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We formulate the perturbative QCD approach to coherent diffractive dijet production in pion-nucleon and
pion-nucleus collisions at high energy. For hard dijets the Pomeron splitting mechanism in which both helicity
amplitudes are proportional to the unintegrated gluon structure function of the pf&ftak®) and pion
distribution amplitudep .(z) is shown to dominate. In nuclear diffraction multiple Pomeron splitting compo-
nents are found to give antishadowing contributions at large jet momentiimleading twist there is an exact
cancellation of effects of nuclear attenuation and antishadowing or broadening of multiple Pomeron splitting
contributions. The next-to-leading higher twist correction driven by nuclear rescatterings is calculable in hard
QCD and proves to be numerically very large. We argue that large higher twist effects do not preclude the
determination of gross features @f.(z). Our results on the atomic mass number and momentum dependence
of dijet cross sections agree well with the preliminary findings from the E791 experiment.
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I. INTRODUCTION (skewed parton distributions. Because the skewed distribu-
tions can be approximatd@] by the diagonal ones at a res-
Ever since the classic work in early 1950s by Landaucaledx, after this rescaling the formulas [&] are recovered.
Pomeranchuk, Feinberg and Glauber on diffraction excita- In the present communication we extend the appr¢&th
tion of deuterond1-3] into the proton-neutron continuum to coherent diffraction of pions into dijets on the nucleon and
the momentum spectrum of excitation produgmtons and nuclear targets. The principal novelty compared to photo-
neutrong is known to be given by the momentum distribu- and electroproduction is that the pion-quark-antiquark vertex
tion of constituents in the deuteron. More recent work onis non-pointlike which makes splitting of the Pomeron the
diffraction dissociation focused on diffractive deep inelasticever more important mechanism for hard dijets. We focus on
scattering(DIS). Here the microscopic QCD description of coherent diffraction production on nuclei which has recently
diffractive scattering by exchange of a color-singlet two-been measured by the E791 Collaborafi®h The principal
gluon tower in the-channel reveals a sensitivity of the massijssues with the hard QCD interpretation of these data are
spectrum in diffractive excitation of the continuumg states  whether 1.25k=<2.5 GeV is sufficiently hard for the per-
to the gluon structure function of the targd{. Furthermore, turbation QCD(PQCD treatment, how large are next-to-
extending early considerations|i#i] Nikolaev and Zakharov |eading twist corrections, what are nuclear effects and
have shown in 19945] that in diffraction excitation of hard  whether the extraction of the pion distribution amplitude is
dijets y*p—p’'qq there exist two regimes depending on possible from the E791 data. The two major nuclear effects
how the large transverse momentlnof the jets compares one has to deal with are nuclear attenuation and nuclear
to the hard scale of DIS, i.e., whethesQ or k=Q. Inthe  broadening of jets. The practical calculation of diffraction on
first regime the transverse momentknof jets comes from nuclear targets involves evaluation of multiple gluon ex-

the intrinsic momentunk of the quark(antiquark in theqq  changes between nucleon and excijegsystem and we take
Fock state of they* and diffractive amplitudes are propor- full advantage of the recent determination of the DGSF of
tional to the familiar integrated gluon structure function the proton[10]. We demonstrate that the broadening of the
(GSP of the target protorG(x,k%), see alsdé6]. In the sec-  jet momentum distribution comes entirely from the multiple
ond regimek=Q, diffractive dijets are a unique probe of the pomeron splitting diagrams. The largeé behavior of
differential (unintegrategl gluon structure functiofDGSPH F(x,k?) found in[10] is shown to entail a remarkable can-
of the protonF(x,Q%) =dG(x,Q?)/logQ’. Specifically, in  celation of the attenuation and broadening effects to leading
this regime the transverse momenttknof jets is provided twist. In view of these cancelations the principal nuclear ef-
not by the momentum af andq in the virtual photon, but by fect is a higher twist correction which is perturbatively cal-
the momentum of gluons in the Pomeron. Correspondinglyculable and is proportional tG(x,k?).

this regime of diffractive DIS has been dubbed “the splitting  The further presentation is organized as follows. In Sec. I|
of Pomerons into dijets’[5]. In this regime the diffractive we introduce the principal formalism starting with excitation
dijet production amplitude is proportional t&(x,k?). Sub-  of diffractive dijets on free nucleons and isolate the two he-
sequently Golec-Biernat, Kwiecinski and Marfji] refor-  licity components of the diffraction cross section. We dem-
mulated the formalism[5] in terms of the off-diagonal onstrate how the dominance of the Pomeron splitting mecha-
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nism into hard dijets and therefore the proportionality of -1 A
diffraction amplitudes taF(x,k?) do emerge because of the -
non-pointlike pion-quark-antiquark coupling. For the same
reason diffractive amplitudes are shown to be proportional to
the pion lightcone distribution amplitudg,.(z) of much dis-
cussion in the recent literatuféor the review se¢11-13).

The possibility of measuring..(z) in diffraction of pions
into hard dijets has been mentioned[i#] but as we show
the claim in[14] that to the leading twist diffractive ampli-
tudes are proportional t6(x,k?) is in error. Calculation of a)
multiple gluon exchange in diffraction off nuclei to leading
and higher twist is described in Sec. lll. The novel feature of
nuclear diffraction are multiple-Pomeron splitting processes
in which thek distribution is broadened by the gluon mo-
mentum coming from different split Pomerons. In the stan-
dard nuclear multiple-scattering expansion the higher ordel

nuclear rescatterings are known to generate nuclear shadov

ing [15]. We demonstrate that after reformulation in terms of

multiple Pomeron splitting components the nuclear multiple

scattering expansion takes a form in which higher order c) d)

Pomeron splitting components give antishadowing contribu-

tions, i.e. an enhancement of the corresponding impulse ap- FIG. 1. Feynman diagrams for diffractive dijet excitationsii\
proximation term. We find an exact cancelation of effects ofcollisions.

nuclear attenuation and antishadowing or broadening of mul-

tiple Pomeron splitting in the leading twikt distributions. ~ fractive system is above the prominent resonances which are
The higher twist correction rises with the multiplicity of split excited diffractively from pions, specificallyA;(1260),
Pomerons and is shown to be proportional to the integrate@(1670), 7(2100)[17] and 7(1300), 7(1800)[18,19 and,
gluon structure function of the protdB(x,k?). It is an anti- ~ perhaps, still higher radial and angular excitations of the
shadowing correction and rises with the nuclear mass nunfion. For instance, the color dipole model analysig20]

ber. In Sec. V we summarize our main results and present @as shown that diffraction excitation of nucleons is ex-
comparison with the preliminary experimental findings fromhausted by resonance excitation fdr<3 GeV. Therefore,
E791. Our numerical analysis shows that the leading plughe parton level calculation is viable at best for jets wkth
next-to-leading twist asymptopia sets in only for 2-3  =1.5 GeV.

GeV, somewhat beyond the kinematical range of E791 The minor technical difference from diffractive excitation
1.25<k=<2.5 GeV. Our numerical results for thie and  of the photon studied ii4,5,16 is the change from the
atomic mass number dependence of the dijet cross sectigiintlike y* qavertexeAM\I' v,V to the non-pointnkeﬂqa

are consistent with the experimental findings by EY9IL vertexiFﬁ(Mz)\I_fys\If. In terms of the quark & antiquark

helicities N the 7q(k)q(—k) vertex has the forntfor the
related discussion see Jd24])

b)

II. MICROSCOPIC QCD MECHANISM OF DIFFRACTION
INTO DIJETS

We only need a slight adaptation of the formalism devel- — N B B
oped in[4,5,16. Diffraction dissociation of the pion into the Wy (K) ysWi(—k)= —m[mf5x—x— V2k-e 8,31,
high mass continuum, hardg dijet final state, 2)

Wp*p’qa where m; is the quark mass ansz—()\eeriey)/\/E. In

is described by the four PQCD diagrams of Fig. 1. In thistrar)s.it_ions of_spin-zero pions Iintq)q states with the sum 9f
paper the dijet cross section is calculated at the parton levelielicitiesh +A=*1 the latter is compensated by the orbital
The relevant kinematical variables are shown in FigAs ~ a@ngular momentum of quark and antiquark. , ,
the transverse momentum of the excited dijet, quark and an- !N close analogy to the QCD description of diffractive
tiquark jets carry a fractiom and 1— z of the pion’s momen- dijet excitation in DIS,y* —qq developed in4,5,16, the
tum and the invariant mass of the excited pdiis given by  two helicity transitions in Eq(2) define the two diffractive
amplitudes®y(z,k,A) and ®,(z,k,A). The lower blob in
k?+m? diagrams of Fig. 1 is related to the off-forward and off-
:ma D diagonal differential gluon structure function of the target
proton F(X4,Xs,k,A). In the considered high energy limit

wheremy is the quark mass. Such a parton level modeling otthe two-gluon exchange interaction @f states with the tar-
final states is applicable if the invariant magsof the dif-  get conserves the quark and antiquark helicities exactly. This

M2
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quark helicity conservation simplifies substantially the calcu-

lation of multiple Pomeron exchanges in diffraction off nu- ‘Dl(Z.k):as(kz)Uof d’ i kif,(z,k)

clei. One can readily update to the pion beam an analysis of

the A dependence of diffractive amplitudes carried out for — (k= K) ¥(z,k— 1) 1TV (k)
diffractive DIS in[23], but for the purposes of diffraction on

nuclei we only need the amplitudes feN—N(qq) in the =as(k2)00“ d?rkip(z,K) F D (k)

forward limit A=0 and suppresd as an argument of dif-
fractive amplitudes wherever it is appropriate. The lightcone

momentum of the gluon is related to the change of the mass —f deKllfw(Z,K)f(l)(k—K)}- (8)
of the diffractive systemx,=(M?—MZ,)/W?. In the consid-

ered problemMZ=m2 can be neglected, and in the

s . The differential cross section of forward dijet production
Pomeron splitting regime we have

equals
X1~=Xp(1—=2), Xo=XpZ. (3)
do
The detailed discussion of skewedness is founf7ig] and 2D 5
need not be repeated here, the principal point is that in the dzdk“dA
diffractive limit of xp<<1 the relevant off-diagonal differen-

tial gluon structure function of the target proton can be ap- The radial wave function of the pion in momentum space

pr?xmated [8'17] by the conventional DGSF taken at is defined in terms of therqavertex function as
=5(X1tX2)=35Xp, i.e.,

3
Aiozﬂ{|¢o|2+|‘1’1|2}- 9

aG(lx KZ) V(2K Nel's(M*) (10
5Xps ~(Z,K)=
.7-'(X1,X2,K,A)Z]:(%XP,K,A:O)Z&IZOT. 4) Amz(1-2)(M?—m?)

and is so normalized that the— uv decay constant equals

After this rescaling one recovers precisely the expressions C[(Ne use the Particle Data GroufPDG) convention F_
[5] for the diffractive amplitudesb,,®;. The hard scale in =131 Mmev[24]]
gq excitation is set by the large transverse momentum of
jets, k?>1 GeV?, and it is ag(k?) which enters the gluon-
quark and gluon-antiquark vertices in the diffractive ampli- szf dzkdszz//w(z,k)szf dze.(2). (11)
tudes.
We find it convenient to introduce
Here we indicated also the relationship to the often discussed
F(3xp,k?) pion distribution amplitudes .(z) which for the purposes of
3 2 — (5) our discussion we find it convenient to normalize to unity,
K Jdz¢(z)=1. We recall that for the pointlike photon
PY(MZ) =e;, Wheree; is the electric charge of the quark. In
contrast to the pointlike photon for the non-pointlike pion
LR I'(M?) vanishes at largs? faster tharM 2, the relevant
F(k) = 4_77 F(aXp,K%) ©6) arguments are found in Brodsky and Lepdd8] and need
30y K4 ’ not be repeated here. To this end we disagree with [Réf.
in which the pointlikeI' ,(M?)=const is assigned to the
normalized to unity; d2kf())(k)= 1. For the sake of brevity largeM? tail of the pion wave function.
of notations we suppress the dependence;an Let us focus on the amplitud®,(z,k). The first term in
We define the two diffractive amplitude®y(z,k) and  Ed.(8) comes from diagrams 1a, 1b, the corresponding spec-

®,(z,k) as(we use the normalization slightly different from trum of jets would be identical to the quat&ntiquark mo-
that in[5,16]) mentum distribution in the pion. Because the second term is

a convolution of the gluon distribution and wave function, as

A
0'0:_

and the distribution function

_ ) ) such it is a broader function d€ than ¢ ,(z,k) alone and
Do(z,k)=as(k )‘TOJ d”remy would always take over at larde The precise pattern of this
dominance depends on the larggroperties of F(xp,k?),
X[(2,K) = ¢ (z.k— 1) 1T D) the detailed discussion of which is found [h0]. Here we
only mention that forx~10"2 relevant to the E791 experi-
:as(kz)gOU d?kmeip(z,k) FD( k) ment the results of10] correspond to the inverse power

asymptotics at larg&?

- f dszww(zvk)f(l)(k_ K) ’ (7) f(l)(k)ock72§ (12)
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FIG. 2. Thek—distributionf!)(k) as a function ok for several
values ofxp.

with the exponents~ 2.15. At x~10 2 this asymptotics
sets in ak’=k’~1 Ge\?, for smaller values ok, the ex-
ponents is smaller, for instancé~ 1.7 forx,=10"3, andkﬁ
gets larger, see Fig. 2. As sudi)(k) decreases at larde
much slower than the pion wave functigh.(z,k) [see the
explicit parametrizatior{40) below] and the asymptotics of
the convolution will be controlled by the asymptotics of
f(M(k). We evaluate the second term in Hf) to the next-
to-leading twist making use of the smatlexpansion

K)?
k4

Sk K (k
- 5F+25(5+ 1)

fD(k— K)~f<1>(k)( 1+ 2
(13

and obtain

CI)O(Zi k) = aS( kz)O-O mg l)bﬂ(zi k) - f(l)( k) Fw¢w(z)

2
x(1+ 52—<K”(Z)>)l,
k2

(14
where

f A2k K, (2,K)

f d?weifrn(2,80)

(K%(2))= (15)

In the related evaluation of the larggebehavior of the
convolution term in the diffractive amplitud®, for excita-
tion of dijets with the sum of helicities + A= =1 the lead-
ing term comes from the second temd2kw/k? in the ex-
pansion(13). Then we find

PHYSICAL REVIEW D63 014020

Dy (z2,k) = as(k?) ook ¢(2,k)

8(k(2))
A

mg

f(l)(k)Fﬁfbw(Z)l- (16)

Evidently, in the region of larg& where .(z,k) dies out
the amplitude®, will give the higher twist correction to the
highk dijet cross section.

The resulting largée asymptotics of the differential cross
section for dijet production on nucleons reads

d(TD
dzk?dA?

A=0

1 2
Agn

5
:—227; F2¢2%(2) a(K?) a '(1+ 25
(32 [ (x3(2)
X 2 (1+ 2mf2 . 17

Evidently, the largee asymptotic behaviorck 8 is sug-
gested by purely dimensional counting. Substantial departure
from the lawxk 8 is possible because of scaling violations

in F(3xp,K). According to the recent phenomenological
analysig 10], the DGSFF(x,k) is approximately constant at
moderately smallk~10"2, but rises steeply wittk? at x
=10 3. Also, the experimental data are taken at fiX@t] so
that in view of Egs.(1) and (3) the k? dependence of the
observed cross section is affected by the increase @nd

decrease ofF(3xp,k) with increasingk?. Similar kinemati-
cal bias affects the-dependence of the experimentally ob-
served cross section.

There are three important aspects of our diffractive dijet
excitation amplitudes at large where the pion wave func-
tion dies out.

First, here both helicity amplitudes are proportional to the
DGSF of the target protofF(3xp,k?), i.e. The jet momen-
tum comes from the momentum of gluons in the exchanged
Pomeron, hence the term “splitting the Pomeron.” To this
end we recall that Nikolaev and Zakharov found the same

proportionality of diffractive amplitudes t(3x;,k%) also

for real photoproduction with pointlikeqq QED vertex(5].
From here one would conclude that this property does not

require the wave function of the pion to be soft and H#uq
vertex functionl’ ,(M?) to vanish at largéV?. Here we dis-
agree with[14] who claimed that diffractive amplitudes are
proportional to the integrated gluon structure function
G(x,k?). We notice, however, that in real photoproduction
the cross section is dominated by the contribution from the
helicity amplitude®, rather tharnd in the pion case. Also,
because of the pointlikeegq QED vertex the photoproduc-
tion cross section ik~ ®, see Eq(29) of [5], compared to
k=8 for pions as given by Eq17).
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Second, in the same regime of hard dijets both diffractive =
amplitudes are proportional to the pion decay conskant
and, more important, to the pion distribution amplitude
¢ .(2). By the nature of our derivation this property emerges K K
if the radial wave function of the piow(zk) is a steeper
function of k thanf()(k), which holds naturally for the an-

A

b)
d)

ticipated decrease of non-pointlikegq vertex function and
for the phenomenologically known gluon structure function A
of the proton. Consequently, tiedistribution of dijets al- a)
lows the determination of the-distribution of the pion dis-
tribution amplitude¢ ..(z).

Third, we emphasize that to the leading twist the differ-
ential cross section for dijet production on nucledis).
(17)] does not contain any free parameters, and thus is the
perturbatively calculable quantity.

Ill. NUCLEAR DIFFRACTION AMPLITUDES

We consider coherent diffraction
TA—qQgA’,

where the recoil nucleu&’ remains in the ground state. We

focus on the forward diffraction cork*><R, ?, whereR, is

the nuclear radius. The longitudinal momentum transfer to

the nucleus equals,= xpmy and coherent diffraction is pos-

sible if A2<R,?, which condition is satisfied in the E791 e)

kinematics in whichx,~10 2, see also the discussion in
Sec. IVA. FIG. 3. The nuclear multiple scattering series for diffractive

At x;~10"2 nuclear effects in DIS are dominated by diiet excitation on nuclei. Diagram@),(b) are sample diagrams of

. — impulse approximation, diagram&)—(e) represent the various
nuclear shadowing of theq Fock state of the photof25— types of double scattering contributions. Higher order contributions,

27]. Hence one must sum thggy multiple-scattering ampli-  that appear in the calculation are not shown.
tudes of Fig. 3, we show a representative set for the impulse

approximationj =1 (Figs. 3a), 3(b), and double scattering, ] o —
j=2 [Figs. 30)-3(€)]. The typical multiplicity of rescatter- Herek is the transverse momentum of the jetis the qq
ings, j, is much smaller than the target mass numheBe- ~ Séparation in the impact parameter plane,

cause of the quark and antiquark helicity conservation one

can calculate first thejg-nucleus scattering amplitude and 1

convolute it with the pion wave function. Because the radius V. (z,r)= —zf d*ky,(z,k)exp(ikr) (19
R, X . (2m)

of nucleiR, is much larger than the pion radiis, one can

sa_fely neglect the A dependence coming from the

qg-nucleon scattering and take the-nucleon amplitudes in  js proportional to thegq color dipole distribution amplitude
the forward limit A=0. The strong coupling enters tlygg  in the pion and
loop asag(k?). In the high-energy limit ok,<1/R,my the
calculation and summation of nuclear multiple scattering am-

litudes is readily done in the impact parameter representa- _ 2 2, £(1) _ ;
tFi)on [15,28,25,2§iy Namely, we nor'sice t?mt after pasF;ing to o =ask )UOJ ([ exlinn)] (20
the qq color dipole representation the helicity amplitudes

®o(z,k) and®,(z,k) can be cast in the form has the meaning of the dipole cross section for interaction of

the qadipoler with the target nucleon in which the strong
q’o(Zk):j d?re " g (x,r) me¥ _(r,2) coupling as enters at the hard scale given by the jet trans-
verse momenturi.
The Glauber-Gribov representation of amplitud&8) for
the nuclear target is obtained by substitution of the

gg-nucleon scattering amplitude by tlg-nucleus scatter-
(18 ing amplitude[28,25,2§ and reads

®,(z,k)=—1i J d’re " o(x,r) V¥ _(r,2).
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) ) o Ak ([28], for the modern formalism seg&6]). For the sake of
®g7(z,k,A)=2m; j d bf dre” "MW (z,r) simplicity above we took the exponentiated form for the
nuclear profile function instead of its more exact form

1
X 1—exp{——o(x,r)T (b) ] X,N)Ta(b)]A
5 A =1 1o 2)AA< )
:2mff dzbf d?re PATTKg _(71) 1
:{l—ex;{ — Ea(x,r)TA(b) , (22
n+1Un(X’r) n
X Z (=1 TTA(b)v reformulation of all results for the polynomial form poses no
=t n: problems.
Representative diagrams for the impulse approximation,
‘P(lA)(Z,k'A)Z—Zif deI d2re—ibA—ikr j=1, are shown in Figs. (@), 3(b). They give the familiar
result
a"(x,r) .
x| 2 (DM TAb) dbgA)(z,k,A)zdbo(z,k)fdzbe"bATA(b)
XV\I’W(ZIr)v (21) :A@O(Z;k)Gem(A)’ (23)

where b is the pion-nucleus impact parameter(b) whereG.(A) is the charge form factor of the nucleus.
=[dZ'na(b,z") is the familiar nuclear optical thickness  The principal effect of rescattering is readily seen from
[15], na(b,z") is the nuclear matter density. The frozen di- the double scattering,=2. Making use of the integral rep-
pole approximation(21) is applicable becaus&?<R,?  resentatior(20) we find

f dzre_ikr\Ifw(r,z)crz(x,r)=aé(kz)agf dledzxzf(l)(xl)f(l)(xz)f d2re W[ 1—e"a— el e+ (1t Y (1 7)
=a%(k2)a§f d2rey A2 aeo f D (1) T D (1) [ (K, 2) =2 W (K= k1, 2) + W (K= K1~ K2, 2) ]
=a§(k2)ag[\lf,,(k,z)—2f dZK\I’,T(K,Z)f(l)(k—K)+f d’k¥ _(k,2)fP(k— ) |. (24)
where

(k)= f A2k, 028, f V(1)) T D (1) S(k— 1, — k) (25)

is normalized to unityf d’kf(®)(k)=1. The sum of the impulse approximation=1, and double-scattering terms equédis
the sake of illustration we tak&=0)

1
(2K, A=0) = (k) o [ deTA<b>[ U(20| 1= 5 as(kD) o Ta(b)

- f d?ky(z,6) F O (k— k)

1
X|1-Sag( k?) o Ta(b)

- %f d?setf(2,10) O (K= re) (k) oo Ta( b)] - (26)

The three terms in the last line of Eq24) and(26) correspond to the three classes of double scattering diagrams shown in
Figs. 3c)—3(e). The first term in the right-hand sid®HS) of Eq. (26) shows that the no-Pomeron splitting term in EtR)

coming from Fig. 8a) in the nuclear case receives the conventional shadowing correction from the double-scattering diagram
of Fig. 3(c) (and the not shown here partner diagram in which the two gluons from second nucleon couple to the antiquark
The Pomeron splitting term in E§12) coming from Fig. 8b) in the nuclear case is similarly shadowed by double-scattering
diagrams of Fig. @&). The effective shadowing cross section equals

oeri(k?) = ag(k?)oyg. (27)

The new feature of double scattering is the third term in (26) given by the double-Pomeron splitting diagram of Figg)3
The convolution(25) implies the broadening df®)(k) compared tdf(Y)(k). Furthermore, this broadened distributitid)(k)
has the same sign as, i.e. it is an antishadowing correction to, the single-Pomeron splittit@sjeand would eventually take
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over single-Pomeron splitting at large
Higher order rescatterings give rise to distributions wifbld Pomeron splitting

j
f(j)(k)=fdzkl...dzkjf(l)(lcl)f(l)(lcz) AD (ke ( 2 ) (28)

which obviously broaden with increasifgRearranging nuclear diffractive amplitudes as an expansionfé¥&k) we obtain

Ueff(kz)TA(b) exr{—geff(kz)T (b)
2 A

DdP(z,k)=2m; >, dzbe“bAj PV _(z,k)— V¥ (z,k— )] FD ()
=1

2
_ K2
zszfdzbe'm{qfﬂ(z,k) 1—exp(—ae”2( )TA(b)”
2 j 2
_le 2KV _(z, 1) FO(k— ) w ex;{_geffz(k )TA(b) },

2 j
P (z0=2 2 Zbe“b“f dZK[k‘I’w(Z.k)—(k—K)\If,T(z,k—K)]f(j)(x)jil ottK)Tal)

2
exp[ - Ue”z(k )

=1 2
2
zzfdzbe‘im[k\lfﬂ(z,k) 1—exp(— Ue”z(k )TA(b)”
k k2
_j; & il (2, (O (k= 10) 57 L) 7erI)TA() Z)TA(b) exp[—”e”z( 1) ] (29)

The nuclear attenuation factors show that shadowing is inasymptotics is sustained. Because of the normalization con-
deed controlled byr.;{(k?). Despite the decrease,{(k?) dition fd%kf{()(k)=1 the broadening at large entails the

= ag(k?) numerically this cross section is quite large, growssmallk depletionf=2)(k)<f()(k) at smallk. Evidently,
slowly at very smalk;, and is a soft gluon exchange domi- for largerj this smallk depletion will be stronger and would
nated quantity. extend to largek.

At large jet momentum the diffractive amplitude is domi-  The evaluation of the higher twist correction making use
nated by the second term in EQ9) in which all broadened of the expansior(14) proceeds as follows. For the sake of
j-Pomeron splitting contributions enter remarkably with thedefiniteness focus on the contribution from the configuration
same antishadowing sign. in which x;~k and the total transverse momentum for the

Whether this antishadowing takes over shadowing desubseti=2, ..., is small, €;-,k)?<k’ Then, to the
pends on the larg&? behavior of f® (k). For the power leading Iog1_|<2 accuracy the higher twist contribution will be
asymptotics(12) the leading contribution to convolution dominated by the j(—1) configurations of the subseét
f®)(k) (25) at largek® comes from the configurations when =2, ... j in which one of thes? is running up to~k?
there is one hard splitting of the Pomeron with~k,  whereas all other momenta are small:
whereas all othek; are small. Correspondingly, the values
of gluon lightcone momenta; in the hard splitting of the 0 ) ) )

Pomeron are the same as in the free nucleon case, whereas in " (K)=|f (k)J A%, . .. A%k

the predominantly soft rescatterings~xs~1 GeV?/W?
and in multiple scattering expansi¢29) all o.¢(k?) but one

for the hard splitting of the Pomeron must arguably be evalu-
ated atx=xg. However, we notice that according[tb0] the
x-dependence af(x,k?) is weak for softk? and in the prac-
tical evaluation off )(k) one can puks=x;/2. Then to the =jf (k)
leading twist one readily finds the larg@-asymptotics

2

5
1+ —

X 2

fD (k) ... F (k)

S .|

=2

82 K2
1+P(j—1)J 2PtV (k)

252

f0(k)=jf D(k) (30) | 14+ 27
30’0k2

(J-16G (31)

1

EXPakZ) .
which clearly shows the anticipated enhancement of the
largek? tail by multiple rescatterings. The salient feature of Remarkably, the coefficient of the higher twist correction is
largek? broadening(30) is that the exponent of the power proportional to the gluon structure function of the proton
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where the coefficien€,~1 depends slightly on the shape of
the nuclear matter distributio@,=1 for the Gaussian den-
sity appropriate for light nuclei decreases slowlyag= 15

for the uniform density sphere. Then for large jet momentum
k when the impulse approximation contribution dies out, our
nuclear diffractive amplitude§32), (33) take a particularly

G(%xp,k?) at a hard scald®. For thej-Pomeron splitting
diagrams the higher twist correction rise¢j—1), i.e. The
antishadowing or broadening of largé-ail takes place also
to the higher twist.

Making use of the resul(31) in the expansior(29) we

obtain [
simple form
q)éA)(z,k,A)=2Jd2be“”A[ m¥ ,(k,2) X’ )
47Tas(k2) :
dWM(z,k,A)=—AF,¢.(z
1
X 1—exr{ _EUeff(kz)TA(b) }
,(K2(2))
. 1+ 6 T
_Ef(l)(k)Fw(ﬁﬂ_(z)o’OaS(kZ) Ta(b)
X1 Gen(A?) + mO"Cahas(lc)
2o k2 em T op2\L2
+%zs()e<k2ﬁi<b> ] (32 P
1 1
Here the impulse approximation term¥ .(k,z) is shad- el )Gem( 2 ) >

owed with the soft cross sectid@7). The most remarkable

feature of the Pomeron splitting contributio(®2) is an ex-

act cancelation of soft shadowing and antishadowing or 4 2 J"( 5 Xp.K )

; . . Was(k )

broadening effects. Furthermore, this cancelation makes re- q)(A)(z k,A)=—kAF_¢_(

dundant the exact value af at which oy must be taken in

the nuclear multiple scattering expansion. The broadening )

law (30) is crucial for this cancelation of soft shadowing and < Gor(A?) 8(k7(2)) 36

antishadowing/broadening effects. Similar exact cancelation em mik?

of shadowing and antishadowing/broadening effects, and in-

dependence on the exact value of soft shadowing cross sec- Finally, a correction for the finite longitudinal momentum

tion o, take place in the next-to-leading twist correction too.transfer to the nucleus can be evaluated as follows. First,

Consequently, both leading and next-to-leading twist ampliwithin the diffraction cone the impulse apprOX|mat|0n ampll-

tudes are parameter free calculable in hard perturbativiude (23) acquires the longitudinal form fact@®, .(x2m2).

QCD. Second, we have shown that in multiple rescattering contri-
Following the derivatior{16) for the free nucleon target, a butions there is only one hard splitting of the Pomeron with

similar analysis can be repeated for the nuclear target witthe longitudinal momentum transfér,~xpmy whereas in

the result soft rescatterings the longitudinal momentum transfer can be
) neglected. As a result, the same longitudinal form factor
@17 (z,k,A) Gem(x2m2) holds for all multiple rescatterings.
Upon theA? integration we find that the large asymp-
=2kf dzbeibA| v _(k,2) totics of nuclear diffraction cross section will read
dop 277
1 —7 F2dpi(2)Gar(ximy) ag(k?)
X 1_exr<_§0'eff(k2)TA(b))} dZd(2 27 pi PHUIN/ &S
S 5
1 1) Ki_ Z) f(—xr-kz) 2 2
_ Eans(k2)<—(2>f(l)(k)Fw¢w(Z)TA(b)} ' « 2 3A N 5_
mgk L K (R%) k?
(33
— | . (x3(2))
where we neglect the correctionk 2 to the already higher x| 2(k(2))| 1+ 5
twist convolution term. I 2mg
. . - . B 2 2
_ \t/)\lle notice _that _W|th_|n the diffraction cone &*<Rj the 27CaAag(K?) .
viable approximation is +————G ZXP k (37)
3(R2n)
2 ibAT2 3CAA2 1 2 ; i
d*be™""2Ta(b) = Gem EA , (34  where we included the effect of the longitudinal form factor.
4m(R) Clearly, at a sufficiently largé the higher twist correction
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03 r ' ' ] of the effective exponend. The situation at lowek is a
_ x=0.01 a) ] nontrivial one, because at a sufficiently smathe broaden-
025 ] ing of f)(k) must be superseded by the smiatlepletion, in

which region
1
Aj(k)~—j—. (39)

The effect of depletion extends to lardewith increasing.
Indeed, fork=1 GeV andj =10 ourA(k) is getting close to
the no-broadening estimat@9). Anyway, the finding of
Aj(k) <0 indicates breaking of the broadening 1880) for
j=5 atk~1 GeV, the point of crossovek;(k) =0 is mov-
ing to largerk with increasingj. The largek asymptopia is

. even more elusive at smallex, see Fig. 4b) for xp
x=0.001 b) ] =2.10 3. Here the broadening la¢80) is only applicable at

1 k=(4-5 GeV.

According to these results, the E791 rangé &lls in the

transient region in which the higher twist expansi@i) is
not applicable yet and the multiple-scattering broadening is
weaker than given by Eq30). This suggests that in this
transient region ok the largek broadening off )(k) is not
sufficient for exact cancelation of shadowing effects. All nu-
merical estimates of the A-dependence must use exact nu-
merical results forf (k).

0.075

0.05

AfK)

J

0.025

1 10 B. The pion wave function and z-distribution amplitude

k[GeV] In numerical calculations of diffraction amplitudes we use

a slight modification of the Jay&1] parameterization of the

FIG. 4. Largek-scaling properties of the multiple convolution X s . .
d g prop B pion wave function, which in our conventiddO) is

integrals. Shown isA;(k) for x=0.01[in panel (8], and for x
=0.001[panel(b)].
1 1 22 2
(ﬂw(Z,k)“WeX —gRW(M —4mf) (40)
will be dominated by the last term which is model- 2(1-2)
independent, enhanced by the gluon structure function

G(%xp,k?) and rises for heavy nuclei A, and withR,=2.2 GeV ! and m=m, 4=0.215 GeV pro-
vides a consistent description of the— wv decay constant
F,., charge radius of the piom°— 2y decay rate and slope
of the w°— yy* form factor[22] (for the related analysis see
[21]). The numerical results fop .(z) are shown in Fig. 5
A. Nuclear broadening of multiple-Pomeron splitting and differ only weakly from the often discussed asymptotic
contributions distribution amplitudee,sys(z) =62z(1—2) (for the review
In the E791 kinematics 1.25 Getk=2.5 GeV andw?  S€€[11-13), in the broad range 0=2z=0.8 the difference
=940 Ge\?, so thatxp~(1-2x 1072, We start with a does not exceed 10%. A convenient analytic approximation
! to ¢ ,(2) given by this soft wave function is

B 8z(1-2) [{ RZm? )
¢.(2)=0.6572lo 1+W ex —m

(41)

IV. THE NUMERICAL RESULTS AND COMPARISON
WITH THE E791 DATA

check of the accuracy of the expansi@il) according to
which

i

f)(k) 2m28° (1
— 1= ———G|5xp,K
ifA(k) 3opk? 12

(38)

_ 1
Aj(k)—j_—l

must exhibitj-independence at sufficiently larg@. The re- ~and is good to better than 1 percent apart f0.03 and
sults forx,=2-10"2 shown in Fig. 4a) demonstrate this is 1—2=0.03. . N _

indeed the case for very larde=(2—3 GeV. Slight depar- The largek asymptotics of the helicity amplitude for ex-
ture from the universality can be understood in terms of thecitation of dijets with\ + A= =1 is proportional to(KfT(z)),
slight k dependence and the broadening driyelependence defined in Eq.(15). The soft wave functiori40) gives

014020-9
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LA L be judged from the mean value pin expansion(29). Cast-
] ing it in the form®{¥(z,k) = =;w;fW(k), for k=2 GeV we
find

e
2 wiif - o for12C,

]
()= = 19
4 4.10 forl%pt,
;ij(l)(k)

(44)

observed, 1=0.15 A . . .
--—-- observed, =0.3 N which shows clearly an inadequacy of truncation of nuclear

rescatterings to the single and double scattering. Indeed, at
x~10"2 andk®~4 Ge\? the effective shadowing cross sec-
tion is quite largeg¢¢(k?) ~40 mb. Closer inspection shows

z that for exhausting 95% of the strengthCDﬁ one needs the

contributions up tqg =4 for the carbon targéA=12) and up
¢.(2) calculated from the soft wave function E@O0), the dashed to | :(879) for theﬁg)latlrjur_n targe(_A=lQ_6). qu the.E791
line is the asymptotic distribution amplitude. The curves labeled€N€rgy, i.ex,~10"*, this implies in conjunction with the
“observed” show thez dependence of the soft pion distribution "€Sults shown in Fig. 4 that from the viewpoint of conver-
amplitude modulated with thedependence due to the kinematical 9€NC€ Of nuclear expansioks=2.5-3 GeV are needed for
xp— 2 correlation for two different values of the effective exponent the applicability of the leading plus next-to-leading expan-
7, see Eq(43). sions(35), (36), (37).

FIG. 5. The pion distribution amplitudé .(z). The solid line is

D. Evaluation of next-to-leading twist corrections
8z(1—2)

(K2(2))~ , (42) The next-to-leadirzwg twist correction can conveniently by
5 8z(1-2) parameterized ad/k*. First we evaluate the contribution to

Rlog| 1+ “RIE H coming from the pion wave function. It is controlled by
M the moment x2(z)). For the 0.22z=0.8 which are relevant

to the E791 data, we take in further estimates(z))
i.e., (k2(z=0.5))~0.17 Ge\?, which is a natural scale for =0.15 Ge\f. We notice that numerically x*(z=0.5))

the soft pion wave function. It decreases gradually away~3.5m7, which entails that on the free nucleon target next-
from z=0.5, for instance <Ki(220-2)>=<'<i(2= 0.8)) to-leading twist effects come predominantly from the helicity

~0.12 Ge\Z. componentoctbi in the cross section, see Ed.7):
Here we notice that in view of Eq&l) and(4) there is the P02 (2))?
i i - i —7\11 - Kk(z
kinematicalz-x, correlationxp<[4z(1—2z)] . The xp de HSTl): - ~ 0,552 GeV-2~2.2GeV-2. (45

pendence of DGSF can be parametrized &g xp,k?) mg

2xi*" . With allowance for the-x;, correlation the observed ere we tooks?—4 appropriate fok=(2.5-3 GeV where
z-dependence of diffractive amplitudes changes fipn{z) the asymptotic expansio37) is applicable.

to A similar estimate for the contribution td from from the
helicity component<®3 in the cross section is
2
BN 7,2)% $o(2)[2(1~2)]"). 43 HO~1.3 Gev 2. (46)

102 2_(a_ 2
The phenomenological determination of the exponeht) i For Xy 1Oh andI|< (3-4 GeV relel\/antktzoihe E79l
in [10] gave 7~0.16 atk=1.35 GeV andr~0.22 atk=2  Kinematics, the analysikl0] gives asG(3xp k)~1-1.2.

GeV for the GRV-D and MRS-D parametrizations for Then the nuclear rescattering or broadening contribution to

next-to-leading twist iYwe use the nuclear density param-
F(3xp,k8) and r~0.25 atk=1.35 GeV andr~0.30 atk  grars from thegcomp”gﬂomg]) P

=2 GeV for the CTEQ-D parameterization. In Fig. 5 we

show the observed z-distribution amplitudes fer0.15 and 47 5°CpA?

7=0.30, evidently the observed distribution gets even Ha= 3<R2)
ch

1
agf k2)G<§xp,k2) ~(0.16-0.2) °A3
closer t0¢,syn{2)-

1.5GeV? for '°C,
~{ (47)

C. Importance of multiple Pomeron splitting processes 3.5 GeV? for 19pt.

in nuclear diffraction . I .
i nd ' ! Lumping together all three contributions, we filtf'~7

The result for the Pomeron splitting term in E§2) hasa  GeV? andH®~5 Ge\2. Consequently, no simple expansion
deceptively simple form of the sum of the single and doublgjin the leading and next-to-leading contributions is possible
scattering terms but such an interpretation would be utterlyn the E791 region of jet momentum and an accurate numeri-
wrong. An importance of multiple nuclear rescatterings carcal evaluation of broadening of (k) is called upon.
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10° At E791 energy our leading twist theoretical cross section
would have followed the lavk™" with the slope
_ n~4+25+27(k?)~8.7-8.8. (48)
n
E Our numerical results do not exhibit simple dependence
gw «k™", if we define the local slopa as
e dlogop
£ E ==,
§ dlogk?
10 then fork=2.5 GeV we findn~12, whereas arounk=2
C GeV the slopen~10. We attribute these large values of local
10 n to very large higher twist corrections.
| | k[GeV] ' ’ In Fig. 6 and Fig. 7 we show separately the contributions

to the diffractive cross section of the two helicity states: the

FIG. 6. The E791 datg9] for the differential diffractive dijet |eading plus next-to-leading twist component with-\ =0

i 19 ; i i} ) ; —
cross sectioma/dk for the 19%Pt target with the theoretical calcu and the higher twist component+x=+1. They are of

lations. The data are not normalized. The dash-dotted line shows thCeOm arable maanitude. the higher twist componedb2
contribution of the helicity amplitude$" ; the dashed line is the P 9 ’ 9 P 1

contribution from®{" . The solid line is the total result. starts dying out and the componentb§ starts taking over
only atk= 2.5-3 GeV, in perfect agreement with evaluation
of higher twists in Sec. IVD.
E. Comparison with the E791 data:k? distributions Figure 7 shows our predictions for the future experimental
. . tests of the absolute normalization of diffractive cross sec-
2'_” Fig. 6 we show our numerical results for the jon | gl the numerical calculations we used the parametri-
A--integrated nuclear diffraction cross section for the plati-zation labeled “D-GRV” from [10]. Here for the sake of
num target. We are interested in the laigerhere the con-  convenience we plot®dop /dzdK|,—o5. As an illustration
tributions = ¢.(z,k) died out, which in both helicity ampli- of the energy dependence of dijet production here we also
tudes is preceded by the zero. In order to have a crude ideshow the predictions foE,=5 TeV. In this case;~103
on where this happens, we stretched our calculations foand 6~1.7, so that in the leading twist we expett-8.
platinum target down t&=0.5 GeV. The amplitudé, has  Furthermore, because of the lower valuesahe higher twist
a zero atk~0.65 GeV. Because the termy_(z,k) is sen- effects would be about half of those fiar,=500 GeV in the
sitive to nuclear shadowing and to the soft cross seatign E791 experiment, cf. Fig.(d) and 4b). Indeed, fork, =5
thereof, the position of the zero is model-dependentPin TeV2k dop /dzdK]|,— o5 exhibits much weaker dependence
the second component is of higher twist abghas a zero at 9N k®.
largerk~1 GeV. The impact of these zeros of diffractive
amplitudes is manifest up to=1.5 GeV, which is still an-

other reason why a comparison of our predictions with the . )
experimental data is justified only k&=1.5 GeV. The A-dependence of nuclear cross sections is often pa-

The E791 data give only thé dependence of the rameterized asA%. The E791 experiment uses the carbon
acceptance-corrected cross section without absolute norm&d Platinum targets and defines the exporeats

F. Comparison with the E791 data: nuclear mass number
dependence

ization. The normalization of our theoretical curve is the eye- o1
ball fit to the data, the agreement with the experimentally log—
observedck-dependence is good k1.5 GeV. In the theo- a= 02,
retical calculations we include consistently tkex; corre- | ogﬁ
lation discussed in Sec. Il following E¢L7). A,

Al 1 o |
0E a ® 3 o FIG. 7. Theoretical predictions

for the differential dijet—cross
section for thel®%Pt target. Panel
(a) is for the energy of the E791
experiment, E=500 GeV; panel
(b) for E=5 TeV. The dash-
dotted line shows the contribution
of the helicity amplituded{V ;
the dashed line is the contribution
from ®{ . The solid line is the
total result.

k’do/dk’dz [mb GeV®]

1.0 15 20 25 3.0 35 4.0
k[GeV]
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18— 71— 17— 7T 11 To the contrary, the nuclear-rescattering driven higher
I twist correction is model-independent. The-z correlation

1.7 |

5 I driven z dependence oG(3xp,k%) is very weak, it only

H 1.6 - slightly enhances the cross section aroard;. For this rea-

s i son, even if higher-twist dominated, the diffraction off heavy
’— . . . . . .

§ 15 - targets is a good probe of the pion distribution amplitude

8 14: “““““““““ ¢.(z). The E791 paper does not give the acceptance-

| ’ R — correctedz-distributions. Ashery concludg®] that within

13 1 4 the ~20% experimental error bars the observed E791
- z-distribution is consistent with the Monte Carlo modeling
1.21 112 1i4 116 118 é 2i2 214 based on the asym_ptot_lc pion dls_trlbutmﬁgsyn(z). Because
& [GeV] the observedzdistribution (41) given by our model soft
wave function is very close to the asymptotic one, it is per-
FIG. 8. Exponentr of the atomic mass number dependence offectly consistent with the E791 data.
the dijet cross section with the results from E79]. The dashed
line shows the impulse approximation result; the solid line is the
result of the full multiple scattering series.

V. CONCLUSIONS

We developed the perturbative QCD description of dif-

For the reference, in the impulse approximation fraction dissociation of pions into hard dijets on nucleons
and nuclei. To leading twist dijet excitation is shown to be
dominated by the Pomeron splitting mechanism and the two
(RZp) diffractive helicity amplitudes are shown to be proportional

to the unintegrated gluon structure function of the proton.

and simple evaluation for Pt and C nuclei giveg=1.44  We derived an multiple-Pomeron splitting expansion of
(the average slope for thedependence in the same interval nyclear amplitudes which is of antishadowing nature. To
givesa x=1.39, for instance, s¢&0]). A comparison of our  |eading twist there is a remarkable cancelation of nuclear
numerical results for Pt and C nuclei yields thdependence  attenuation and antishadowing or broadening effects. We ob-
of the exponentr shown in Fig. 8. tained a model-independent estimate for next-to-leading

As we discussed in Sec. IVA, ak=1.5 GeV iwist corrections driven by nuclear rescatterings. These
antishadowing/broadening effects are too weak to canc igher twist corrections are shown to be very large up to jet

nuclear shadowing, which explains the small value Ofmomentakzz (5-7) GeV? and affect substantially thk?

2 . .
fe(cif[ic)):sat';*e .cc())n?;hsigg:;rz t?eiiln:ﬁ;t I;g(lg;lgher-;\;vfiiog and atomic mass number of the diffraction cross section. The
5 ) nd g 1A o model dependence of extraction of thelependence of the

GeV. At largek® we find again good agreement with the . . : . .

pion distribution amplitude is shown to be weak for diffrac-
E791 results. . . :

tion off heavy nuclei. Our calculations based on the recent
determination of unintegrated gluon structure function of the
proton reproduce well the basic experimental findings from
_ o _ _ _ ) _ the recent E791 experiment. A simple interpretation of the
To leading twist diffraction of pions into dijets uniquely observeck dependence is not possible though because in the

allows to measure the pion distribution amplitufie(z). As  E791 range ok the cross section is overwhelmed by higher
we have seen above, for moderately lakgstudied experi-  twist effects.

mentally higher twist corrections are very large. The param-
eter(xf,(z)} of higher twist correction from the pion wave
function varies withz and is a model dependent one, our
estimatg42) gives only a crude idea on ilsdependence and
Egs. (45), (46) must be regarded as numerical estimates We are grateful to Danny Ashery for helpful correspon-
within the factor two. Notwithstanding these uncertainties,dence on the E791 data. Thanks are due to B.G. Zakharov
even on the free nucleon target one must be able to distirfor discussions during the early stages of this work and to D.
guish experimentally between the double-humped [CH] Ivanov for comments. This research has partly been sup-

G. Comparison with the E791 data: z-distributions and the
pion wave function
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