=[7, 75(f|y,(by)[i)— 75 7 ([ ¥ (o)1) f=Nj; states are expressed through the wave functions of
o J3 R these states. The effective infrared cutdffin Eq. (B12)
—i frsp7p<f|‘yr(b3)|i>]7q’q@,(a,p); does not affect our results, which are infra-red stable due to
color screening effects.
(B9) Substitution of Eqs(B7)—(B10) into Eq. (B6) results in

A i I N ) Lo
AS(qNHQGN):E{TSTrTrrlq)rrr(bl,bl)_TrTsTrr|(Drrr(b2,b1)+|erprTrr|(I)”r(b3,b1)+’7'r7's7'rr|

><(I)rr’(blvt_))z)_ Ts Tr Ty/ |q)rr’(62162)_i frs,p Tp Ty’ |q)rr’(62:63)_i fsgr[7sr 710 |q)rr’(61:63)

. .. \3 .
_Tr’Ts’|(Drr’(b21b3)_|fs'r’pTp(Drr’(bvaS)]}?\PqG(avp)v (813)

where exchange, they do not contribute and we can simply extend
the summation in EqB14) to the complete set of states and

Prr (BB =2 (il (BII) (T (B)li). (B14) get

We sum in Eq(B13) over all excitations of the two color D, (by,by) =(i] (b e (B)]i). (B15)
octet states of the @ system. To have a complete set of
states we have to include also color singlet and decl@ipt
states. As these states cannot be produced via single gluon In the matrix elementB15) we average over color indices
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of the valence quarks and their relative coordinates in the o 33 .
target nucleon. To do so one should use the relation Al(b,p,a)= 16 7sVqs(a,p)
L 5 =i 4 . - >
o in glm U x[g[&bl,bo—abz,bz)]
<Tr “Te >\3q)l: 1 o (B16)
6rr’ (J # | ).

12 +3[S<61,63>—s<63,63>]}. (B21)

Then, Eq.(B15) can be represented as The diffraction amplitude in momentum representation

. . 3 L reads
CDrr'(bk’bl):Z‘Srr'S(bkvbl): (B17) 1
A(Qr K7, a)= f d?b d?p Ay(b,p, )
whereS(by b)) is a scalar function of two vector variables, (2m)?
s s xexp(i qrb+i k1p). (B22)
S(bk'bl):§f dfs} le x(b=s)) x(b—sy) Using Eq.(B19) and the above mentioned symmetry of

S(ﬁl ,;32) we obtain a very simple expression for the forward

1 . I (gr=0) diffraction amplitude which is related to the dipole
—3 > x(b—s) x(B,—sj) | | @aq({sh]?. cross section,
i#i’
. i93 .
(B18) As(Ok7,a)=— m% d?p Tye(a,p)
This function is directly related to ttﬁq dipole cross section L
(5), X ogq(p) € TP (B23)

. ) .. . . . e o o Eventually, the forward diffractive dissociation cross section
O'qq(pl_Pz): d“b[S(b+py,b+p1)+S(b+py,b+py) of a quark reads

~28(B+ 1, B+ po)]- (819) e
. . o d(Ina) d®qr|

According to Eqs(B17) and(B18) the function® (b ,b) a4r=0
is symmetric under the replacemeﬁv](t:ﬁ . Therefore, the 1 ) A R .
terms proportional tab (b, ,b,) and®(b,,b;) in Eq. (B13) :§j d KTES: TrAs(O,er,@)Ag(Okr, @)
cancel, as well as the terms proportional(IDtQBl,53) and
®(bs,b;). At the same time, the terms proportional to 1 -9 L2

(B.04) . same 1 propor - | @ Vool gom() - (B29
®(b,,bs) and®(bs,b,) add up. (4m) 8

Making use of the relations ) )
We should emphasize that all above calculations are done for

7,7, =413 an arbitraryer.
fsgr fsrip=36sp 2. Diffractive gluon radiation by a qq pair
3 Gluon radiation is an important contribution to the dif-
—ifrepTp =5 s, (B20) fractive dissociation of dvirtual) photon,

*N—qqGN. B25
we arrive at the final result for the amplitude of diffractive Y N—ad (B25

dissociation of a quarkqN—q G N) in impact parameter In analogy to the previous section we make use of the gen-
representation, eralized unitarity relation,

. — [ _ A A _

A(y*N=0aGN)=5 2 | A(qaGN—qaNg) A(y*N—qaNg)+ 2, Awr(4qGN—qaGN5) Ag(y*N—dqGN)|,
Sl

(B26)

where the amplitudes are defined as follows:
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A(y*N—qaNg)=[ 7, (f|7(bD)|i)+ 7 (F|7%(B2)])] ¥gq(p1—p2.@) [aG)1; (B27)

. _ i3 .o .o e
As’('}’*N_>qu§):Tfs’rp{Tp[<f|7r(bl)|i>_<f|7r(b3)|i>]q’qG(Pl)+7p[<f|7r(b2)|i>

— (1% (02)[)]1 ¥ 4a(p2)} Pau(p1— P2, @) [Q)1; (B29)

- _ i V3 - - e
As(quN_’qug):_Tfsrp{Tp[<f|')’r(b1)|i>_<f|Vr(b3)|i>]q’qG(Pl)+Tp[<f|7r(b2)|i>
—(7(b3)|1)] Waclp2)}; (B29)
Ass’(aqGN%aqGNg):Tr <f|a’r(61)||> 5ss’+?r<f|A7r(62)|i> (Sss""i fss’r<f|j)’r(63)|i>- (830)

Here 51=5+F1, 52=5+F2, 53=5+5 are the impact parameters of the quark, antiquark and gluon, respecﬁvislyhe
photon impact parameteﬁ;1,2=ﬁ—F1,z; W4q and|qq) are spatial and color parts of tlyg-component of the photon wave

function, respectively. The matrices=\,/2 andr,=\[/2 act on the color indices of quark and antiquark respectively. The
indicess, s" mark the color states of the gluons in intermediate and final states.

Note that the condition of color neutrality of the singlet stﬁq) leads to the relation
(e+7)[q9)=0. (B3Y)

Substitution of Eqs(B26)—(B30) into Eq. (B25) leads to the following expression for the amplitude of diffractive disso-
ciation of the photon:

3\3

. _ 33 o o
A(y*N—qqGN)= 16 {(lfsrp[TpTr+Tr Tp][s(blabl)_s(bBabl)]+|fsrp[TpTr+Tr Tp]

X[S(Blyﬁz)_s(ﬁ&ﬁz)]"' fss’r fs’rp Tp[s(63161)_5(63163)]) \PqG(F;l)"'(i fsrp [?p7r+7r7p]

O

X[s(
X[s(D3,02) = 5(bs,b5)1) Wqal(p2)} [a0)1 Waq(p1— pa, @), (B32)

where we made use of the completeness conditignf)(f|=1 (see Appendix B L
In order to simplify Eq.(B32) we apply a few relations as follows. Sinég,=—fs,, we find

2:62)_5(62153)]+i fsrp [?p Tt 7'r7p] [5(62a61)_s(63161)]+fss’r fs'rp7p

fsrp[7p7r+Ter]:fsrp[?p?r"'TTp]:O- (B33

Then, relying on the conditiofB31) we find

(Tp?r +?r7'p) |EQ>1:2 7'p?r |EQ>1= - 27'p7'r |EQ>1, (B34)
(7o 7t 7 7p) [AQ)1=2 75 7 [9Q)1= — 2 75 7, Q@)1 - (B35)
We also use the relations
. cJ—
i fsrprTrZETS; i fsrprTrZETs; fssr fsrrp=30sp, (B36)

and the symmetry conditiors(b, ,b,) =s(b; ,b,), and eventually arrive at a modified form of H&32)

. _ 93 .- I .. . . . .
Ag( Y*N*quN)zﬁ[Ts‘PqG(Pl)+ 7sWaa(p2)] |QQ>1q’Eq(Pl_Pz,a)[s(b2,b3)+3(b11b3)_S(blabz)_s(ba,ba)]-
(B37)

The last factor in square brackets can be represented as
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P(51a52;53)53(52'53)4‘5(51753)—5(51’52)—5(53'53)
= %{[s(ﬁl,ﬁlws(ﬁz,62>—2s<61,62)]—[s<62,62>+s<63,63>—2s<62,63>]
—[s(by,by) +s(b3,b5) —2s(by,b3) 1} (B38)

Then, the forward diffraction amplitudeg¢=0) in impact parameter representation has the form

3 N N -
Tqu’qG(Pl)"‘?qu’qG(Pz) |QQ>1\I'Eq(Pl_szCY), (B39)

1 A s i N
EJ d?b Ay(b,p1p2)= _EE(PLPz)

where3 (p,,p,) is introduced in Eq(73).
From Eq.(B39) one easily gets the forward diffractive cross section
1

CKG—>

do( ‘y*N—>aqGN)
d(Inag) dgr

f d2p; d2p, da | Wag(p1—p2, @) [V aa(pr) — Vao(p2) 1 2(p1,02)|%  (B4O)

3. Diffractive photon radiation, gN— 7y qN
Diffractive electromagnetic radiation is calculated in analogy to what was done in Appendix B 1 for gluon radiation. Since

the photon does not interact with the gluonic field of the target the structure of all the amplitudes in the relation

A i< - A A A
AaN—qyN)=5 2 [AT(ayN—aN3) A(GN—aNg) +AT(ayN—qyNg) A(GN—ayNg )], (B41)

turns out to be much simpler:

A(N—gNE) =7, (f|7,(by)]i); (B42)
A(QyN—qyNE) =7, (f|7,(b,)]i); (B43)
A(QN—qyNE)=A(qyN—ayN3) =7 [(f| 7% (D) [I) = (|7 (D) [} ] ¥, (p, ). (B44)

Hereb,=b, b,=b—a p are the impact parameters of the quark before and after radiation of the ppdothe transverse
separation between the quark and photon in the final statepandhe fraction of the quark light cone momentum carried

away by the photon\I'qy(ﬁ,a) is the distribution function for they fluctuation of the quark. The initialj), and final,|f),

states of the target, as well as the opera&(rl?sk) (k=1,2) are the same as in Appendix B 1.
After substitution of Eqs(B42)—(B44) into Eq. (B41) we get

- i .. .o . .o
A(qN_’qu):E{Tr Tyr [(I)rr'(blvbl)_(Drr'(blvb2)+¢)rr’(b21bl)_¢)rr’(bZrbZ)]}- (B45)
Here the functionsb,,,(ﬁk,ﬁl) are defined in Appendix B 1. Then, the amplitude in impact parameter representation reads
n e I .- [ . - - - -
A(b,p)=5[s(by,by) =s(by,bz)]=5[s(b,b) = s(b—a p,b—ap)]. (B46)

After Fourier transform to the momentum representation we get for the forward diffractive amplitude of photon radiation,

A(Gr k1)l g,-0= J d*bd?p exp(iqr b+inrp) A(brpr)|  =0. (B47)

2
(2m) o

Thus, the direct calculation of Feynman diagrams confirms our previous concligipendix A4 that a quark does not
diffractively emit electromagnetic radiation if the momentum transfer with the target is(asrdifferent from the statement
in [20]). A hadron, however, can radiate in forward scattering.
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APPENDIX C: THE TRIPLE-POMERON COUPLING

In the limit of vanishing quark and gluon masses the quark-gluon wave fun@®mretains only the second termeDl
which has the form(27). Bilinear combinations of this wave function averaged over final polarizations can be represented as
follows:

@41 ) [P=— f T dtewl (e
[ IR (277)2 b(a)z 1
> - o l;i‘l;k * “ —tp2—up?
O (pj,a)- ¥ =—J duJ dte i~ uri, C2
1(pi @) - Vi(py) 2m2 ) 2w (C2

This together with Eq9.30) and(79) allows to integrate analytically over the coordinates of the quarks and the gluon in Eq.
(78). Finally integrating ovet andu we arrive at

as (9 2
G3p(NN—XN)= (—0') Fi(x,2)—F,(x,2)], C3
3p( ) (4m)?2\ 8 o [F1(X,2)=F3y(x,2)] (
wherex=b?(0)p5, z=2zy=2(r?),/p§, and
+1)? (x+1)(x+s;)] 2 SIX+S, X+2s,
Fi(x,z)=In X(x12) +2s;1n m +§SZ 21n XS, - »
1 S]_X+ S35, X+ 234
+ 35354 21N s )—In < (C4)
Here
1 1 2 2 4 .
SST1vz 2T 1v2z0 BT2vz ¥ 2v3z T2tz (€5
14 . . .
i o(i i
ze(x,z)=E g(.)ln - (?Y() —|, (Co)
=1 B (i) y(i)—BA(0)
where

i=1 g=2/3, B=1/z+2, y=6=x/2+p;
i=2 0=2, B=1lz+1, y=686=x/2+p;
i=3 g=-10/3, B=1liz+1, 6=x/2+B, y=6+1;

i=4 g=1, B=1llz, y=56=x/2+j;

i=5 g=-4, B=1l/z, 6=x12+pB, y=656+1;

i=6 g=5/3, B=1liz+2, y=56=x/2+pB+1;

i=7 0=2, B=1llz, 6=x/2+B, y=46+2;

i=8 g=s,/3, B=1z+1/2, y=056=x/2+p,

i=9 g=-2s5/3, B=1llz+ss/4, 6=x/12+B, vy=56+1;
i=10 g=2s5/3, B=Lliz+1+s5/4, y=56=x2+p;
=11 g=-—54/3, B=Llz—542 v=6=XI12+L+53,;
i=12 g=-2s5/3, B=llz+1-s5/4, y=56=x/2+B+ss/2;
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i=13 g=-2s4/3, B=1lz—sgl4, S=x/2+p+ss2, y=05+1;
i=14 g=2s,/3, B=1lz, S=xI2+B+1/2, y=xI2++s,/2. (C7)

The effective triple-Pomeron couplings;p(MN— XN) for diffractive dissociation of a mesoM can be calculated in a
similar way assuming a Gaussian shape of the quark wave function of the meson

- 1 2 2
— 2_ —r4/R
|\PMﬂqq(r)| - 7TR2 e’ ) (CB)

whereR?=8 (r2) /3. The triple-Pomeron coupling is smaller by a factor @Bferent number of valence quaskand has a
form similar to Eq.(C3),

as

9 \2
—3(477)2(50'0) [FQA(X,ZM)—FQ"(x,ZM)]’ (c9)

Ggp( M N—)XN) =
but zy=R?p3#2zy and the functionsY', are different too. The expression &t (x,zy) results fromF,(x,z) via the
replacemens;—1, s,—Ss, andz—zy.

The expression foiF,(x,zy) follows from F,(x,z) after moderate modifications in E¢C7): g(1)=1, g(3)=—4,
0(6)=2, allg(i)=0 fori=8 andz—z.

In the case of diffractive dissociation of a photon, the calculations are more complicated since the spatial distribution of
quarks in the photon is very different from a Gaussian. Nevertheless, it can be represented as a superposition of Gaussians,

@emN¢ 2 Z(21

f 1/a%() d R?
2

0 R?

1
—e—fZ’RZ) . (C10

W o(ra)?=
| y qq( | 77_RZ

Then, the effective couplin@;p(yN— XN) takes a form similar to Eq4C3) and (C9),

2aemasNe X ZG g 2
G3p(YN—XN)= 6(2m)° (g(r()) [F1(x,z,)—F}(x,z,)], (C1y
wherez,=[a*(a) p5] * and
zydv _,
FI’Z(x,zy)zfo 7F1,2(X,U)- (C12
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