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Hard exclusive pseudoscalar meson electroproduction and spin structure of the nucleon
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The amplitude for hard exclusive pseudoscalar meson electroproduction off nucleon~nuclear! targets is
computed in QCD within the leadingaslnQ2/LQCD

2 approximation. We show that the distribution of recoil
nucleons depends strongly on the angle between the momentum of the recoil nucleon and the polarization
vector of the target~or outgoing nucleon!. This dependence is especially sensitive to the spin flip skewed

parton distribution~SPD! Ẽ. We argue also that the scaling for this spin asymmetry sets in at lowerQ2 than
that for the absolute cross section. Based on the chiral quark-soliton model of the nucleon we estimate
quantitatively the spin asymmetry. In the case ofp1 production this asymmetry is dominated at smallt by the

contribution of the pion pole in the isovector SPDẼ as required by PCAC. In the case ofK0 production off a
proton we find a large enhancement of the cross section as compared to the case ofp0 production. For the
forward production of neutral pseudoscalar mesons off a deuteron target we find the cross section should be
zero for the zero deuteron helicity~along theg* D direction!. We consider also cross sections of quasielastic
processes off nuclei including the feasibility to implantK1,r mesons into nuclear volume.
@S0556-2821~99!05111-5#

PACS number~s!: 12.38.Lg, 13.60.Fz, 13.60.Le
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I. INTRODUCTION

Hard exclusive electroproduction of mesons is a new k
of hard process calculable in QCD. In@1# the QCD factor-
ization theorem was proven for the process

gL* ~q!1p→M ~q2D!1B8~p1D! ~1!

at largeQ2, with t and x5Q2/2p•q fixed. HereM is any
meson with massm satisfying the conditionQ2@m2. The
factorization theorem asserts that the amplitude has the f

(
i , j

E
0

1

dzE dx1f i /p~x1 ,x12x;t,m!Hi j

3~Q2x1 /x,Q2,z,m!f j~z,m!

1power-suppressed corrections, ~2!

wheref i /p is a skewed parton distribution~SPD! @1–8#, x1 is
the fraction of the target momentum carried by the intera
ing parton,f j is the light-front wave function of the meson
andHi j is a hard-scattering coefficient, computable in po
ers ofas(Q). Qualitatively one can say that these reactio
allow one to perform a ‘‘microsurgery’’ of a nucleon b
removing in a controlled way a quark of one flavor and s
and implanting instead another quark~in general with a dif-
ferent flavor and spin!. Use of the QCD factorization theo

*On leave of absence from PSU.
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d

m

t-

-
s

rem makes it possible to predict the absolute value of
cross section at sufficiently largeQ2>10 GeV2 and suffi-
ciently small x where skewed parton distributions in
nucleon are calculable in QCD@9,10#. For example, the ex-
clusive neutral pion production is calculable in terms of t
valence quark distribution of nucleon spin@1,11,12#. ~An
educated guess is that the region of applicability of the le
ing twist contribution to hard exclusive processes should
close to that for the electromagnetic form factor of the pio
Thus we expect thatQ2>10215 GeV2 should be a good
estimate, cf. discussion of the pion electromagnetic form f
tors in@13,14#! and that approach to the scaling limit for po
contribution would happen from above.

In this paper we derive general formulas for the amplitu
of the hard exclusive production of pseudoscalar mesons
nucleons and nuclei and focus on the calculation of the
pendence of the cross section on the polarization of the ta
nucleon which should be much less sensitive to the inp
used in the calculation. Really, the experimental investi
tion of the spin asymmetries discussed in the paper as we
ratios of the yields ofh8,h,p0 investigated in@15#, andK/p
considered in this paper has an important advantage. In
it was demonstrated in@16# that up to rather largeQ2 the
absolute cross sections of hard exclusive processes are
pressed significantly due to the higher twist effects origin
ing from the comparable transverse size of the longitudi
photon and the meson wave functions. However the ove
transverse size was found to be sufficiently small<0.4 fm at
Q2> 5 GeV2. Due to the color transparency phenomen
this leads to a strong suppression of the final state interac
of theqq̄ pair which in the end will form the meson and th
©1999 The American Physical Society10-1
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residual baryon system. ForW<20 GeV this cross section i
of the order of few mb. Besides, the expansion of theqq̄
system to a normal hadron size in the nucleon rest fra
takes a distancel coh;2pM /DmM

2 ;(1/xMN)Q2/DmM
2 where

DmM
2 is the characteristic light-cone energy denominator

a mesonM which is<1 GeV2, cf. @17#. One can easily see
that the conditionl coh@r N is satisfied forx<0.2 already for
Q2>5 GeV2. Hence, it seems likely thata precocious fac-
torization into three blocks— overlap integral between pho
ton and pseudoscalar meson wave functions, the hard b
and the skewed distribution — could be valid already
moderately highQ2 leading toa precocious scaling of the
spin asymmetries and of the ratios of the cross sectionsas a
function ofQ2. At the same time predictions for the absolu
cross sections should be valid only forQ2>10 GeV2.

It is worth emphasizing also that the onset of the h
regime in the case of pion electroproduction~as well as the
other channels for which the vacuum exchange is forbidd!
can be established via a study of the change of thet depen-
dence with an increase ofQ2. For the production of electri-
cally neutral pseudoscalar mesons thet dependence shoul
asymptotically approach with an increase ofQ2 to the value
given by the nucleon axial form factor. Besides due to slo
ing down of the Gribov diffusion in the hard regime on
expects a significant decrease of the shrinkage of the forw
cone with the incident energy at fixedQ2. This effect would
be easier to detect than in the case of the vector meson
duction since the slope of the pion trajectory is four tim
larger than that of the Pomeron trajectory@18#.

The paper is organized as follows. In Sec. II we der
general expressions for the process of pseudoscalar m
production off nucleons. We relate the skewed pro
→ proton transitions to those arising for parton densities
the flavor changing transitions and give predictions for
ratios of production of kaons and pions. In particular w
demonstrate that in contrast to the case of soft physics w
production of strange particles is suppressed in the hard
clusive processes strange meson production is often
hanced as compared to the pion production. We predict
for the cross section of the process in the valence reg
gL* 1p→K01S1 is expected to be three times larger th
the cross section for the processgL* 1p→p01p. In Sec. III
we derive general expressions for the dependence of the
son production cross section on the transverse proton p
ization ~or polarization of the recoil baryon! in terms of the
skewed distributions. In Sec. IV we use the chiral quark s
ton model of the nucleon@19# to calculate the relevan
skewed distributions and to calculate the polarization in
case ofp1 production, and find it to be large due to th
contribution of the term controlled by PCAC~partial conser-
vation of axial current!. In Sec. V we consider exclusive pio
production off nuclei. We find a number of spin effects f
01401
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these processes, and explain that color coherence pheno
should be present for these processes. In Sec. VI we in
duce a new class of processes for which the factoriza
theorem is applicable — exclusive production of leadi
baryons and antibaryons. We discuss some general fea
of these processes and suggest a way to use these proc
to look for gluonium states and to implant mesons in nuc

We present the conclusions in Sec. VII.

II. AMPLITUDE FOR THE HARD PSEUDOSCALAR
MESON ELECTROPRODUCTION

In this section we compute the leading 1/Q2 amplitude of
the hard pseudoscalar meson electroproduction. This am
tude owing to the factorization theorem for exclusive ha
reactions@1# can be written as a convolution of a skewe
parton distribution in the nucleon, a distribution amplitu
for the produced meson and the hard part computable
pQCD as a series in powers ofas . We consider the pro-
cesses of hard electroproduction of a non-singlet pseu
scalar mesonP5p,K, etc.:

gL* ~q!1B1~p!→P~q8!1B2~p1D!, ~3!

where D5p82p is a four momentum transfer to a targ
baryon B1 ,2q25Q2→`,2p•q→` with x5Q2/2p•q
fixed.

The corresponding leading order amplitude has the fo

^B2~p8!,P~p1q2p8!uJe.m.
•«LuB1~p!&

52~e4pas!
Nc

221

Nc
2

f P

4Q

3E
21

1

dtE
0

1

dz (
f , f 85u,d,s

F f f 8
(5)

~t,j,t !wP
f 8 f~z!

3H Qf 8

zS t1
j

2D2 i0

1
Qf

~12z!S t2
j

2D1 i0J . ~4!

HereQf is the charge of a quark of flavorf 5u,d,s in units
of the proton charge (Qu52/3,Qd5Qs521/3), f P is the
decay constant of the pseudoscalar meson~e.g. f p'132
MeV,f K'1.2f p , etc.!, andj is a skewedness parameter~see
definition below!.

In the frame whereqW 5(0,0,q3) the longitudinal polariza-
tion vector has the form

«L
m5

1

Q
~q3,0,0,q0!m. ~5!

F f f 8
(5)(t) is a skewed quark distribution defined as
F f f 8
(5)

~t,j,t !5E dl

2p
eilt^B2~p8!uT$c̄ f 8~2ln/2!n̂g5c f~ln/2!%uB1~p!&, ~6!
0-2
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HARD EXCLUSIVE PSEUDOSCALAR MESON . . . PHYSICAL REVIEW D60 014010
with the light cone vectorn normalized by

n250, n•~p1p8!52. ~7!

The pseudoscalar meson distribution amplitudewP
f 8 f(z) is

defined as

wP
f 8 f~z!5

1

f P
E dl

2p
e2 ilz(q8•ñ)

3^P~q8!uT$c̄ f~lñ! n̂̃g5c f 8~0!%u0&, ~8!

where for convenience we introduce another light cone v
tor ñ such thatn•ñ51 andñ250. Variablez is the longitu-
dinal fraction~along the vectorn) of the meson momentum
q85q2D carried by one of the quarks in a meson. Vecto
n and ñ are linear combinations of the photon, initial, an
final baryon momenta:

pm5S 11
j

2D ñm1S 12
j

2D M̄2

2
nm2

1

2
D'

m

p8m5S 12
j

2D ñm1S 11
j

2D M̄2

2
nm1

1

2
D'

m

qm52jñm1
Q2

2j
nm

M̄25
1

2 S MB1

2 1MB2

2 2
D2

2 D . ~9!

The transverse plane is defined as the plane orthogonal t
plane spanned on the light-cone vectorsnm and ñm.

The skewedness parameterj ~longitudinal component of
the momentum transfer! is defined as

j52~n•D!. ~10!

In the Bjorken limit when Q2→` but x is fixed this
skewedness parameterj can be expressed in terms of th
Bjorken variablej52x/(22x).

In the expression~4! a newtype of ‘‘truly non-diagonal’’
skewed parton distributions~SPD’s! enter; they are given by
the transitional matrix elementB1→B2 of a bilocal ~generi-
cally non-diagonal in the flavor space! quark operator on the
light-cone~6!. One can use the flavorSU(3) or SU(2) sym-
metry to relate these distributions to the usual SPD’s co
sponding to the diagonal transition proton~neutron!→proton
~neutron!, which were introduced to describe the deeply v
tual Compton scattering~DVCS! amplitude. One can write
for a quark-antiquark operator on a light-cone between
baryons

^B2uq̄iqj uB1&5F@B2
1 ,B1# j i 1D$B2

1 ,B1% j i 1Sd j i tr~B2B1!.
~11!
01401
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Since we are interested in the nondiagonal transitions we
ignore the singlet part. Taking the matrix elements of no
singlet combinations ofq̄iqi operators between the proto
states we find

^pu~ ūu2d̄d!up&5D2F ~12!

^pu~2ūu2d̄d2 s̄s!up&52~D2F !2~D1F !5D23F
~13!

^pu~ d̄d2 s̄s!up&52~D1F !. ~14!

Hence in the case of the production ofp1, which is de-
scribed in terms of the transitional matrix element betwe
proton and neutron we have~the spin indices are suppresse!

^nud̄uup&5^puūuup&2^nuūuun&5^puūuup&2^pud̄dup&,
~15!

to relate thesenewSPD’s to the usual ones. The relation~15!
andSUf l(3) relations below should be understood as flav
relations between matrix elements~6!. They do not imply
any relations between, for example, valence and sea q
distributions. For instance, relation~15! states for fixedt that

Fud
(5)(p→n)~t!5Fuu

(5)(p→p)~t!2Fdd
(5)(p→p)~t!. ~16!

Another example is the production of kaons. For instan
K1 production probesp→L or p→S0 transitions in Eq.~4!.
In this case Eq.~14! leads to~only flavor quantum numbers
are shown!1

^Lus̄uup&5
1

A6
~3F2D !52

1

A6
^pu~2ūu2d̄d2 s̄s!up&,

^S0us̄uup&5
1

A2
~F1D !52

1

A2
^pud̄d2 s̄sup&. ~17!

In the case ofK0 production from a proton we probe thep
→S1 transition in Eq.~4!. TheSUf l(3) relation in this case
is the following:

^S1us̄dup&5~F1D !52^pud̄d2 s̄sup&. ~18!

We see that the hard electroproduction of pseudosc
mesons gives the possibility to probe various flavor com
nations of polarized quark distributions in the proton and
study in a new waySUf l(3) properties of the strange bary
ons.

1Let us note that although we expect thatSUf l(3) relations work

rather well for spin nonflip SPD’sH̃, they can be violated rathe

strongly for ‘‘the pole part’’ ofẼ ~see discussion in Sec. IV!. This
is due to the rather large mass differencemK2mp . However the
‘‘pole part’’ is under theoretical control, because it is calculat
using PCAC.
0-3
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FRANKFURT, POBYLITSA, POLYAKOV, AND STRIKMAN PHYSICAL REVIEW D60 014010
Analogously we can write the flavor decomposition of t
pseudoscalar meson distribution amplitudes~8!. Here we
give some examples for pions and kaons:

wp0
f 8 f

~z!5
i

A2
@du

f 8du
f 2dd

f dd
f 8#wp~z!,

wp1
f 8 f

~z!5 idd
f 8du

f wp~z!,

wK0
f 8 f

~z!5 ids
f 8dd

f wK~z!,

wK1
f 8 f

~z!5 ids
f 8du

f wK~z!, ~19!

wherewp(z) andwK(z) are the leading twist pion and kao
distribution amplitudes normalized by the conditio
*0

1dzwp,K(z)51. In principle, other components of the ligh
cone meson wave function may give a nonzero contribut
but only in subleading order in 1/Q2. Thus we took into
account in the leading order only the conventional wa
function of a pion and a kaon given by the matrix element
the axial current.

The leading twist skewed quark distribution withf 5 f 8
5q5u,d,s and B15B25proton given by Eq.~6! can be
decomposed into spin nonflip and spin flip parts. Here
adopted the notation of Ji@6# for the spin decomposition o
the matrix element of a bilocal quark operator between p
tons. The spin nonflip part is denoted asH̃q and spin flip as
Ẽq . They are defined as

E dl

2p
eilt^p8uc̄q~2ln/2!n̂g5cq~ln/2!up&

5H̃q~t,j,t !Ū~p8!n̂g5U~p!1
1

2MN
Ẽq~t,j,t !Ū~p8!

3~n•D!g5U~p!. ~20!

HereD is the four-momentum transfer,D5p82p, MN de-
notes the nucleon mass, andU(p),Ū(p8) are the standard
Dirac spinors. One can choose as independent variable
the skewed quark distributions, H̃q(t,j,D2) and
Ẽq(t,j,D2), the variablet, related to the fraction of targe
momentum carried by the interacting partonx1 by

t5

x12
x

2

12
x

2

, ~21!

the square of the four-momentum transfer,D25t, and the
light-cone fractionj of D ~the skewedness parameter!.2

2The skewed parton distributions and meson distribution am
tudes are scale dependent; the scale is set by the photon virtu
Q2. We do not show the scale dependence of these quantities
to simplify the notation.
01401
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In the forward case,p5p8, bothD andj are zero, and the
second term on the right-hand side~RHS! of Eq. ~20! disap-
pears. The functionH̃q becomes the usual polarized parto
distribution function,

H̃q~t,j50,t50!5Dq~t!

5H Dq~t!5q1~t!2q2~t!, t.0,

Dq̄~2t!5q̄1~2t!2q̄2~2t!, t,0.

~22!

Hereq6(t) are densities of partons with positive~negative!
helicity in the proton with positive longitudinal polarization
Let us note that the universal functionH̃q(t,j50,t50) cor-
responds to the sum of valence and sea polarized quark
tributions. At the same time only the valence polarized qu
distributions give nonzero contribution to the amplitudes
the electroproduction of neutral pseudoscalar mesons.
want to draw attention that these distributions are not c
strained by inclusive deep inelastic scattering~DIS! experi-
ments. This is because of the negative charge parity in
t2channel for the amplitude for electroproduction of elect
cally neutral pseudoscalar meson. However these distr
tions are probed in semi-inclusive DIS experiments.

It is useful to define isoscalar

H̃ (0)~t,j,t !5H̃u~t,j,t !1H̃d~t,j,t !,

Ẽ(0)~t,j,t !5Ẽu~t,j,t !1Ẽd~t,j,t !, ~23!

and isovector

H̃ (3)~t,j,t !5H̃u~t,j,t !2H̃d~t,j,t !,

Ẽ(3)~t,j,t !5Ẽu~t,j,t !2Ẽd~t,j,t !, ~24!

skewed quark distributions.
The SPD’sH̃ (3)(t,j,t) and Ẽ(3)(t,j,t) satisfy the sum

rules @6#:

E
21

1

dtH̃ (3)~t,j,t !5GA~ t !,

E
21

1

dtẼ(3)~t,j,t !5GP~ t !, ~25!

where GA(t) @GA(0)5gA'1.25# and GP(t) are the axial
and pseudoscalar form factors of the nucleon.

In the next sections we will consider polarization effec
in the production of pseudoscalar mesons off a polari
proton. To be specific we will discuss pion electroprodu
tion. All formulas can be easily generalized to the case
production of other pseudoscalar mesons using the gen
expression for the production amplitude~4! and isospin
@SUf l(3)# relations~15!,~17!.

For the charged pion production the leading order am
tude can be written as

i-
lity
as
0-4
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HARD EXCLUSIVE PSEUDOSCALAR MESON . . . PHYSICAL REVIEW D60 014010
^n~p8!,p1~p1q2p8!uJe.m.
•«Lup~p!&

52~ ie4pas!
Nc

221

Nc
2

1

24Q
f pE

0

1

dz
wp~z!

z

3H Ū~p8!n̂g5U~p!E
21

1

dtH̃ (3)~t,j,t !

3„3a2~t!2a1~t!…1Ū~p8!
n•D

2MN
g5U~p!

3E
21

1

dtẼ(3)~t,j,t !„3a2~t!2a1~t!…J , ~26!

where

a6~t!5
1

t1
j

2
2 i0

6
1

t2
j

2
1 i0

, ~27!

is the hard kernel computed in the leading order ofas .
The neutral pion production amplitude has the form~this

amplitude was obtained previously in3 @11,12#!

^p~p8!,p0~p1q2p8!uJe.m.
•«Lup~p!&

52~ ie4pas!
Nc

221

Nc
2

1

24A2Q
f p

3E
0

1

dz
wp~z!

z H Ū~p8!n̂g5U~p!

3E
21

1

dt„H̃ (3)~t,j,t !13H̃ (0)~t,j,t !…a1~t!

1Ū~p8!
n•D

2MN
g5U~p!E

21

1

dt„Ẽ(3)~t,j,t !

13Ẽ(0)~t,j,t !…a1~t!J . ~28!

Let us illustrate at the end of this section the possi
applications of theSUf l(3) relations Eqs.~15!,~17!,~18!.
With their help we can roughly estimate the ratios of yie
of kaons to pions in hard exclusive electroproduction re
tions. For instance, we can easily estimate the ratio of yie
of p1(n) andK1(L) at small4 x (x,mp /MN) as

3Reference@11# used a different spin decomposition of SPD
from those here.

4For largerx we have to take into account large contributions

p6 andK1,K0 poles to the spin flip SPDẼ ~see discussion below!.
01401
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K1

p1
'

f K
2

6 f p
2

3
@3~2Dus2Dds2Dss!2~2Duv2Ddv2Dsv!#2

@3~Dus2Dds!2~Duv2Ddv!#2
.

~29!

Here we introduce valenceDqv5Dq2Dq̄ and seaDqs

5Dq1Dq̄ polarized quark distributions. These quantiti
are antisymmetric and symmetric under transpositions↔u
and have signatures21 and 1.~Note that our definition of
Dqs differs from the often used definitionDqs52Dq̄.! We
want to draw attention that in this case both the sea qua
(8F) and valence quarks (8D) contribute to the amplitude, se
Eq. ~17!.

For the ratio ofK0 andp0 yields we get the estimate

K0:p0'2 f K
2 ~Ddv2Dsv!2: f p

2 ~2Duv1Ddv!2'3:1,
~30!

where we take for simplicityDsv5Duv1Ddv'0 for x
50.120.4 ~this is also in line with largeNc counting, see
below!. These are surprisingly large ratios.

III. SPIN ASYMMETRY

The expressions for the amplitudes~26!,~28! contain the
full information about the reactiongL* 1p→pa1N in the
leading order of 1/Q2 expansion. In the present paper w
consider a specific polarization observable, for which we
pect ~see the discussion in the introduction! a precocious
scaling at moderately largeQ2;2 – 4 GeV2. We expect that
for the absolute cross section the onset of scaling occur
larger values ofQ2>10 GeV2. Also the spin asymmetry is
the most sensitive observable to probe the spin-flip SPDẼ.

Let us consider production of the pion off a polarize
proton. The differential cross section can be written in t
form

s5s01s1~@pW'8 ,SW'#•eW z!/upW'8 u5s01s1uSW'usinb, ~31!

whereS' is the transverse projection of the polarization ve
tor of the initial proton~or of the polarization vector of the
outgoing nucleon taken with ‘‘2 ’’ sign!, eW z is a vector nor-
mal to this plane andb is the angle between theS' andp'8
~transverse component of the momentum of the outgo
nucleon!.

Using the above expressions for the leading twist am
tudes of the charged~26! and neutral~28! pion production
we define

A15E
21

1

dtH̃ (3)~t,j,t !„3a2~t!2a1~t!…

B15E
21

1

dtẼ(3)~t,j,t !„3a2~t!2a1~t!…, ~32!f
0-5
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for the charged pion production, and

A05E
21

1

dt„H̃ (3)~t,j,t !13H̃ (0)~t,j,t !…a1~t!

B05E
21

1

dt„Ẽ(3)~t,j,t !13Ẽ(0)~t,j,t !…a1~t!, ~33!

for the neutral pion production. For definiteness let us c
sider the following asymmetry:
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A5
1

uS'u

E
0

p

dbuM~b!u22E
p

2p

dbuM~b!u2

E
0

2p

dbuM~b!u2

5
2s1

ps0
.

~34!

It follows from our definition of the kinematical variables~9!
that p'8 5D'/2 with D'

2 52@4(12x)/(22x)2#(t2tmin)
1O(1/Q2), where tmin52MN

2 x2/(12x)1O(1/Q2) is the
minimal ~in absolute value! momentum transfer squared i
the reaction. In terms of SPD’s the asymmetryA has the
form ~for the charged and neutral pion production!
A1,05
uD'u
pMN

j Im~A1,0B1,0* !

uA1,0u2S 12
j2

4 D2uB1,0u2
tj2

16MN
2

2
j2

2
Re~A1,0B1,0* !

. ~35!
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From this expression we see immediately that the asymm
A would be zero if the spin flip SPDẼ were zero. In contras
to the SPDH̃q(t,j,t) which in the forward limitt→0 re-
duces to the usual polarized quark distributionsH̃(t,j50,t
50)5Dq(t), the SPDẼ(t,j,t) cannot be related to alread
known quark distributions. For the estimates of the asymm
try ~35! we shall resort to the computation of the skew
parton distributions in the largeNc limit in the chiral quark-
soliton model@20,19#.

IV. SKEWED PARTON DISTRIBUTIONS IN THE LARGE
Nc LIMIT AND SPIN ASYMMETRY

Recently the skewed quark distributionH̃ and Ẽ were
computed in the chiral quark-soliton model of the nucle
@19#. In this model nucleons can be viewed asNc ‘‘valence’’
quarks bound by a self-consistent pion field~the ‘‘soliton’’ !
whose energy coincides with the aggregate energy of
quarks of the negative-energy Dirac continuum. Similarly
the Skyrme model, the largeNc limit is needed to justify the
use of the mean-field approximation.

In @21# a new approach to the calculation of quark dist
bution functions has been developed within the context
the chiral quark-soliton model of the nucleon@22#, and fur-
thermore in@20# this method was applied to calculate SPD
The range of the applicability of the chiral quark-solito
model to the parton distributions is limited by the condition
utu!MN

2 ,t,j;1/Nc , the computed distributions refer to
low normalization point of about 600 MeV.

According to the largeNc analysis of Ref.@19# H̃ (0)

!H̃ (3) and Ẽ(0)!Ẽ(3) in the largeNc limit which is in line
with the phenomenology for the diagonal case. Another c
cial observation made in@19# is that the isovector skewe
quark distributionẼ(3) has a strong enhancement at smat
ry

e-

e

f

.

:

-

originating from the long range pion tail of the nucleon wa
function.

This contribution has the form@19#

Ẽp
(3)5uF utu,

uju
2 GFpS 2t

j D2F~ t !

j
, ~36!

whereFp(z) is the pion distribution amplitude, normalize
by *21

1 dzFp(z)51 @Fp(z)5 1
2 wp„(12z)/2…#. The pion

distribution amplitudeFp(x) in Eq. ~39! calculated in the
same model@23,24# is very close to the asymptotic on
Fp(z)5 3

4 (12z2), so we shall always use the asympto
pion distribution amplitude for numerical calculations. Th
form factorF(t) in this model is related to the Fourier tran
form of the mean pion fieldU(x)5exp„ipa(x)ta

…:

F~2kW2!5
2MN

2 f p
2

3k3 E d3x exp~ ikW•xW !Tr@„U~x!21…t3#.

~37!

Taking into account that at large distances the soliton fi
has the Yukawa tail~see e.g.@22#!

lim
r→`

„U~x!21…5
ixata

r

3gA

4p f p
2 r 2

~11mpr !exp~2mpr !,

~38!

one gets immediately the smallt asymptote of the form fac-
tor F(t)

lim
t→mp

2

F~ t !52
4gAMN

2

t2mp
2

. ~39!

The numerical results for the form factorF(t) can be found
in @19#. Let us note that the form factorF(t) in a wide range
0-6
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of t: mp
2 !utu!MN

2 differs significantly from the pole contri
bution ~39!. For example, for2t50.35 GeV2 they differ by
a factor of two. In our numerical estimates of the asymme
we shall use the results of@19#.

The pion pole contribution~39! corresponds to the pion
pole contribution to the nucleon form factor5 GP(t):

lim
t→mp

2
E

21

1

dtẼp
(3)~t,j,t !52

4gAMN
2

t2mp
2

, ~40!

required by spontaneously broken chiral symmetry. We
that the appearance of the pion pole inẼ(3) is a general
consequence of PCAC and in order to reproduce it in so
model it should respect the chiral Ward identities. For e
ample, in the computation of SPD’s in the bag model@25#
the chiral Ward identities are violated and the pion pole c
tribution ~39! is missed. The chiral quark-soliton model r
spects all chiral Ward identities that allows one to split u
ambiguously SPDẼ(3) into two pieces@19#:

Ẽ(3)~t,j,t !5Ẽp
(3)~t,j,t !1Ẽsmooth

(3) ~t,j,t !, ~41!

the result for Ẽp
(3) is given by Eq. ~36!; the results for

Ẽsmooth
(3) (t,j,t) can be found in@19#.

It is easy to see thatẼp
(3)(t,j,t) does not contribute to the

B0 amplitude of the neutral pion production@see Eqs.~33!#.
However, it contributes to theB1 amplitude of the charged
pion production@see Eqs.~32!#. The corresponding contribu
tion has the form

B1
(p)5

12F~ t !

j E
21

1

dz
Fp~z!

12z2
. ~42!

We see that the SPDẼp
(3) Eq. ~36! contributes only to the

real part of amplitudeB1 , also it is strongly enhanced a
small t and j. Using the results of Ref.@19# we obtain that
ReB1

p @ReB1
smooth,Im B1 at least by an order of magnitud

for utu,0.5 GeV2 and 0.1,x,0.4. In the case of the neutra
pion production with the spin flip amplitudeB0, the pion
pole does not show up. As a resultB0 and B1

smooth should
have the same magnitude. This result immediately imp
that

A0!A1 . ~43!

Neglecting ReB1
smoothand ImB1 relative toB1

(p) we get the
following expression for the asymmetry~35! A1 of charged
pion production

5A similar expression is valid for the contribution of the kao
pole.
01401
y

e

e
-
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s

A1'
uD'u
pMN

18hF~ t !Im A1

uA1u2S 12
j2

4 D2
81h2t

4MN
2

F~ t !229jF~ t !ReA1

,

~44!

where h5 2
3 *21

1 dz@Fp(z)/(12z2)# (h51 for the
asymptotic pion distribution amplitude!.

In Fig. 1 we plot the asymmetry~44! at several values o
t as a function ofx. We plot the asymmetry forh51 ~cor-
responding to the asymptotic pion distribution amplitud!.
We show also the result forh55/3 ~corresponding to
Chernyak-Zhitnitsky model for the pion DA! merely to illus-
trate the sensitivity of the asymmetry to the shape of the p
distribution amplitude. The instanton model gives the alm
asymptotic pion distribution amplitude~see@23,24#! already
at a low normalization point of about 600 MeV. One can s
that the spin asymmetry in the production of charged pion
of order unity, this makes challenging the measurement
this asymmetry. Alternatively, one can measure the re
nucleon polarization. Also it is seen that the sensitivity to t
form of the pion distribution amplitude is maximal at smallt.

Let us analyze Eq.~44! at small momentum transferutu
,mp

2 and small Bjorkenx,mp /MN . In this range oft and
x the contribution of the pion pole~the spin flip part of the
amplitude! to the absolute cross section is suppress
whereas for the spin asymmetry we have the following
pression:

A1'
72uD'uhgAMN

pmp
2

Im A1

uA1u2

5
144uD'uhgAMN

mp
2

X2H̃ (3)S j

2
,j,t D1H̃ (3)S 2

j

2
,j,t D C

uA1u2
.

~45!

FIG. 1. The asymmetryA1 as a function of Bjorkenx at t
520.1, –0.3, and –0.5 GeV2. Solid lines: With asymptotic pion
distribution amplitude h51. Dashed lines: With Chernyak-
Zhitnitsky pion distribution amplitudeh55/3.
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We see that the asymmetry in the electroproduction
charged pions in this limit depends onboth the polarized
valence and sea quark distributions. The particular comb
tion which enters in this case is poorly constrained by
DIS measurements. This makes the hard exclusive pion
duction experiments a useful source of information on
polarized quark distributions.6

V. HARD COHERENT PRODUCTION
OF PIONS OFF NUCLEI

In this section we discuss briefly the hard exclusive p
duction of pseudoscalar mesons off nuclei. We focus prim
rily on the polarization effects and comment also on the
culiarities of theA-dependence related to the spin structu
of the elementary amplitude.

First let us consider the scattering off deuteron targ
We explained above that the amplitude for the electrop
duction of a neutral pseudoscalar meson~28! ~in contrast to
the charged pion production amplitude! is dominated at
small t by the helicity non-flip amplitudeA0. In the ~near!
forward limit A0 is proportional to the spin of nucleo
2f(p8)szf(p), wherez is the photon momentum directio
and f(p) is the spin part of the wave function of th
nucleon. Therefore, in the case of the coherent scattering
a polarized deuteron target at smallt the dominant term is
proportional to the projection of the sum of the operators
the nucleon spins to the reaction axis with the proportiona
coefficient calculable in terms of the isoscalar polarized
lence quark distributions. If this projection is zero, the c
responding amplitude should be zero for the forward scat
ing. This is because the matrix element of the projection
the sum of spins of nucleons is equal to zero even if
D-wave in the deuteron wave function is taken into accou
In the case of the charged pion production dominance of
spin-flip amplitude leads to a strong excitation of the isotr
let two-nucleon virtual state.

Meson production off heavier nuclei in the discussed lim
constitutes another class of color coherent phenomena. S
the mesons are produced in small size configurations the
not interact with the residual system within the leading tw
approximation. Hence the amplitudes of such processes
expressed through the skewed parton density of the nuc
and can be represented~neglecting small EMC like effects!
as a convolution of the elementary amplitude and the nuc
transition amplitude:

M ~D!

5E d3kW ^A8~DW !ud~HA82D0!as8,Nf

†
~kW1DW !as,Ni

~kW !uA&,

~46!

6Note that if the processe1p→e1p11n is studied via a setup
detecting only the scattered electron andp1 one may not have
good enough energy resolution to separate this process from
process e1p→e1p11D0. However our estimates using th
methods outlined in@18# indicate that this would result only in a
slight dilution of the asymmetry.
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whereD is the four-momentum transfer in the nucleus re
frame, anda†,a are production and annihilation operators f
nucleons with given spin states. A correlation between th
spin states is implicitly contained in the elementary amp
tude. Such matrix elements can be calculated using con
tional methods of low-energy nuclear physics. For lar
enought one can use closure over the processes of nuc
disintegrationA8 and write~we give the answer for produc
tion of neutral mesons!

(
A8

ds~gL* 1A→M1A8!

dt
5Z

ds~gL* 1p→M1p8!

dt

1N
ds~gL* 1n→M1n8!

dt
,

~47!

whereZ and N are the numbers of protons and neutrons
the target.

For small enought the result is strongly sensitive to th
spin effects. Let us give several examples.

~a! For the case ofp0 production off 3He one finds for
small t a strong cancelation of the contribution of the sc
tering off the protons~in the approximation that3He is de-
scribed as aS-wave system!

ds~gL* 13He→p013He!

dt
5

ds~gL* 1n→p01n!

dt
FA53~ t !,

~48!

whereFA53(t) is a superposition of the magnetic and ele
tric 3He form factors normalized to one att50.

~b! For reactiongL* 13He→p113H for small t one ex-
pects spin asymmetries similar to the case of scattering o
proton which we discussed above. If, in line with our expe
tations, the spin-flip amplitude dominates in the element
cross section for smallt, the cross section will be approxi
mately equal to

ds~gL* 13He→p113H!

dt

5
ds~gL* 1p→p11n!

dt
FM ,A53~ t !, ~49!

whereFM ,A53(t) is the magnetic form factor of3He normal-
ized to one att50.

~c! In the case ofp0 production off 4He for small t we
expect a much stronger suppression of the cross section
in the case of scattering off the deuteron. Indeed, in this c
the dominant contribution in the elementary amplitude is
vector in the spin indices which cancels out when avera
with the u in& and ^outu spin zero states of4He.

TheK1 meson production is also of interest for the stu
of the low-energy hyperon-nucleus interactions. In a sen
we have here a situation of a local ‘‘micro’’ implantation o
a hyperon with a small momentum in any point in th
nucleus, predominantly in the central region, without distu
ing any other nucleons. This is markedly different from t

he
0-8



u
er

il
o

w

ve
on
ti
ar
p
al
im
si

d

o
-

ks
th
ob
he
n
e

ed

th
d
l
e

e

de-

el

i.e.

de

m

ess
m
tate
ual

may
n-

ed

the
ts

.
ess

in
on
on
d

t as

k
ne
e-
re-
of
e a

he
ad-
uld

all-
ac-
e
of
im-

HARD EXCLUSIVE PSEUDOSCALAR MESON . . . PHYSICAL REVIEW D60 014010
pion induced processes where for heavy nuclei only prod
tion near the surface is important while the final state int
actions of the outgoing kaon cannot be neglected.

To summarize, studies of the scattering off nuclei w
provide new handles for the study of spin effects, effects
color coherence, as well as of the spin structure of lo
energy interactions.

VI. EXCLUSIVE PRODUCTION OF FORWARD BARYONS
OFF NUCLEONS AND MESON IMPLANTATION IN

NUCLEI

The proof of the factorization for the meson exclusi
production, Eq.~4!, is essentially based on the observati
that the cancellation of the soft gluon interactions is in
mately related to the fact that the meson arises from a qu
antiquark pair generated by the hard scattering. Thus the
starts as a small-size configuration and only substanti
later grows to a normal hadronic size, to a meson. This
plies that the parton density is a standard parton den
~apart from the skewed nature of its definition!. Therefore the
factorization theorem is valid also for the production of lea
ing baryons

g* ~q!1p→B~q1D!1M ~p2D! ~50!

and even leading antibaryons

g* ~q!1p→B̄~q1D!1B2~p2D!, ~51!

whereB2 is a system with the baryon charge of two. Pr
cesses~50!,~51! will provide unique information about mul
tiparton correlations in nucleons. For example, process~50!
will allow one to investigate the probability for three quar
in a nucleon to come close together without collapsing
wave function into a three quark component — such a pr
ability would not be small in meson cloud models of t
nucleon and in, say, the MIT bag model. On the other ha
if one would try to follow an analogy with the case of th
positronium, this probability would be strongly suppress
At the same time reaction~51! would allow one to determine
a probability ~presumably numerically very small! to have
three antiquarks close together in a nucleon.

To describe in QCD process~50!, a new non-perturbative
mathematical object should be introduced in addition to
usual distribution amplitudes~DA!. It can be called a skewe
distribution amplitude~SDA.! It is defined as a non-diagona
matrix element of the tri-local quark operator between a m
sonM and a proton:

E )
i 51

3

dzi
2expF i(

i 51

3

xi~p•zi !G
3^M ~p2D!u«abcc j 1

a ~z1!c j 2

b ~z2!c j 3

c ~z3!uN~p!&uz
i
15z

i
'50

5d~12z2x12x22x3!F j 1 j 2 j 3
~x1 ,x2 ,x3 ,z,t !, ~52!

wherea,b,c are color indices,j i are spin-flavor indices, and
F j 1 j 2 j 3

(x1 ,x2 ,x3 ,z,t) are the new SDA. These SDA can b
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decomposed into invariant spin-flavor structures which
pend on the quantum numbers of the mesonM. They depend
on the variablesxi ~which are contracted with the hard kern
in the amplitude!, on the skewedness parameterz51
2D1/p1 ~in some sense, with this definition ofz the limit
z→0 corresponds to the usual distribution amplitude,
skewedness→0 means SDA→DA! and the momentum
transfer squaredt5D2.

Though quantitative calculations of processes~50!, ~51!
will take time, some qualitative predictions could be ma
right away: the cross section of the process for fixedx, and
large Q2 should be proportional to the baryon elastic for
factor. In particular, it would be instructive to study theQ2

dependence of the ratio of the cross section for the proc
g* (q)1p→p1p0 and the square of the elastic proton for
factor. If the color transparency suppresses the final s
interaction between the fast moving nucleon and the resid
meson state early enough one may expect that this ratio
reach the scaling limit in the region where higher twist co
tributions to the nucleon form factor are still large.@It is
worth emphasizing that the longitudinal distances involv
in the final state interaction of the system flying alongqW with
the residual system are much smaller in this case than in
case of theA(e,e8p) reaction, so the expansion effec
would be much less important in this case.# Another interest-
ing process isg* (q)1p→D111p2 which may allow one
to compare the wave functions of theD-isobar and a nucleon
in a way complementary to theN→D transition processes
Note also, that a study of the meson spectrum in the proc
g* 1p→p1M may help to investigate the role of pions
the nucleon wave function. In a naive model of the nucle
with a pion cloud one would expect that the single pi
production will dominate. However if more complicate
nonlinear pion fields are important in the lowQ2 qq̄ sea, one
may expect that higher recoil masses would be at leas
important.

Reaction~50! provides also a promising avenue to loo
for exotic meson states including gluonium. Indeed, if o
would consider, for example, the MIT bag model, the r
moval of three quarks from the system could leave the
sidual system looking like a bag made predominantly
glue. It is natural to expect that such a system would hav
large overlapping integral with gluonium states.

An interesting property of reaction~50! is that it could be
used to produce a meson ‘‘M ’’ ( h,r,K-meson with zero
momentum in the nucleon target rest frame! provided

q05
Q212mMmN2mM

2

2~mN2mM !
. ~53!

In the case of the production of a leading baryon off t
nuclear target, similar to the case of the production of le
ing mesons discussed in Sec. V, the outgoing nucleon wo
not interact with the nucleus since it is produced in a sm
size configuration. Hence it is possible in the discussed re
tions to ‘‘implant’’ a meson with a small momentum in th
center of the nucleus. This implantation has a number
advantages as compared to the processes of low-energy
0-9
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plantation since in the low energy processes mesons are
duced predominantly near the surface and the interactio
other hadrons involved in the process is, in general, la
Therefore process~50! could be used for studying the me
dium modification of the properties of various mesons. In
case ofr-meson production an additional advantage of t
process as compared to low-energy processes is that in
high-energy case the effects of distortion of the two p
mass spectrum due threshold effects are much less impor

VII. CONCLUSIONS

We have derived the general expression for the hard p
doscalar meson (p,K, etc.! electroproduction amplitude in
QCD in the leading order in 1/Q2 andas .

We have demonstrated that the distribution of the rec
nucleons in the hard exclusive production ofp1 strongly
depends on the angle between the momentum of the re
nucleon and the spin polarization of the target~or the outgo-
ing nucleon!. This dependence is especially sensitive to
helicity flip skewed parton distribution~SPD! Ẽ. This helic-
ity flip SPD contains at small momentum transfer the con
bution of the pion pole due to the chiral Ward identitie
Owing to the factorization theorem for the hard exclus
processes@1# the relative size of pole and non-pole contrib
tions can be estimated quantitatively using thelow-energy
chiral model of the nucleon@19#.

For x→0 ~i.e. t5tmin→0) hard electroproduction o
charged mesons gives a unique possibility to measure tx
dependence of the polarized valence quark distribution
nucleon~nuclear! target. This is because skewed parton d
tributions are calculable in this limit in terms of the conve
tional valence quark distributions in a target. Such an inv
tigation is especially interesting since in this limit thisx
dependence should be different from the one for the un
larized case due to different quantum numbers in the cros
channel. Additionally, comparing reactions with differe
flavor quantum numbers, like e.g.:
e-
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gL* 1p→p11n,

gL* 1p→K11L,

gL* 1p→K11S0,

gL* 1p→K01S1,

one can access different flavor combinations of polariz
quark distributions in the proton, and probeSUf l(3) for spin
part of the strange baryon quark densities@see Eqs.
~15!,~17!,~18!#.

We have also demonstrated that the study of exclus
meson production off the nuclear target will provide ad
tional information about the spin structure of skewed dis
butions as well as allow one to look for color coheren
effects.
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