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The amplitude for hard exclusive pseudoscalar meson electroproduction off nyolecdray targets is
computed in QCD within the IeadingSIanlAéCD 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 targetor outgoing nucleon This dependence is especially sensitive to the spin flip skewed
parton distribution(SPD E. We argue also that the scaling for this spin asymmetry sets in at IQ#¢nhan
that for the absolute cross section. Based on the chiral quark-soliton model of the nucleon we estimate
guantitatively the spin asymmetry. In the casendf production this asymmetry is dominated at smdiy the
contribution of the pion pole in the isovector SEDas required by PCAC. In the case&f production off a
proton we find a large enhancement of the cross section as compared to the edsprofluction. For the
forward production of neutral pseudoscalar mesons off a deuteron target we find the cross section should be
zero for the zero deuteron helicifglong they* D direction). We consider also cross sections of quasielastic
processes off nuclei including the feasibility to implagt,p mesons into nuclear volume.
[S0556-282(199)05111-5

PACS numbeps): 12.38.Lg, 13.60.Fz, 13.60.Le

I. INTRODUCTION rem makes it possible to predict the absolute value of the
cross section at sufficiently larg®?>=10 Ge\? and suffi-
Hard exclusive electroproduction of mesons is a new kinctiently small x where skewed parton distributions in a
of hard process calculable in QCD. [f] the QCD factor- nucleon are calculable in QC[®,10]. For example, the ex-

ization theorem was proven for the process clusive neutral pion production is calculable in terms of the
valence quark distribution of nucleon spjt,11,13. (An
Y (q)+p—M(gq—A)+B'(p+A) (1)  educated guess is that the region of applicability of the lead-

ing twist contribution to hard exclusive processes should be
at largeQ?, with t and x=Q%2p-q fixed. HereM is any  close to that for the electromagnetic form factor of the pion.
meson with massn satisfying the conditiorQ?>m2. The  Thus we expect tha@”>10-15 GeV* should be a good
factorization theorem asserts that the amplitude has the for@stimate, cf. discussion of the pion electromagnetic form fac-
tors in[13,14]) and that approach to the scaling limit for pole
contribution would happen from above.

1
E dzJ dx fiyp(Xq, X1 = X;t, ) Hij In this paper we derive general formulas for the amplitude
hpoJo of the hard exclusive production of pseudoscalar mesons off
><(Q2X1/X,Q2,Z,M)¢j(2,ﬂ) nucleons and nuclei and f(_)cus on the calpula_ltlon of the de-
pendence of the cross section on the polarization of the target
+ power-suppressed corrections, (2 nucleon which should be much less sensitive to the inputs

used in the calculation. Really, the experimental investiga-
wheref;, is a skewed parton distributidPD) [1-8], x; is tion of the spin asymmetries discussed in the paper as well as
the fraction of the target momentum carried by the interactratios of the yields ofy’, 7, #° investigated if15], andK/
ing parton,¢; is the light-front wave function of the meson, considered in this paper has an important advantagzje. In fact,
andH;; is a hard-scattering coefficient, computable in pow-it was demonstrated if16] that up to rather larg®” the
ers of ag(Q). Qualitatively one can say that these reactionsabsolute cross sections of hard exclusive processes are sup-
allow one to perform a “microsurgery” of a nucleon by pressed significantly due to the higher twist effects originat-
removing in a controlled way a quark of one flavor and Spining from the Comparable transverse size of the Iongitudinal
and implanting instead another quaik general with a dif- Photon and the meson wave functions. However the overall
ferent flavor and spin Use of the QCD factorization theo- transverse size was found to be sufficiently sneelll.4 fm at

Q?= 5 Ge\”. Due to the color transparency phenomenon

this leads to a strong suppression of the final state interaction

*On leave of absence from PSU. of the qapair which in the end will form the meson and the
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residual baryon system. FE@V=<20 GeV this cross section is these processes, and explain that color coherence phenomena

of the order of few mb. Besides, the expansion of g Should be present for these processes. In Sec. VI we intro-
system to a normal hadron size in the nucleon rest framguce a new class of processes for which the factorization
takes a distanck.on~2py /Amé~ (1xMy) Q¥ Amé, where ~ theorem is applicable — exclusive production of leading
Am?, is the characteristic light-cone energy denominator for?ryons and antibaryons. We discuss some general features
a mesorM which is<1 Ge\?, cf. [17]. One can easily see of these processes and suggest a way to use these processes
that the conditiorl .o =T is sa’tisfied forx=<0.2 already for to look for gluonium states and to implant mesons in nuclei.

Q?=5 Ge\2. Hence, it seems likely that precocious fac- We present the conclusions in Sec. VII.
torization into three blocks— overlap integral between pho-
ton and pseudoscalar meson wave functions, the hard blob,
and the skewed distribution — could be valid already at
moderately highQ? leading toa precocious scaling of the . , , ,
spin asymmetries and of the ratios of the cross sectisna In this section we compute the leadingdf/amplitude of

function of Q2. At the same time predictions for the absolute € hard pseudoscalar meson electroproduction. This ampli-
cross sections should be valid only f9P=10 Ge\?. tude owing to the factorization theorem for exclusive hard

It is worth emphasizing also that the onset of the hard€actions[1] can be written as a convolution of a skewed

regime in the case of pion electroproducti@s well as the parton distribution in the nucleon, a distribution amplitude
other channels for which the vacuum exchange is forbigiden®! the produced meson and the hard part computable in
can be established via a study of the change ot tiepen- PQCD as a series in powers . We consider the pro-
dence with an increase 2. For the production of electri- C€SS€S of hard electroproduction of a non-singlet pseudo-
cally neutral pseudoscalar mesons théependence should Scalar mesoP =K, etc.:

asymptotically approach with an increase@f to the value *(a)+B P(a')+Bo(D+A 3
given by the nucleon axial form factor. Besides due to slow- (@ +Ba(p) = P(@) +Bo(p+4), ®

ing down of the Gribov diffusion in the hard regime one where A=p’—p is a four momentum transfer to a target
expects a significant decrease of the shrinkage of the forwamaryon B;,—q?=Q?—x,2p-q—» with x=Q%2p-q
cone with the incident energy at fixe@f. This effect would  fixed.

be easier to detect than in the case of the vector meson pro- The corresponding leading order amplitude has the form
duction since the slope of the pion trajectory is four times

II. AMPLITUDE FOR THE HARD PSEUDOSCALAR
MESON ELECTROPRODUCTION

larger than that of the Pomeron traject¢fys]. (Bo(p"),P(p+q—p")|I¢™ & |B1(p))
The paper is organized as follows. In Sec. Il we derive
general expressions for the process of pseudoscalar meson Ng—l fp
production off nucleons. We relate the skewed proton ~ _(e4was)v 4Q
— proton transitions to those arising for parton densities for ¢
the flavor changing transitions and give predictions for the 1 1 (5) t
ratios of production of kaons and pions. In particular we XJ dfjodz E Fir(1.&.0@p (2)
demonstrate that in contrast to the case of soft physics where i f.f=uds
production of strange particles is suppressed in the hard ex- Qs Qs
clusive processes strange meson production is often en- X 3 + £ (4)
hanced as compared to the pion production. We predict that z| 7+ > —i0 (1—2)( 5 +i0

for the cross section of the process in the valence region

W +p— KO+E_+ is expected to be threeo times larger thanyere Q; is the charge of a quark of flavée=u,d,s in units
the cross section for the procegs+p— a7 +p. In Sec. Il of the proton charge@,=2/3Q4=Q.=—1/3), fp is the
we derive general expressions for the dependence of the mgecay constant of the pseudoscalar megemy. f_~132

son production cross section on the transverse proton polaftev f, ~1.2f _, etc), and¢ is a skewedness parametsee
ization (or polarization of the recoil barygnn terms of the  definition below.

skewed distributions. In Sec. IV we use the chiral quark soli- | o frame wherg = (0,09%) the longitudinal polariza-
ton model of the nucleori19] to calculate the relevant .
AT A tion vector has the form
skewed distributions and to calculate the polarization in the
case ofw* production, and find it to be large due to the 1 . 0
contribution of the term controlled by PCA@artial conser- sza(q ,0,09%)%. )
vation of axial current In Sec. V we consider exclusive pion
production off nuclei. We find a number of spin effects for FE??(T) is a skewed quark distribution defined as

) _ (9N A .
Fff/(Tvglt)_JEe (Ba(p" )| T{thr (—ANI2)Nysih(AN/2)}|B1(P)), (6)
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with the light cone vecton normalized by Since we are interested in the nondiagonal transitions we can
ignore the singlet part. Taking the matrix elements of non-
n’=0, n-(p+p’)=2. (7)  singlet combinations ofj;q; operators between the proton

states we find
The pseudoscalar meson distribution amplitup{ef(z) is

defined as (pl(uu—dd)|p)=D—F (12)
, ) N (p|(2uu—dd—ss)|p)=2(D—F)—(D+F)=D—-3F
frf oy rz(q'-n)

¢P (Z) fp,f 27Te thaan (13)

X (P(q")| T{ds(\M)nysih (0)}0), () (p|(dd—ss)|p)=—(D+F). (14)

where for convenience we introduce another light cone vec- Hence in the case of the production of , which is de-
tor 11 such thamn-R=1 andn?=0. Variablez is the longitu- scribed in terms of the transitional matrix element between

dinal fraction(along the vecton) of the meson momentum proton and neutron we havthe spin indices are suppressed
g’'=q—A carried by one of the quarks in a meson. Vectors

n andn are linear combinations of the photon, initial, and

(nldulp)=(p|uulp)—(n|uu[n)=(p|uulp)—(p|dd|p),
. (15
final baryon momenta:

to relate theseewSPD's to the usual ones. The relatidrb)

" 3 ~ & M2 u 1 u and SU; (3) relations below should be understood as flavor
pr=|1+|nf+|{1- 5| 5 n#—SAL relations between matrix element§). They do not imply
any relations between, for example, valence and sea quark
W2 1 distributions. For instance, relatigh5) states for fixedr that
"M=11—Z|nf+| 1+ 2| = n*+ ZAX - - -
P ( ) 27 2™ FRE M (n=FRCP(n-F@PP(r). @9
_ 2 Another example is the production of kaons. For instance,
q“= —gn“+2—§n” K™ production probeg— A or p—3.° transitions in Eq(4).
In this case Eq(14) leads to(only flavor quantum numbers
) are showyt
2=t M2 1Mz -2 (9)
2 By B, 2" . 1 1 . o
(Alsulp)= %(3F— D)=~— E(DI(Zuu—dd—SS)IP%
The transverse plane is defined as the plane orthogonal to the
plane spanned on the light-cone vectntsandn®. 1 1
The skewedness parameteflongitudinal component of S0sulp)= —(F+D)= — —(p|dd—ss 1
the momentum transfeis defined as (2 lsulp) \/E( ) \/§<p| P)- a7
E=—(n-A). (10 In the case oK° production from a proton we probe tige

—3* transition in Eq.(4). TheSU; (3) relation in this case

In the Bjorken limit whenQ?—o but x is fixed this is the following:
skewedness parametércan be expressed in terms of the _ _
Bjorken variableg=2x/(2—x). (2"|sd|p)=(F+D)=—(p|dd—ss|p). (18

In the expressiord) a newtype of “truly non-diagonal”
skewed parton distributionSPD’s enter; they are given by We see that the hard electroproduction of pseudoscalar
the transitional matrix elemeis; — B, of a bilocal(generi- mesons gives the possibility to probe various flavor combi-
cally non-diagonal in the flavor spaoguark operator on the nations of polarized quark distributions in the proton and to
light-cone(6). One can use the flav@&U(3) or SU(2) sym-  study in a new waysUy(3) properties of the strange bary-
metry to relate these distributions to the usual SPD’s correOns.
sponding to the diagonal transition prot@reutron— proton
(neutror), which were introduced to describe the deeply vir-
tual Compton scatteringDVCS) amplitude. One can write 1 et ys note that although we expect tigity (3) relations work

for a quark-antiquark operator on a light-cone between tWQgner well for spin nonflip SPD'$i, they can be violated rather

baryons strongly for “the pole part’ ofE (see discussion in Sec. JVThis

_ is due to the rather large mass differemog—m_.. However the
(B2|;q;|B1)=F[B; ,B1]ji+D{B; ,B1};i +S&;tr(B,B,). “pole part” is under theoretical control, because it is calculated
(11 using PCAC.
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Analogously we can write the flavor decomposition of the In the forward casgy=p’, bothA and¢ are zero, and the
pseudoscalar meson distribution amplitud&. Here we second term on the right-hand sitRHS) of Eq. (20) disap-

give some examples for pions and kaons: pears. The functiomd, becomes the usual polarized parton
distribution function,

frf _i_ £/ of _ of of
(PWO(Z)_\/E[éu 5u 5d5d ](PW(Z)’ i:'q(T,g:O,t:O):Aq(T)

! ! A =0+(7)=4-(7), 0,
o!l2)=16} sl (2) i

Ag(-n=q.(-n—-q (-7, 7<0.

ora(2)=18 Sho(2), (22

Fta—ist s 19 Hereq-(7) are densities of partons with positiyeegative
¢ +(2) =105 b,0k(2), (19 helicity in the proton with positive longitudinal polarization.

wheree_(z) and ¢«(z) are the leading twist pion and kaon Let us note that the universal functidﬂh(r,§=0,t_=0) cor-
distribution amplitudes normalized by the condition: responds to the sum of valence and sea polarized quark dis-

féchp «(2)=1. In principle, other components of the light tributions. At the same time only the valence polarized quark

cone meson wave function may give a nonzero contribution‘,j'smb“t'ons give nonzero contribution to the amplitudes of

but only in subleading order in Q2. Thus we took into the electroproduction of neutral pseudoscalar mesons. We

account in the leading order only the conventional wavevant to draw attention that these distributions are not con-
function of a pion and a kaon given by the matrix element ofStrained by inclusive deep inelastic ;catter(ﬂgS) experi.-
the axial current ments. This is because of the negative charge parity in the

The leading twist skewed quark distribution with=f’ t—channel for the amplitude for electroproduction of electri-
—g=u,d,s and B,=B,=proton given by Eq.(6) can be cally neutral pseudoscalar meson. However these distribu-

decomposed into spin nonflip and spin flip parts. Here wet'oTtS. are p][olbteddlnf_seml—lncluls,lve DIS experiments.
adopted the notation of J6] for the spin decomposition of IS uselul {o define 1soscalar
the matrix element of a bilocal quark operator between pro-

tons. The spin nonflip part is denoted El§ and spin flip as
Eq. They are defined as

H(0)( T!E!t) = HU(T,g,t) + i:'d( 7',§,t),
E(O)(T,g,t):EU(T,f,t)+~Ed(T,§,t), (23)

dax . — - .
f 5= €MD’ g~ AI2)Rysdig(An/2) ) and isovector

HO(re)=Hy(r,&D)—Hy(r&1),

=Hq(7,£DU(P )NysU(P)+ 5:—Eq( 7,6 U(P’)

2My . - -
E( )(T7gvt)=EU(T1§1t)_Ed(TI§1t)= (24)
X(n-A)ysU(p). (20)
skewed quark distributions.
HereA is the four-momentum transfeA=p’—p, My de-  The SPD'sH®)(7,¢,t) andE®)(r,£t) satisfy the sum

notes the nucleon mass, aht(p),U(p’) are the standard rules[6]:
Dirac spinors. One can choose as independent variables for

the skewed quark distributions,ﬁq(r,g,Az) and

Eq(r,g,Az), the variabler, related to the fraction of target
momentum carried by the interacting partonby

= % f _lldTE<3>(r,§,t>=Gp<t>, (25
T= , (21

fl drH®G(7,£,t)=GA(t),
-1

X where G,(t) [Ga(0)=ga~1.25] and Gp(t) are the axial
2 and pseudoscalar form factors of the nucleon.

In the next sections we will consider polarization effects
the square of the four-momentum transfa’,=t, and the iy the production of pseudoscalar mesons off a polarized
light-cone fraction¢ of A (the skewedness parameter proton. To be specific we will discuss pion electroproduc-

tion. All formulas can be easily generalized to the case of
production of other pseudoscalar mesons using the general
2The skewed parton distributions and meson distribution ampli€xpression for the production amplitudd) and isospin
tudes are scale dependent; the scale is set by the photon virtuality Ur (3)] relations(15),(17).
Q2. We do not show the scale dependence of these quantities so as For the charged pion production the leading order ampli-
to simplify the notation. tude can be written as

014010-4
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(n(p"), " (p+q—p")|I*™ & |p(p))
N2—1

C

. 1 1 9.2
=—(ie4 ——f,,f dz
(iedmayg) Ng 240 .

z

— A 1 -
><[U<p'>n75U<p)f_ldTH“)(r.s,t)

— n-A
X@a~ (N =a (MU 5y 7sU(p)

xfl dTE<3>(r,g,t)(3a(r)—a*(r))}, (26)
-1

where

+ 1 1
a~(7)= T (27)
7+5—i0 7—5+i0
2 2

is the hard kernel computed in the leading ordewgf
The neutral pion production amplitude has the fdthis
amplitude was obtained previously®ifi.1,17)

(p(p"), ™ (p+aq—p")[I*™e.|p(p))
NZ-1 1

= - ie47Ta’ ——fﬂ.

Voo [ — | .
x| aats [uuo iysU(p)

xfl dr(HC(7,&0) + 3RO (7, £)a™ (1)
-1

+U(p")

n-A L grE®
2MN75U(p)JA71 T(E (T!gvt)

+3E(O)(T,§,t))a+(7)] . (28)

Let us illustrate at the end of this section the possibl

applications of theSU;(3) relations EQs.(15),(17),(18).

With their help we can roughly estimate the ratios of yields
of kaons to pions in hard exclusive electroproduction reac-
tions. For instance, we can easily estimate the ratio of yield

of w¥(n) andK ™ (A) at smalf x (x<m,/My) as

3Reference[11] used a different spin decomposition of SPD’s

from those here.

“4For largerx we have to take into account large contributions of
w* andK*,K° poles to the spin flip SPE (see discussion belgw

PHYSICAL REVIEW [B0 014010

K™ R

T 6 ffT
X[3(2Au5—AdS—AsS)—(ZAUU—AdU—AsU)]Z
[3(Aus—Adg) — (Au,—Ad,)]? '

(29

Here we introduce valencaq,=Aq—Aq and seaAqs
=Aq+Aq polarized quark distributions. These quantities
are antisymmetric and symmetric under transposisenu
and have signatures1 and 1.(Note that our definition of
Aq, differs from the often used definitioAqs=2Aq.) We
want to draw attention that in this case both the sea quarks
(8r) and valence quarksg) contribute to the amplitude, see
Eq. (17).

For the ratio ofk® and ° yields we get the estimate

KO:m0~2f2(Ad,—As,)?% f2(2Au, +Ad,)?~3:1,
(30)

where we take for simplicityAs,=Au,+Ad,~0 for x
=0.1-0.4 (this is also in line with largeN, counting, see
below). These are surprisingly large ratios.

Ill. SPIN ASYMMETRY

The expressions for the amplitudéz6),(28) contain the
full information about the reaction +p—72+N in the
leading order of X)? expansion. In the present paper we
consider a specific polarization observable, for which we ex-
pect (see the discussion in the introductjoa precocious
scaling at moderately larg@’>~2—-4 Ge\f. We expect that
for the absolute cross section the onset of scaling occurs at
larger values 0R?=10 Ge\?. Also the spin asymmetry is

the most sensitive observable to probe the spin-flip &D
Let us consider production of the pion off a polarized
proton. The differential cross section can be written in the
form
o=0otoi([p].S.]-e)/|pl|=votailS[sinB, (3D
whereS, is the transverse projection of the polarization vec-
tor of the initial proton(or of the polarization vector of the
outgoing nucleon taken with " sign), €, is a vector nor-
emal to this plane ang is the angle between tH& andp;
(transverse component of the momentum of the outgoing
nucleon).
Using the above expressions for the leading twist ampli-

gudes of the charge®6) and neutral(28) pion production
we define

A= Jl dTF|(3)(T,§,t)(3a_(T)— at (7))
—-1

B, = fl drEC)(1,£)Ba (1) —a' (7)), (32
-1
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for the charged pion production, and m ) 27 )
1 f dBlM(B)| —f dBIM(B)|
0 T 20’1
1 = Ta 1 = .
A= | dr@O(r, 1) +3AO(r £.1))a IS, | 2m 2 7o
0 Jll T(HY(7,61) (1,&,1))a” (1) ) dgIM(B)|

(34)

e =(3) =(0) N It follows from our definition of the kinematical variabl€3)
Bo= | d7(E™(7&0+3ET 7 ))a (), 33 that p/=A,/2 with AZ=—[4(1—x)/(2—X)2](t—tm)
+0(1/Q?), where tm,=—M2x%/(1—x)+0(1/Q?) is the
minimal (in absolute valuemomentum transfer squared in
for the neutral pion production. For definiteness let us conthe reaction. In terms of SPD’s the asymmetfyhas the

sider the following asymmetry: form (for the charged and neutral pion producdion
|
[A] £Im(A, 0B o)
e ; e (35
™ £ t&e £

Ao 1= 5 )18 o~ Sraa, 87

16M3

From this expression we see immediately that the asymmetrgriginating from the long range pion tail of the nucleon wave
A would be zero if the spin flip SPB were zero. In contrast function.

to the SPDFio(r,£&,t) which in the forward limitt—0 re- 1S contribution has the forrfi9]

duces to the usual polarized quark distributidhér, =0t =) K 27\ 2F(t)

=0)=Aq(7), the SPDE(r,£,t) cannot be related to already Er'= ‘9[ | T|<?}q)w(?)T' (36)
known quark distributions. For the estimates of the asymme-

try (35 we shall resort to the computation of the skewedwhere® .(z) is the pion distribution amplitude, normalized
parton distributions in the largd, limit in the chiral quark- by f{ldz(bw(z)zl [®.(2)=3¢,((1—2)/2)]. The pion
soliton model[20,19. distribution amplitude® _(x) in Eq. (39) calculated in the
same model23,24 is very close to the asymptotic one
& (2)=3(1—2%), so we shall always use the asymptotic
pion distribution amplitude for numerical calculations. The
form factorF (t) in this model is related to the Fourier trans-
form of the mean pion fieldJ (x) = exp(i w2(x) 7°):

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

Recently the skewed quark distributidh and E were
computed in the chiral quark-soliton model of the nucleon OM2f2
[19]. In this model nucleons can be viewedNs“valence” F(— |22)= N Wj d3x exp(ilZ-i)Tr[(U(x) ~1)7.
quarks bound by a self-consistent pion fi¢lde “soliton™) 3k3
whose energy coincides with the aggregate energy of the (37)
qguarks of the negative-energy Dirac continuum. Similarly to_ ) . ]
the Skyrme model, the largé, limit is needed to justify the Taking into account that at large distances the soliton field
use of the mean-field approximation. has the Yukawa taisee e.g[22])

In [21] a new approach to the calculation of quark distri- o
bution functions has been developed within the context of lim (U(x)—1)= X7 39a
the chiral quark-soliton model of the nucle@22], and fur- - r 477ffTr2
thermore in20] this method was applied to calculate SPD'’s. (38)
The range of the applicability of the chiral quark-soliton
model to the parton distributions is limited by the conditions:one gets immediately the smalasymptote of the form fac-
|t|<MZ,7,é~1/IN,, the computed distributions refer to a tor F(t)
low normalization point of about 600 MeV. 5

According to the largeN, analysis of Ref.[19] H(® lim F(t)= — 4gaMy
<H® andE@<E® in the largeN, limit which is in line o t—mZ
with the phenomenology for the diagonal case. Another cru- "
cial observation made ifl9] is that the isovector skewed The numerical results for the form factb(t) can be found
quark distributionE®® has a strong enhancement at sntall in [19]. Let us note that the form fact®(t) in a wide range

(1+m_r)yexp(—m_r),

(39

014010-6
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of t: m2<|t|<MZ differs significantly from the pole contri-
bution (39). For example, for-t=0.35 Gef they differ by
a factor of two. In our numerical estimates of the asymmetry
we shall use the results p19].

The pion pole contributior39) corresponds to the pion
pole contribution to the nucleon form factdBp(t):

2

1 4g,M
lim f AEO) (7, 0= — A >, (40)
'(—»m2 -1 _m’"'

™

required by spontaneously broken chiral symmetry. We see
that the appearance of the pion pole&*) is a general

consequence of PCAC and in order to reproduce it in some
model it should respect the chiral Ward identities. For ex-

ample, in the computation of SPD’s in the bag mofz3]

the chiral Ward identities are violated and the pion pole con-_
tribution (39) is missed. The chiral quark-soliton model re-
spects all chiral Ward identities that allows one to split un-

ambiguously SPIE® into two pieceq19]:

E(g)(vaat):’ES?)(Tvgyt)"_Eg?r’r%ootr( T,f,t), (41)

the result forESf) is given by Eq.(36); the results for
E®) (7.&1) can be found if19].

Itis easy to see that®)(r,&,t) does not contribute to the
B, amplitude of the neutral pion producti¢see Eqs(33)].
However, it contributes to thB, amplitude of the charged

pion productior[see Egs(32)]. The corresponding contribu-
tion has the form

12F(t) (1 D (z
"y ()f P2
-1

" 13 1-22° 42

We see that the SPBE'®) Eq. (36) contributes only to the
real part of amplitudeB, , also it is strongly enhanced at
smallt and £. Using the results of Ref19] we obtain that
ReB7>ReBS™MmB, at least by an order of magnitude
for |t|<0.5 GeVf and 0.k x<0.4. In the case of the neutral
pion production with the spin flip amplitudB,, the pion
pole does not show up. As a res@l and BS™°°" should

FIG. 1. The asymmetryd, as a function of Bjorkerx at t
—0.1, 0.3, and —0.5 GéV Solid lines With asymptotic pion
distribution amplitude »=1. Dashed lines: With Chernyak-
Zhitnitsky pion distribution amplitude;=5/3.

A, | 187F (t)ImA,
A~ 2 2 !
TMy ) &\ 81t
A2 1- 2| - F(t)2—9¢F (t)ReA.,
4 M2
N
(44)
where 7=2%[1,d4®.(2)/(1-2%)] (»=1 for the

asymptotic pion distribution amplitugle
In Fig. 1 we plot the asymmetri44) at several values of
t as a function ofk. We plot the asymmetry fop=1 (cor-
responding to the asymptotic pion distribution amplitude
We show also the result fom=5/3 (corresponding to
Chernyak-Zhitnitsky model for the pion DAnerely to illus-
trate the sensitivity of the asymmetry to the shape of the pion
distribution amplitude. The instanton model gives the almost
asymptotic pion distribution amplitudesee[23,24)) already
at a low normalization point of about 600 MeV. One can see
that the spin asymmetry in the production of charged pions is
of order unity, this makes challenging the measurements of
this asymmetry. Alternatively, one can measure the recoil
nucleon polarization. Also it is seen that the sensitivity to the
form of the pion distribution amplitude is maximal at sntall
Let us analyze Eq(44) at small momentum transfet|
<m2W and small Bjorkerx<m_/My. In this range ot and

have the same magnitude. This result immediately implie the contribution of the pion poléhe spin flip part of the

that

A< A, . (43

Neglecting R&85™"and ImB., relative toB{™ we get the
following expression for the asymmet(85) A, of charged
pion production

SA similar expression is valid for the contribution of the kaon

pole.

amplitudg to the absolute cross section is suppressed,
whereas for the spin asymmetry we have the following ex-
pression:

_ 72A, | ngaMy IMA,

" mm2 A2
Y- _ £ )
3] 2 @) =2
2144‘AL|77gAMN(2H (2'§’t H 2’§,t
m2 A2

(49
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We see that the asymmetry in the electroproduction ofwvhereA is the four-momentum transfer in the nucleus rest
charged pions in this limit depends dioth the polarized frame, anca®,a are production and annihilation operators for
valence and sea quark distributions. The particular combinaaucleons with given spin states. A correlation between these
tion which enters in this case is poorly constrained by thespin states is implicitly contained in the elementary ampli-
DIS measurements. This makes the hard exclusive pion praude. Such matrix elements can be calculated using conven-
duction experiments a useful source of information on theional methods of low-energy nuclear physics. For large

polarized quark distributiors. enought one can use closure over the processes of nuclear
disintegrationA’ and write(we give the answer for produc-
V. HARD COHERENT PRODUCTION tion of neutral mesons

OF PIONS OFF NUCLEI
do(yf +A—-M+A") chr(y’[+p_>M+p’)

dt dt

In this section we discuss briefly the hard exclusive pro- E
duction of pseudoscalar mesons off nuclei. We focus prima- A’
rily on the polarization effects and comment also on the pe-
culiarities of theA-dependence related to the spin structure ,
of the elementary amplitude. dt

First let us consider the scattering off deuteron targets. (47
We explained above that the amplitude for the electropro-
duction of a neutral pseudoscalar mes@8) (in contrast to WhereZ andN are the numbers of protons and neutrons in
the charged pion production amplitydées dominated at the target.
small t by the helicity non-flip amplitudéd,. In the (neaj For small enough the result is strongly sensitive to the
forward limit A, is proportional to the spin of nucleon spin effects. Let us give several examples.
—¢(p')o,4(p), wherezis the photon momentum direction (a) For the case ofr® production off *He one finds for
and ¢(p) is the spin part of the wave function of the smallt a strong cancelation of the contribution of the scat-
nucleon. Therefore, in the case of the coherent scattering ofering off the protongin the approximation thatHe is de-

a polarized deuteron target at smathe dominant term is Scribed as &wave system

roportional to the projection of the sum of the operators of
Itohe|?1ucleon spins tgth]e reaction axis with the proBortionaIityd‘T( N +°He— 7%+ °He) _da( N +n—a’+n) Faa(t)
coefficient calculable in terms of the isoscalar polarized va- dt dt A=3L00
lence quark distributions. If this projection is zero, the cor- (48)
responding amplitude should be zero for the forward scatter- . . .
ing. This is because the matrix element of the projection of’v.hegeFA=3(t) IS a superpos_mon of the magnetic and elec-
the sum of spins of nucleons is equal to zero even if thd"C “He form fa_ctori ngrmallzeg 0 one &t 0.
D-wave in the deuteron wave function is taken into account. (B) For reactiony{ +°He— " +°H for smallt one ex-
In the case of the charged pion production dominance of th@ECtS Spin asymmetries similar to the case of scattering off a
spin-flip amplitude leads to a strong excitation of the isotrip-Proton which we discussed above. If, in line with our expec-
let two-nucleon virtual state. tations, the spin-flip amplitude dominates in the elementary

Meson production off heavier nuclei in the discussed limitcross section for smatj the cross section will be approxi-
constitutes another class of color coherent phenomena. Sinfeately equal to
the mesons are produced in small size configurations they do x .3 +.3
not interact with the residual system within the leading twist do(yc+ He—a" +7H)
approximation. Hence the amplitudes of such processes are dt
expressed through the skewed parton density of the nucleus
and can be representédeglecting small EMC like effects
as a convolution of the elementary amplitude and the nuclear dt
transition amplitude:

Nda(yf+n—>M+n’)

do(yf +p—at+n)
=—— Fuas(l), (49

whereF, o_3(t) is the magnetic form factor ofHe normal-
M(A) ized to one at=0.
(c) In the case ofr® production off “He for smallt we
_ 30/AT(R _ t c R " expect a much stronger suppression of the cross section than
_f dk(A"(A)]S(Ha AO)aS’va(kJrA)aS'Ni(k)|A>’ in {)he case of scattering offptFr)]e deuteron. Indeed, in this case
(46)  the dominant contribution in the elementary amplitude is a
vector in the spin indices which cancels out when averaged
with the |in) and{out spin zero states ofHe.

SNote that if the process+p—e-+ " +n is studied via a setup The K™ meson production is also of interest for the study
detecting only the scattered electron and one may not have Of the low-energy hyperon-nucleus interactions. In a sense,
good enough energy resolution to separate this process from th¥e have here a situation of a local “micro” implantation of
processe+p—e+7"+A° However our estimates using the @ hyperon with a small momentum in any point in the
methods outlined if18] indicate that this would result only in a nucleus, predominantly in the central region, without disturb-
slight dilution of the asymmetry. ing any other nucleons. This is markedly different from the
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pion induced processes where for heavy nuclei only producdecomposed into invariant spin-flavor structures which de-
tion near the surface is important while the final state interpend on the quantum numbers of the mekbrThey depend
actions of the outgoing kaon cannot be neglected. on the variableg; (which are contracted with the hard kernel
To summarize, studies of the scattering off nuclei willin the amplitudg on the skewedness parametér1
provide new handles for the study of spin effects, effects of—~A*/p* (in some sense, with this definition ¢fthe limit
color coherence, as well as of the spin structure of low-/—0 corresponds to the usual distribution amplitude, i.e.

energy interactions. skewedness—0 means SDA-DA) and the momentum
transfer squareti=A2.
VI. EXCLUSIVE PRODUCTION OF FORWARD BARYONS Though quantitative calculations of proces$g), (51)
OFF NUCLEONS AND MESON IMPLANTATION IN will take time, some qualitative predictions could be made
NUCLEI right away: the cross section of the process for fixednd

o ~ large Q? should be proportional to the baryon elastic form
The proof of the factorization for the meson exclusivVeactor, In particular, it would be instructive to study tee
production, Eq.(4), is essentially based on the observationgependence of the ratio of the cross section for the process
that the cancellation of the soft gluon interactions is inti- .+ () + p—, p+ #° and the square of the elastic proton form
mately related to the fact that the meson arises from a quarkycior, |f the color transparency suppresses the final state
antiquark pair generated by the hard scattering. Thus the paifteraction between the fast moving nucleon and the residual
starts as a small-size configuration and only substantially,egon state early enough one may expect that this ratio may
later grows to a normal hadronic size, to a meson. This iM¢e4ch the scaling limit in the region where higher twist con-
plies that the parton density is a standard parton densifyihytions to the nucleon form factor are still larggt is
(apart from the skewed nature of its definitiofiherefore the  \orth emphasizing that the longitudinal distances involved
factorization theorem is valid also for the production of lead-. ) . . . S
in the final state interaction of the system flying alapgith

ing baryons the residual system are much smaller in this case than in the
() +D—B(a+A)+M(p—A 50 case of theA(e,e’p) reaction, so the expansion effects
v(@+p=Bla+ta) (p=4) 50 would be much less important in this cas&nother interest-
and even leading antibaryons ing process isy* (q) + p— A"+ 7~ which may allow one
to compare the wave functions of theisobar and a nucleon
y*(q)+p—>§(q+A)+Bz(p—A), (51) in a way complementary to thid— A transition processes.

Note also, that a study of the meson spectrum in the process

whereB, is a system with the baryon charge of two. Pro- ¥* +P—p+M may help to investigate the role of pions in
cesseg50),(51) will provide unique information about mul- the nucleon wave function. In a naive model of the nucleon
tiparton correlations in nucleons. For example, progggs ~ With a pion cloud one would expect that the single pion
will allow one to investigate the probability for three quarks Production will dominate. However if more complicated
in a nucleon to come close together without collapsing thenonlinear pion fields are important in the |&@®f qq sea, one
wave function into a three quark component — such a probmay expect that higher recoil masses would be at least as
ability would not be small in meson cloud models of theimportant.
nucleon and in, say, the MIT bag model. On the other hand, Reaction(50) provides also a promising avenue to look
if one would try to follow an analogy with the case of the for exotic meson states including gluonium. Indeed, if one
positronium, this probability would be strongly suppressedwould consider, for example, the MIT bag model, the re-
At the same time reactiofb1) would allow one to determine moval of three quarks from the system could leave the re-
a probability (presumably numerically very smalto have  sidual system looking like a bag made predominantly of
three antiquarks close together in a nucleon. glue. It is natural to expect that such a system would have a
To describe in QCD proceg50), a new non-perturbative large overlapping integral with gluonium states.
mathematical object should be introduced in addition to the An interesting property of reactiof®b0) is that it could be
usual distribution amplitude®A). It can be called a skewed used to produce a mesonM” ( n,p,K-meson with zero
distribution amplitudéSDA.) It is defined as a non-diagonal momentum in the nucleon target rest frgnpeovided
matrix element of the tri-local quark operator between a me-
sonM and a proton: Q2+ 2mymy—mz,

3 3 qo=
J’ i];[l dziex;{igl xi(p-zi)}

2 (M My) 53

In the case of the production of a leading baryon off the
nuclear target, similar to the case of the production of lead-
X(M(p—A)|eanct] (z1) I#Jbz(zz)¢f3(23)|N(p)>|zi+=zil=o ing mesons discussed in Sec. V, the outgoing nucleon would
not interact with the nucleus since it is produced in a small-
= 81— L= X1=Xp=X3)Fj j,i.(X1,X2,X3, 1), (52 size configuration. Hence it is possible in the discussed reac-
tions to “implant” a meson with a small momentum in the
wherea,b,c are color indicesj; are spin-flavor indices, and center of the nucleus. This implantation has a number of
Fjljzja(xl,xz,x3,§,t) are the new SDA. These SDA can be advantages as compared to the processes of low-energy im-
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plantation sincg in the low energy processes mesons are pro- YE+p—mt+n,
duced predominantly near the surface and the interaction of
other hadrons involved in the process is, in general, large. YE4poKF+A,

Therefore procesg0) could be used for studying the me-
dium modification of the properties of various mesons. In the
case ofp-meson production an additional advantage of this
process as compared to low-energy processes is that in the
high-energy case the effects of distortion of the two pion YE+p—Ko+3T,
mass spectrum due threshold effects are much less important.
one can access different flavor combinations of polarized
VII. CONCLUSIONS quark distributions in the proton, and proBé&J;(3) for spin
) _ part of the strange baryon quark densitigsee Egs.
We have derived the general expression for the hard pseys) (17),(18)].
doscalar meson+,K, etc) electroproduction amplitude in - \e have also demonstrated that the study of exclusive
QCD in the leading order in @” anders. ‘meson production off the nuclear target will provide addi-
We have demonstrated that the distribution of the recoitional information about the spin structure of skewed distri-

nucleons in the hard exclusive production ®f strongly  putions as well as allow one to look for color coherence
depends on the angle between the momentum of the recadffects.

nucleon and the spin polarization of the tar¢mtthe outgo-
ing nucleon. This dependence is especially sensitive to the
helicity flip skewed parton distributiofSPD) E. This helic-
ity flip SPD contains at small momentum transfer the contri- We would like to acknowledge discussions with K.
bution of the pion pole due to the chiral Ward identities. Goeke, L. Mankiewicz, G. Piller, A. Radyuskin, A. Shuvaev,
Owing to the factorization theorem for the hard exclusiveM. Vanderhaeghen and C. Weiss. We thank lrrisg and M.
processefl] the relative size of pole and non-pole contribu- Penttinen for help with numerical calculations. We thank J.
tions can be estimated quantitatively using the-energy ~ Whitmore for reading the paper and useful comments. The
chiral model of the nucleofl9]. work of P.V.P. and M.V.P. has been supported by RFBR
For x—0 (i.e. t=t,,;;—0) hard electroproduction of grant 96-15-96764 and the joint grant of RFBR and the
charged mesons gives a unique possibility to measure theDeutsche Forschungsgemeinsché@FG) 436 RUS 113/
dependence of the polarized valence quark distribution in 481/0(R), by the BMBF grant RUS-658-97 and the COSY
nucleon(nucleay target. This is because skewed parton dis-(Juich). M.S. would like to thank DESY for hospitality dur-
tributions are calculable in this limit in terms of the conven-ing the time this work was done. The work of M.S. and L.F.
tional valence quark distributions in a target. Such an invesis supported in part by the U.S. Department of Energy and
tigation is especially interesting since in this limit thks BSF. After completing the paper we learned that the cross
dependence should be different from the one for the unposection of #* hard electroproduction was calculated inde-
larized case due to different quantum numbers in the crossgaendently by L. Mankiewicz, G. Piller and A. Radyushkin
channel. Additionally, comparing reactions with different [26]. We are grateful to them for the discussions and an
flavor quantum numbers, like e.g.: exchange of results.
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