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Perturbative QCD and factorization of coherent pion photoproduction on the deuteron
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We analyze the predictions of perturbative QCD for pion photoproduction on the deuterongD→p0D at
large momentum transfer using the reduced amplitude formalism. The cluster decomposition of the deuteron
wave function at small binding only allows the nuclear coherent process to proceed if each nucleon absorbs an
equal fraction of the overall momentum transfer. Furthermore, each nucleon must scatter while remaining close
to its mass shell. Thus the nuclear photoproduction amplitudeM gD→p0D(u,t) factorizes as a product of three
factors: ~1! the nucleon photoproduction amplitudeMgN1→p0N1

(u/4,t/4) at half of the overall momentum
transfer,~2! a nucleon form factorFN2

(t/4) at half the overall momentum transfer, and~3! the reduced deuteron
form factor f d(t), which, according to perturbative QCD, has the same monopole falloff as a meson form
factor. A comparison with the recent JLAB data forgD→p0D of Meekinset al. @Phys. Rev. C60, 052201
~1999!# and the availablegp→p0p shows good agreement between the perturbative QCD prediction and
experiment over a large range of momentum transfers and center-of-mass angles. The reduced amplitude
prediction is consistent with the constituent counting rulepT

11M gD→p0D→F(uc.m.) at large momentum trans-
fer. This is found to be consistent with measurements for photon lab energiesElab.3 GeV atuc.m.590° and
Elab.10 GeV at 136°.

DOI: 10.1103/PhysRevC.64.055204 PACS number~s!: 25.20.Lj, 24.85.1p, 13.60.Le, 12.38.Bx
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I. INTRODUCTION

Most phenomena in nuclear physics can be well und
stood in terms of effective theories of dynamical nucleo
and mesons. However, in some cases, conventional
proaches to nuclear theory become inadequate, and the
derlying quark and gluon degrees of freedom of nuclei
come manifest. One such area where QCD makes tes
predictions is exclusive nuclear processes involving h
momentum transfer, such as the elastic lepton-nucleus f
factors at large photon virtualityq2, and scattering reaction
such as deuteron photodisintegrationgD→pn and pion pho-
toproductiongD→p0D at large transverse momentum.

The predictions of QCD for nuclear reactions are m
easily described in terms of light-cone~LC! wave functions
defined at equal LC timet5t1z/c @1#. The deuteron eigen
state can be projected on the complete set of baryon num
B52, isospinI 50, spinJ51,Jz50,61 color-singlet eigen-
states of the free QCD Hamiltonian, beginning with the s
quark Fock states. Each Fock state is weighted by an am
tude that depends on the LC momentum fractionsxi

5ki
1/p1 and on the relative transverse momentak' i . There

are five different linear combinations of six color-tripl
quarks that make an overall color singlet, only one of wh
corresponds to the conventional proton and neutron th
quark clusters. Thus, the QCD decomposition includes f
six-quark unconventional states with ‘‘hidden color’’@2#. The
0556-2813/2001/64~5!/055204~8!/$20.00 64 0552
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spacelike form factorsFll8(Q
2) measured in elastic lepton

deuteron scattering for various initial and final deuteron
licities have exact representations as overlap integrals of
LC wave functions constructed in the Drell-Yan-West fram
@3,4#, whereq150 andQ252q25q'

2 . At large momentum
transfer, the leading-twist elastic deuteron form factors c
be written in a factorized form

Fll8~Q2!5E
0

1

)
i 51

5

dxi
E

0

1

)
j 51

5

dyj
fl8~xi ,Q!

3TH
ll8~xi ,yi ,Q!fl~yj ,Q!, ~1!

where the notationdxi
indicates the integral is evaluated su

ject to the condition( ixi51, thefl(xi ,Q) are the deuteron
distribution amplitudes, defined as the integral of the s
quark LC wave functions integrated in transverse momen

up to the factorization scaleQ, andTH
ll8 is the hard scatter-

ing amplitude for scattering six collinear quarks from t
initial to final deuteron directions. A sum over the contribu
ing color-singlet states is assumed. Because the photon
exchanged-gluon couplings conserve the quark chirali
and the distribution amplitudes project outLz50 compo-
nents of initial and final wave functions, the dominant for
factors at large momentum transfer are hadron-helicity c
serving. The evolution equation for the distribution amp
tudes is given in Refs.@2,5#.
©2001 The American Physical Society04-1
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The hard-scattering amplitude scales as (as /Q2)5 at lead-
ing order, corresponding to five gluons exchanged among
six propagating valence quarks. Higher order diagrams
volving additional gluon exchanges and loops give next-
leading order~NLO! corrections of higher order inas . Thus
the nominal behavior of the helicity conserving deuter
form factors is 1/Q10, modulo the logarithmic correction
from the running of the QCD coupling and the anomalo
dimensions from the evolution of distribution amplitudes.
fact, the measurement@6# of the highQ2>5 GeV2 helicity-
conserving deuteron form factorAA(Q2) appears consisten
with the Q10A(Q2) scaling predicted by perturbative QC
and constituent counting rules@7#.

The analogous factorization formulas for deuteron pho
disintegration and pion photoproduction predict the nomi
scaling lawss11ds/dt(gD→np);const ands13ds/dt(gD
→p0D);const at high energies and fixeduc.m.. Compari-
son with the data shows this prediction is only successfu
the largest momentum transfers@8–10#. This is not unex-
pected, since the presence of a large nuclear mass and a
number of partons involved can be expected to delay
onset of leading-twist scaling.

We may use an important simplifying feature of nucle
dynamics—the very weak binding of the deuteron state—
improve upon the above discussion. The cluster decomp
tion theorem @11# states that in the zero-binding lim
(B.E.→0), the LC wave function of the deuteron must r
duce to a convolution of on-shell color-singlet nucleon wa
functions,

lim
B.E.→0

cuududd
D ~xi ,k' i ,l i !

5E
0

1

dzE d2l'cd~z,l'!

3cuud
p

„xi /z,k' i1~xi /z!l' ,l i…

3cudd
n

„xi /~12z!,k' i2@xi /~12z!# l' ,l i… ,

~2!

wherecd(z,l') is the reduced ‘‘body’’ LC wave function o
the deuteron in terms of its nucleon components. Apply
this cluster decomposition to an exclusive process involv
the deuteron, one can derive a corresponding reduced nu
amplitude~RNA! @5,12,13#. Moreover, at zero binding, on
may takecd(z,l')→d„z2mp /(mp1mn)…d2( l'). In effect,
each nucleon carries half of the deuteron four-moment
This approximation is very accurate, because the width
the deuteron momentum distribution is less than the squ
root of the ratio of the binding energy to the nucleon ma
'0.05. Furthermore, the deuteron wave function is vani
ingly small for relevant values of the momentum transf
which are of the order of a GeV. The deuteron does h
Fock-space terms that areNNp components, but the prob
ability of these is very small, and they do not carry mu
momentum. There areDD components, which have an eve
smaller probability, but might carry more momentum. W
shall neglect such effects at the present time, choosing
05520
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stead to examine less exotic possibilities. Similar obser
tions can be made about hidden-color components in
deuteron wave function and other six-quark cluster com
nents, which we also neglect. In short, our strategy here i
consider the most obvious effects first. The general do
nance of the nucleonic part of the Fock space is caused
the very small binding energy of the deuteron. The oth
components enter with relatively large energy denominat

Thus in the weak nuclear binding limit, the deuteron for
factor reduces to the overlap of nucleon wave functions
half of the momentum transfer, and FD(Q2)
→ f d(Q2)FN

2 (Q2/4) where the reduced form factorf d(Q2) is
computed from the overlap of the reduced deuteron w
functions@12#. The reduced deuteron form factor resemb
that of a spin-one meson form factor since its nucleonic s
structure has been factored out. Perturbative QCD pred
the nominal scalingQ2f d(Q2);const @5#. The measure-
ments of the deuteron form factor show that this scaling is
fact well satisfied at spacelikeQ2>1 GeV2 @6#.

The reduced amplitude factorization is evident in the re
resentative QCD diagram of Fig. 1. Half of the incident ph
ton’s momentum is carried over to the spectator nucleon
the exchanged gluon. The struck quark propagator is off s
with high virtuality @x1(pD1q)1q/2#2;(112x1)q2/4
;q2/3 ~using x1;1/6) that provides the hard scale for th
reduced form factorf d(Q2). Figure 2 shows a similar dia
gram with quark interchange, which is consistent with t
color-singlet clustered structure of the weak binding amp
tude. Both of these diagrams become independent of the
teron wave function whenq is greater than about 1 GeV. I
this case, one can represent the scattering amplitude
product of two factors, one depending on the hard scatte
and the other an integral of the deuteron wave function. T
corrections to this factorization approximation are not co
puted here, but are estimated to be of order 1/PT

2 .
In this work, we consider a similar analysis of pion ph

toproduction on the deuterongD→p0D at weak binding.
The cluster decomposition of the deuteron wave function
small binding only allows this process to proceed if ea
nucleon absorbs an equal fraction of the overall momen
transfer. Furthermore, each nucleon must scatter while
maining close to its mass shell. Thus we expect the pho
production amplitude to factor as

M gD→p0D~u,t !5C~u,t !MgN1→p0N1
~u/4,t/4!FN2

~ t/4!.
~3!

Note that the on-shell condition requires the center-of-m
angle of pion photoproduction on the nucleonN1 to be iden-
tical to the center-of-mass angle of pion photoproduction
the deuteron; the directions of incoming and outgoing p
ticles in the nucleon subprocess must be the same as tho
the deuteron process.

A representative QCD diagram illustrating the essen
features of pion photoproduction on a deuteron is shown
Fig. 3. The exchanged gluon carries half of the moment
transfer to the spectator nucleon. Thus as in the case o
deuteron form factor the nuclear amplitude contains an e
quark propagator at an approximate virtualityt/3 in addition
4-2
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PERTURBATIVE QCD AND FACTORIZATION OF . . . PHYSICAL REVIEW C 64 055204
to the on-shell nucleon amplitudes. Thus taking this graph
representative, we can identifyC(u,t)5C8 f d(t), where the
constantC8 is expected to be close to unity. This correspo
dence is also shown in Fig. 4 that includes a quark in
change to account for the color-singlet cluster structure. T
structure predicts the reduced amplitude scaling

M gD→p0D~u,t !5C8 f d~ t !MgN1→p0N1
~u/4,t/4!FN2

~ t/4!.
~4!

A comparison with elastic electron scattering then yields
following proportionality of amplitude ratios,

M gD→p0D

MeD→eD
5C8

M gp→p0p

Mep→ep
. ~5!

More details of the derivation for Eq.~4! will be presented in
the following section. The normalization is fixed by the r

FIG. 1. Illustration of the basic QCD mechanism in which t
nuclear amplitude for elastic electron deuteron scatteringlD→ lD
factorizes as a product of two on-shell nucleon amplitudes.
propagator of the hard quark line labeledpq is incorporated into the
reduced form factorf d .
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quirement that this factorization yields the same result as
full counting rules forM in the asymptotic limit. Fixing the
normalization at a nonasymptotic energy can be a poor
proximation, as can be seen in a recent analysis@14#.

The new factored form, Eq.~4!, differs significantly from
the older reduced nuclear amplitude factorization@13#, for
which

M gD→p0D
older

~u,t !.mgd→p0d~u,t !FN
2 ~ t/4!. ~6!

Heremgd→p0d is the reduced amplitude; it scales the same
mgr→p0r at fixed angles since the nucleons of the reduc
deuterond are effectively pointlike. The advantages of th
reduction are that some nonperturbative physics is inclu
via the nucleon form factors and that systematic extensio
many nuclear processes is possible@13#. The new factoriza-
tion given by Eq.~4! is an improvement because it include
nonperturbative effects in the pion production process its

e

FIG. 2. Illustration of the basic QCD mechanism in which t
nuclear amplitude for elastic electron deuteron scatteringlD→ lD
factorizes as a product of two on-shell nucleon amplitudes. T
quark interchange allows the amplitude to proceed when the d
teron wave function contains only color-singlet clusters.
4-3
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BRODSKY, HILLER, JI, AND MILLER PHYSICAL REVIEW C64 055204
Recently, JLAB experimental data@14# on p0 photopro-
duction from a deuteron target, up to a photon lab ene
Elab54 GeV, were presented as an example inconsistent
both constituent-counting rules~CCR! @7# and RNA@13# pre-
dictions. While the data atuc.m.5136° are consistent with th
CCR, predicted ass213 scaling for the differential cross sec
tion ds/dt, the data atuc.m.590° exhibit a large disagree
ment with this prediction. Also, the data at both angles w
interpreted @14# as being inconsistent with the RNA ap
proach. This is in sharp contrast to the recent measurem
of the deuteron electric form factorA(Q2), which are con-
sistent with both the CCR and RNA predictions in a simi
four-momentum transfer range 2 GeV2<Q2<6 GeV2 @6#.

One potential explanation for this disagreement is o
eron exchange@15#. Because the odderon has zero isos
and is odd under charge conjugation, such an exchang
allowed in thet channel ofp0 photoproduction. However
we shall show that the improved factorization given by E
~4! and ~5! is in reasonably good agreement with the rec

FIG. 3. Illustration of the basic QCD mechanism in which t
nuclear amplitude forgD→p0D factorizes as a product of two
on-shell nucleon amplitudes. The propagator of the hard quark
labeledpq is incorporated into the reduced form factorf d .
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JLAB data@14# for gD→p0D and the availablegp→p0p
data@16–20# as well as the existingeD→eD and ep→ep
data. There is thus no need to invoke any additional ano
lous contribution to understand the new data@14#.

We will also predict results forgD→p0D at energies not
yet attained. Furthermore, we will analyze thep0 transverse
momentumPT dependence of the amplitudeM gD→p0D in
the c.m. frame and find that the scaling of the predic
M gD→p0D is not inconsistent with the CCR prediction o

PT
211 when the photon lab energy is only a few GeV for bo

values ofuc.m., 90° and 136°.
In the following section, Sec. II, we first briefly summa

rize the kinematics involved in thep0 photoproduction pro-
cess and then present a derivation of the improved factor
tion given by Eqs.~4! and ~5!. In Sec. III, we show the
numerical results forM gD→p0D as predicted by the factor
ization and compare the results with the recent JLAB d
@14#. We also analyze thePT dependence ofM gD→p0D as a

e

FIG. 4. Illustration of the basic QCD mechanism in which t
nuclear amplitude forgD→p0D factorizes as a product of two
on-shell nucleon amplitudes. The quark interchange allows the
plitude to proceed when the deuteron wave function contains o
color-singlet clusters.
4-4



s

n
n,

la

e
.

e

th
m

um

de
s

e

or

r
ic

-

etic

-
,
d-

de-

he

PERTURBATIVE QCD AND FACTORIZATION OF . . . PHYSICAL REVIEW C 64 055204
function of Elab for uc.m.590° and 136°. Our conclusion
and some discussion follow in Sec. IV.

II. KINEMATICS AND FACTORIZATION

A. p0 Photoproduction kinematics

The Mandelstam@21# variables of thegD→p0D process
are given by

s5~qg1pD!2, t5~qg2qp!2, u5~pD2qp!2, ~7!

wherepD5(a51
6 pa is the momentum of the target deutero

and qg , qp , and pa are the momenta of the photon, pio
andath quark of the deuteron. In theg-D c.m. frame, where
experimental results are reported, these variables are re
to the photon energy and pion momentum by

s5@Eg
c.m.1AmD

2 1~Eg
c.m.!2#2,

t5mp
2 22Eg

c.m.@Amp
2 1~qp

c.m.!22uqp
c.m.ucosuc.m.#, ~8!

u5mD
2 1mp

2 22@AmD
2 1~qp

c.m.!2Amp
2 1~qp

c.m.!2

1Eg
c.m.uqp

c.m.ucosuc.m.#,

with mD the deuteron mass anduc.m. the angle between th
photon and thep0 in the c.m. frame. Here, also in the c.m
frame, the photon energy and the magnitude ofp0 momen-
tum are given by Eg

c.m.5(s2mD
2 )/2As and uqp

c.m.u
5A(s1mp

2 2mD
2 )2/4s2mp

2 , respectively. The transvers
momentum of thep0 is then given byPT5uqp

c.m.usinuc.m.

and, if all the masses are neglectedPT'Atu/s. This simple
expression is written to provide qualitative guidance to
reader. Our numerical calculations use the correctly co
puted value ofPT .

The Mandelstam variablessN , tN , anduN of the process
gN→p0N can also be defined, with the deuteron moment
in Eq. ~7! replaced by the nucleon momentumpN

5(a51
3 pa . In theg-N c.m. frame of thegN→p0N process,

the photon energy and the magnitude of thep0 momentum
are given by (Eg

c.m.)N5(sN2mN
2 )/2AsN and (qp

c.m.)N

5A(sN1mp
2 2mN

2 )2/4sN2mp
2 , respectively, with the

nucleon mass beingmN .
One can find the magnitude of the invariant amplitu

M gD→p0D(u,t) from the experimental differential cros
section data by using

uM gD→p0D~u,t !u54~s2mD
2 !Ap

ds

dt
~gD→p0D !.

~9!

Similarly, we obtain the invariant amplitud
uM gN→p0N(uN ,tN)u from the available data forgp→p0p
@16–20#. The proton data and the factorization formula~4!
can then be used to predictuM gD→p0D(u,t)u. We take the
generic nucleon form factor FN(t) to be @1
2t/(0.71 GeV2)#22 and the reduced deuteron form fact
@22# f d(t)'2.14/@12t/(0.28 GeV2)#, as determined by the
analyses of the elastic deuteron form factors@23#. As one can
05520
ted

e
-

see in the previous analysis@5#, the experimental data fo
utu<2 GeV2 are better described without the logarithm
corrections. The normalization constantC8 in Eq. ~4! is then
fixed by the largestElab data point ofgD→p0D amplitude
@14# at uc.m.590° and is obtained asC8'0.8.

B. New improved RNA factorization

The factorization given by Eq.~4! can be derived in anal
ogy with earlier work on the deuteron form factor@12#. The
first step is to replace at the quark level the electromagn
vertexgq→q with a photoproduction amplitudegq→p0q.
Let M gq→p0q(qg ,qp ,pa) be the amplitude for this subpro
cess, withqg , qp , andpa the momenta of the photon, pion
andath quark, respectively. The full amplitude for the ha
ronic processgD→p0D can be transcribed from Eq.~2.10!
of @12#, with insertion ofM gq→p0q , as

M gD→p0D~u,t !

5 (
a51

6 E @dx# i@d2k'# iCD* „xi ,k' i1~d ia2xi !q'…

3M gq→p0q~qg ,qp ,pa!CD~xi ,k' i ! ~10!

whereCD is the valence wave function,q[qg2qp is the
momentum transfer, and

@dx# i5dS 12(
i 51

6

xi D)
i 51

6
dxi

xi
,

@d2k'# i516p3d2S (
i 51

6

k' i D)
i 51

6
d2k' i

16p3
. ~11!

The reference frame has been chosen such thatq1[q0

1q350.
The deuteron wave function factorizes in the manner

scribed by Eq.~2.23! of @12#, which reads

(
a51

6

CD* „xi ,k' i1~d ia2xi !q'…

5F (
a51

3

(
b54

6

1 (
a54

6

(
b51

3 G xa

12xa

1

q'
2

3V„xi ,~d ia2xi !q' ;xj ,@yd ja1~12y!d jb2xj #q'…

3cN„zi ,k' i
8 1~d ia2zi !yq'…

3cN„zj ,k' j
8 1~d jb2zj !~12y!q'…c

d~0!, ~12!

wherecd(0) is the body wave function of the deuteron at t
origin and

y5(
i 51

3

xi , l'5(
i 51

3

k' i , zi5
xi

y
, k' i8 5k' i2zi l' ,

zj5
xj

12y
, k' j8 5k' j1zj l' . ~13!
4-5
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In the weak binding limit, the value ofy is approximately
1/2, l' is approximately zero, and the kernelV contributes
only a constant. The deuteron amplitude~10! reduces to the
analog of Eq.~2.24! in Ref. @12#

M gD→p0D~u,t !

5
C

q'
2

ucd~0!u2H (
a51

3 E @dz# i@d2k'8 # i

3cN* S zi ,k' i8 1~d ia2zi !
q'

2 D
3M gq→p0q~qg ,qp ,pa!cN~zi ,k' i8 !

3 (
b54

6 E @dz# j@d2k'8 # jcN* S zj ,k' j
8 1~d jb2zj !

q'

2 D
3cN~zj ,k' j

8 !1~a↔b!J . ~14!

This result does not quite factorize because the quark
plitude M gq→p0q depends on the fullqg and qp , whereas
the individual nucleons experience momentum transfers
(qg2qp)/2. To relate this quark amplitude to the one for
subprocess involving only a nucleon, we use the sp
averaged form of the amplitude obtained by Carlson a
Wakely @24#

uM gq→p0q~ û, t̂ !u2; t̂
ŝ21û2

ŝ2û2
, ~15!

where ŝ5(qg1pa)2, t̂5(qg2qp)25t, and û5(pa2qp)2.
For photoproduction from a single nucleon, embedded in
deuteron, we have instead the quark-level invariants

FIG. 5. PT
11uM gD→p0Du vs photon lab energyElab at uc.m.

590°. The filled circles are obtained directly from the recent JLA
gD→p0D data@14#, and the crosses and open circles are our p
dictions from thegp→p0p data presented in Ref.@16–18#. Note
that an open circle is overlaid on top of a filled circle for the ov
lapping data point atElab54 GeV.
05520
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ŝN5~qg /21pa!2,

t̂ N5~qg /22qp/2!25 t̂ /4, ûN5~pa2qp/2!2. ~16!

The quark momentum is the same in both cases, simply
cause it is the same quark. In the zero-mass limit we h
ŝN5 ŝ/2 and ûN5û/2. This @with Eq. ~15!# leaves
uM gq→p0q(û, t̂ )u2.uM gq→p0q(ûN , t̂ N)u2. Furthermore, the
above values ofŝN , t̂ N ,ûN correspond to usingqg/2 andqp/2
in evaluating the proton photoproduction amplitude. W
these values the factorization can now be completed to
tain Eq. ~4!. A similar derivation can be constructed for
relation between the amplitudes ofeD→eD and eN→eN
processes, from which one can prove Eq.~5!. The corrections
to these factorization formulas are generally expected to
of order 1/PT

2 . The computation of these terms is beyond t
scope of this paper.

III. COMPARISON WITH EXPERIMENT

From the recent JLABgD→p0D data@14#, we computed
the corresponding invariant amplitudes using Eq.~9! both for
uc.m.590° and 136°. We then used our factorization formu
Eq. ~4! to predictuM gD→p0Du with input from the available
gp→p0p data@16–20#. The results are presented in Figs.
and 6. There are no data for pion production from a neut
target, and we assume here that the proton and neutron
plitudes have the same dependence onu andt. This assump-
tion is reasonable for the production of neutral pions, wh
containu andd quarks with equal probability and therefor
couple to the proton and neutron in similar ways. We do
consider charged pion production.

In Fig. 5, the normalization of our prediction is fixed~at
C850.8) by the overlapping data point atElab54 GeV,

-

-

FIG. 6. PT
11(136)uM gD→p0Du vs photon lab energyElab with

PT
11(136) defined by thePT value computed atuc.m.5136°. This

definition is due to the fact that theuc.m. values of thegp→p0p
data are near 136° but not exactly equal. The filled circles
obtained directly from the recent JLABgD→p0D data@14#, and
the other symbols are our predictions based ongp→p0p data at
angles nearuc.m.5136°, presented in Refs.@16–18#.
4-6
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which is the highest photon lab energy used in the JL
gD→p0D experiment@14#. It is interesting to find that the
general trend of our prediction~the open circles! is very
similar to that of the direct result from the JLAB data@14#,
shown as filled circles. The prediction is remarkably cons
tent with the CCR prediction. In addition, our ‘‘prediction
in the Elab overlap region, denoted by crosses, mimics
shape of the direct result. The crosses are systematic
above all the filled circles by 50% or more~on a linear
scale!. This difference could be absorbed into the determi
tion of the normalization; however, the factorization is e
pected to be less accurate at these lower energies. We
that the virtuality of the struck-quark propagator discussed
Sec. I ~see also Figs. 3 and 4! is approximately given by
utu/3'2 GeV2 for Elab54 GeV, which satisfies the cond
tion mentioned in the Introduction. We, therefore, fix t
normalizationC8 of our factorization formula Eq.~4! from
the data at the highest available photon lab energy, i.e.,Elab
54 GeV. We expect non-negligible corrections to our fo
mula at all energies we consider here, but these are expe
to become increasingly small, falling off asPT

22 , as the en-
ergy increases. Also, one should note that there is a r
nance contribution in thegp→p0p data@16#, in the region
of 700 MeV <Elab<800 MeV, which could bias a normal
ization done at lower energies.

In obtaining Fig. 6, we use input from the proton da
@16–20# in the vicinity of uc.m.5136° to compute the scat
tering amplitude for a deuteron target. We were unable
find gp→p0p data exactly atuc.m.5136° in theElab energy
range considered here. Using the same procedure for d
mining the normalization as in obtaining Fig. 5, we find th
our prediction is nicely connected to the direct calculat
from the JLAB data@14#, again shown as filled circles. Th
prefactorPT

11 is computed atuc.m.5136° for all data points.
The scaling behavior predicted by perturbative QC
PT

11uM gD→p0Du;const at fixeduc.m., does not appear to
work as well atuc.m.5136° in Fig. 6 in comparison with the
uc.m.590° data shown in Fig. 5. This is in part due to the fa
that the high power of 11 makes the prefactorPT

11 very sen-
sitive to the variation in the values ofuc.m.. The accuracy of
the present calculations is, therefore, limited by the lack
data for both the deuteron and proton target at the same fi
values ofu, and moregD→p0D and gp→p0p data are
needed. However, if we look only at the data points that
close touc.m.5136°, such as the filled triangles at 137° a
open triangles at 138°, and take experimental errors into
count, CCR scaling is not inconsistent forElab above 10
GeV.

IV. CONCLUSIONS AND DISCUSSION

We have analyzed the predictions of perturbative QCD
coherent photoproduction on the deuterongD→p0D at
05520
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large momentum transfer using a new form of reduced a
plitude factorization displayed in Eq.~4!. The underlying
principle of the analysis is the cluster decomposition theor
for the deuteron wave function at small binding: the nucle
coherent process can proceed only if each nucleon abs
an equal fraction of the overall momentum transfer. Furth
more, each nucleon must scatter while remaining close to
mass shell. Thus the nuclear photoproduction amplitu
M gD→p0D(u,t) factorizes as a product of three factors:~1!
the nucleon photoproduction amplitudeMgN1→p0N1

(u/4,t/4)

at half of the overall momentum transfer and at the sa
overall center of mass angle,~2! a nucleon form factor
FN2

(t/4) at half the overall momentum transfer, and~3! the

reduced deuteron form factorf d(t), which according to per-
turbative QCD, has the same monopole falloff as a me
form factor. The on-shell condition requires the center-
mass angle of pion photoproduction on the nucleonN1 to be
commensurate with the center-of-mass angle of pion ph
production on the deuteron. The reduced amplitude pre
tion is consistent with the constituent counting ru
pT

11M gD→p0D→F(uc.m.) at large momentum transfer. A
comparison with the recent JLAB data forgD→p0D of
Meekinset al. @14# and the availablegp→p0p data@16–20#
shows good qualitative agreement between the perturba
QCD prediction and experiment over a large range of m
mentum transfers and center-of-mass angles. It would
useful to confirm or deny this agreement with further me
surements on both proton and deuteron targets. Howe
there are additional uncertainties due to the lack of kno
edge about pion production from the neutron.

We have also used reduced amplitude scaling for the e
tic electron-deuteron scattering to show

M gD→p0D

MeD→eD
5C8

M gp→p0p

Mep→ep
. ~17!

This scaling is also consistent with the experiment. The c
stantC8 is found to be close to 1, suggesting similar und
lying hard-scattering contributions. No anomalous contrib
tions, such as might derive from odderon exchange
required.
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