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Structure of the virtual Compton amplitude with an additional final-state meson
in the extended Bjorken region
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Using the framework of the nonlocal light-cone expansion a systematic study is performed for the structure
of the twist-2 contributions to the virtual Compton amplitude in polarized deep-inelastic nonforward scattering
for general nucleon spin with an additional scalar meson in the final state. A useful kinematic parametrization
allowing for appropriate triple-valued off-forward parton distribution amplitudes is given. One-variable ampli-
tudes being adapted to the fixed parameters of the extended Bjorken region are introduced by decomposing the
Compton amplitude into collinear and noncollinear components. These amplitudes obey Wandzura-Wilczek-
and Callan-Gross-like relations. The evolution equations for all the distribution amplitudes are determined
showing that the additional meson momentum does not appear in the evolution kernels. The generalization to
n outgoing mesons is given.
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[. INTRODUCTION practical importance than that of a single isolated hadron
¥y +H1— v5 +H,, which was studied befor8—7].
Compton scattering of a virtual photon off a hadron, In this paper we extend the description given in the ordi-
nary nonforward case in Reff5—7] to physical processes
v*(qy)+H(py)— v* (qp) + H(p,), (1.2) with an outgoing scalar meson,

: : . : . Y (A1) +H(p1)—y*(d) +H(p2) +M(k), (1.2

is an important process in quantum chromodynamics. This

general process covers a series of different reactions throqu investigate which of the properties derived in Rgts-7]

\(/jv_h|ch a variety offmclulswe wgformatlon on thgl shorlt- remain valid in the more general situation and which are
Istance structure of nucleons becomes accessible at alr%ﬁanging to account for more realistic experimental situa-

spacelike virtualities. It is also closely connected to the spinjons'\which allow for additional studies of distribution func-
problem of the nucleon. The case of forward scattepng tions emerging in nonforward scatterifigd].

=Pp,=p describes deep inelastic scatteriiyyS) off unpo- If one looks for a diagrammatic representation of the am-
Ianzed or polarized targets which is widely discussed in theplitude for the processl.?) then even in the special kine-
literature, see, e.gl1,2], andp, #p, corresponds to the ge- aiies of the Bjorken region forpg+k—p;)? being small,
neric (ordinary) noqfonNard virtual ComPtO” sc?tterlng there appear different production mechanisms. However, if
[3-7], for recent reviews se8]. In the special casg5=0, one has in minqagz M2, k2=m?, andp,-k<M? then soft
i.e., when the outgoing photon is real, this process is calleg,ocesses between the two final particles and the incoming
deeply v!rtual Clomptlon scattclarlr'@VCS). lari | particle|p,) are essential and we have to use a generalized
Experimental results on polarized and unpolari@eeply  gisuinytion amplitude(p,,k|O |p,). For other cases one

virtual) Compton scattering were reported [8-13. The .y v to make models which use wave functions of the
kinematic domain of some of these investigations is bound t(ﬁucleon(p2| and the mesorik |

rather low values ofQ2. Experimentally the final state in The Compton amplitude for the proceds?) is given by
deep-inelastic nonforward scattering contains, aside from the
(virtual) photon and final-state hadron, E4.1), a series of

other hadrons, which even may emerge at the amplitude T, (P P ’k;Q):if d*x €9(p,,S,:k,0)
level. The latter process is much more likely and of greater
X X
o | o232y
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P.=P;*Pi=p,*p;+k, q=3(q;+0), (1.9 eration to the case of one additional final-state meson and
return to the case af-mesons in Sec. VII.
and k are chosen as independent kinematic variables. As It is important to remark that all physical processes men-
usualp; (p,) andq, (g,) denote the four-momenta of the tioned above are distinguished only by taking different ma-
incoming (outgoing nucleons and photons, respectivedy.  trix elements of the same renormalized opergt&|, namely
andS, are the spins of these nucleons dni$ the momen- the renormalizedR) time-orderedT) product
tum of the outgoing scalar mesop..=p,=*p; denote the

independent kinematic variables in the ordinary nonforward T (x)ERT{J (f) J (_ E)S (1.9

case. In principle, this set of kinematic variables can be ex- mr 2) 2]

tended to the case ofoutgoing(scalaj mesons of momenta

ki, i=1,...nwith P;=p,+2k;. where Ju(x) w(x) Yu#¥(X): denotes the hadronic current
In ordinary nonforward Compton scattering theneral- and S is the renormalized matrix. Near the lightconex?

ized Bjorken regions defined by the conditions —0, this operator will be decomposed via the nonlocal op-

erator product expansidri6] into a series of nonlocal light-
v=qp,—» and Q?=-q?—wx, (1.5 ray operators and the corresponding coefficient functions:

keeping the variables A 1 ~ -~ ~
Ping TM,,(X)=J_ldzxCFW(XZ,Kix;,uz)RT[OF(le,sz)S]

aqp- CI1 a5
=- and 7= = 1.6 i
& an. 7= 40, 5 (1.6) + higher order terms. (1.10

The coefficient functions are singular on the light cone. They
are entire analytic functions with respect# resulting in a
restricted integration range 1< «;<1. The unrenormalized
light-ray operators in this expansion are given by

fixed. This definition has to be extended now by taking into
account the additional momentuiWe define theextended
Bjorken regionfor light-cone-dominated QCD processes by
the conditiong1.5) keeping the following three variables:

" qP_ ak O (,1X, ke2X) = h( keX) TU (k1 X, KX) h( KX)
qP. n:qP , and qup 1.7 (1.1
+ + +

with some specified” structure of Dirac matrices and the
fixed. Furthermore, this can be extended to the casa of usual path-ordered phase factor,
mesons by the obvious generalization Bf and keeping
xi=(gk)/(qP.) fixed. In the limitk;— 0, these definitions
reduce to the usual generalized Bjorken region.
For completeness, we list the different kinematic domains
for forward and general nonforward processes and the relateghsuring gauge invariance. Heﬁg is the gluon fieldg the

scaling variables. These domains are distinguished as fokirong coupling constant, andis a lightlike vector depend-

lows: , o _ ing onx via a non-null subsidiary four-vectaf,
Bjorken region for forward scattering; fixed quantity:

(or Xg=—03/2q;- py). - l
Generalized Bjorken region for ordinary nonforward scat- X=x=—((x{)~ V(X0)2=x2¢%)  with  ¢%>0.
tering, including DVCS kinematics faq2 0; fixed quanti- ¢ (1.13
ties: ¢ and ». In the special case of DVC&= — » holds. ’
Extended Bjorken region for nonforward scattering witha |, Eq. (1.10 the flavor structure has been suppressed.

E=—

U (kX k,X) =P ex;{ “ig f“dTﬁAM( TSZ)) (112
K2

single ?ut%oiggB_scilar me§0n;ffixed ?Uamitéés:”’tf‘”q)(- " Eventually, in the singlet case, also operators containing the
n-extended Bjorken region for nonforward scattering wi .
n outgoing sce{Iar mes%nS' fixed quantities; agr]1d _gluon field strengtiF ,, and their duaFW have to be taken
’ - into account. The contrlbutlons which contain four or more
Xir oo Xne (ant)quark fields will be denoted by “higher order terms,”

By conservation of momentum, possibly also together wit{powers of the gluon field

strength, etc. By construction, the nonlocal light-cone expan-
P+ Qi=po+ q2+2 ki, (1.8 sion, depending on the order qf terms being taken into ac-
i count, leads to gsubasymptotically relevant part and a

well-defined remainder being less singular, see RAf.
one can show that and  possess the same interpretation as  Taking matrix elements of the operatd®$ and perform-
in the ordlnary nonforward case. Especially, also the I’e|atl0rhg a Fourier transformation in the expressidn3) leads to
n=(a3—q3)/2v holds for processes including the outgoing the physically interesting nonperturbative distribution ampli-
mesons. The variableg describe the momentum fractions tudes. Because the operational ingit9) for these ampli-
of the mesong; in the infinite momentum frame defined by tudes is the same for the different processes described above,
the momentun®P , . In the following we restrict the consid- the evolution equations of these amplitudes are determined
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by the renormalization group equations of the opera@fs Appendix A contains the projections of the twist-2 opera-

and, therefore, also by the same anomalous dimensions. tors on the light cone. In Appendix B we construct the helic-
This paper is organized as follows. In Sec. Il we discussty basis for both photons and calculate all the helicity am-

the quark-antiquark operatd2.13 as operational input for plitudes. These projections show in explicit form that the

the (extended Compton amplitude. This allows one to use procesg1.2) is current conserving on the level of tgema-

the known anomalous dimensions of this operator to writetrix.

down the evolution equations for the relevant distribution

amplitudes used in the process including an outgoing meson.

The evolution kernel required for these evolution equations [l. OPERATOR STRUCTURE

is determined by the anomalous dimensions of the quark- In thi i di th tor struct f th

antiquark operator and further computations of Feynman dia- n this section we discuss the operator structure of the

grams are not necessary, at least at one-loop order. Furth Cr:_ompton amplitude which will be used in the following sec-

more, this operator possesses a known twist decompositioa?]gsarzor;lr?l\gtg’vsetrd';cﬁz anlt)r/]éhg Z?Xgrgoﬁg]%fésifsf_
given in Refs[17,18. In this paper we only determine the P v et ' b | u

twist-2 part of the Compton amplitude in the simply ex- tion for the flavor singlet case is to be carried out similarly.

tended Bjorken region which generalizes the twist-2 repre-C As twas m?tntg)ged ;boll/.e, t_he _opergltc;;] input_for lthe
sentation known for forward and ordinary nonforward scat-. ompton amplitu wAP= k) is given by the renormai-
tering. ized time-ordered product of two electromagnetic currents,

In Sec. lll the twist decomposition of the matrix elements Eq.(1.9. waously, in lowest order in the coupling constant
he S matrix can be set equal to one. Then, by applying the

and the necessary decomposition into suitable kinematic fa%iv. K th 10 this i dered duct and mat
tors is performed, thereby using the hadron equations of ma- Ick theorem o this ime-ordered product and approximat-

tion. This section also includes the definition of the distribu-"9 the quark propagator near the light cone by
tion amplitudes used in the process considered.
In Sec. IV the twist-2 part of the Compton amplitude is —
calculated. It will be shown that, in the extended kinematic SO6m) =19+ m)Ax,m)
region, the amplitude depends on the three scaling variables %
¢, m andy and is given bytriple-valued distributions e
In Sec. V we extract integral relations contained in the 2mi(x*—ie)” 8m(x"—ie)

(2i + mK)

Compton amplitude and Sec. VI includes the evolution equa- 3
tions obeyed by the distribution amplitudes. In(—x2+i€)(8i + mK), (2.1
In Sec. VII we add some remarks on generic properties of 12872

the results obtained in the preceding sections and consider
the case ofn outgoing mesons. Section VIII contains the A
conclusions. one obtains the following description of the operalgr,(x):

X X 1 m? N
T J“(E ( _5) ~ X i et e X
. — m2
X (XI2) Y, o V(= XI2): = (= XI2) v, Vo ¥y ¥(X12) - ]—im 4772(X2—ie)_ 16772|n(—x2+ie)

XL (X12) 0 (= X12): = (= XI2) 0y (X12): 1+ G [ (XI2) Y — XI2): + 2 gp(— X12) gp(x/2): ]}

2
— 2X X, =0, X

+ 1 (XI2) y, p(XI2) (= X12) y g —X12): + oAt (2.2

The renormalization symbdR is suppressed in the notation. be omitted. In fact, the lowest twist contribution of all quark

The four-quark operatoyy, ¢4y, ¢ has no singular coeffi- Mass terms is contained in the operator

cient on the light cone and is of minimal twist-4 and the last . .

term stems from disconnected diagrams. Both terms are m[:(X/2)io,,y(—X/2): = p(—=XI2)iT,,(XI2):]

therefore discarded, see REZ]. (2.3
The quark mass terms resulting from the mass-dependent

part of the operatori¢+m) are less singular and will also with o,,=(i/2)[y,,v,] and is of twist-3.
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The first term of the expansiof2.2) is of main impor-  x. =1(k,*x;) with Kip= Ky FK_ (2.10
tance, because it contains the leading light-cone singularity
and its minimal twist contribution is of twist-2. It also con- and use the following integration measure in the light-cone
tains terms of higher twisttrace terms and quark mass expansion:
terms resulting from the mass dependence of the scalar
propagatorA (xm). These terms are also less singular on the D2k=dk;dk,0(1— k1) O(1+ k1) (1 — k5) O(1+ ky)
light cone.

Using the standard relations =2dr,dr 01— stk )0(1+ K, —K-)0

. X(1—ky—k_)O(1+ +Kk_).
7#7&7V:SMaVB7ﬁ+Is,uavﬂ'ys’yﬁi (24) ( K ) ( e )
_ _ In terms of the variableg , and«_ the coefficient functions
S,uV|aB=SMaVB=(g,uagVB+gvag/.l.ﬁ_g/.wga,li’)! (25) read *
where we indicate tha, ,,z is symmetric inuv and ag, _
and noticing that the operat(®.2) is dominated by the light- I
g perat.2) Y 9 Coya X ks k)= ————— (k)

cone singularityx>~0, one arrives at 4m3(x2—i€)?

. ix“ X X X[8(k_+HFo(k_—H].
T,uv(x)%m{sﬂavﬁRT{oﬁ(z,_ E)S 2 2

(2.11
, 55 X X Using these conventions one obtains the following represen-
T120pRT) O 5, = 55| [ (28 tation of the operatol ,,,(X):
with the (unrenormalizegllight-cone operators X X
RTJ,|=]|Jd,| —=|S
i M2 2
OF(xI2,—xI2)= Sk W(X12) YPp(—x12):
o ~ fRZDZK[Cl(X21K+ nK—)S,uV|alg;(a
— (=X Y Y(xI2):],  (2.7) - -
. XOg((ky =KX, (k4 +K_)X)
- - i ~
O5B(x/2,—x/2)E§[: (XI2) Y Y (—X/2): —iCo(x% ks K )E,, PX,
+ (- XI2) P u(X12):]. (2.9 X Oy =X, (k4 =60 (212

This expansion has to be viewed as a simple form of thdn ~general, the renormalized nonlocal —operators
nonlocal light-cone expansidi.10 from which the suitable  Og(«1X, kX) andOZ(le,sz) containing the phase factors
I' structures can be read off. When considering generalj(«,x,«,x) are given by
gauges the phase factdi «;X, k,X) must also be included
into the light-cone operator®”? and O%/. Taking into ac- ~ o~ — - -~ ~ ~
count also higher order terms of tigmatrix additional op-  Os(K1X, k2X) = ERT{[:‘p(le) vpU (Kk1X, k2X) P KoX):
erator structures come into the play which, of course, are o
subleading. — 1 KX) YU (K1X, KX) ( K1X): ]S},
The « integration appearing in the light-cone expansion (2.13
(1.10 connects the coefficient functions, given here at the '
Born level,

OB (e, k%) = 5 RTIL U 13) Y57V k3%, kX))

— 5 5[ 0(k1—3)8(kpt 3) - - - - ~
2772(X2—I6)2[ (2 (k2 +:(,ZI(KZX)’)/S’}/BU(K1X,K2X)I/I(K1X):]S}.

+ 0(Kky—3)8(k1+3)] (2.9 (2.14

2 —
CiIZ(X 1K1, KZ) -

with the respective operators. As is known from the generaln the following we assume that the operat@rg andO% are
analysis of the light-cone expansi¢8] the Fourier trans- renormalized quantities.
forms of the coefficient functions in Eq1.10 are entire

analytic functions with respect to the variabieg; which || TwiST DECOMPOSITION AND MATRIX ELEMENTS

leads to a restriction of the integration rangexg@fand «,, to o o

the interval —1,+1]. The nonlocal operator® 4( «1X, kX) and OZ(le,sz),
For later convenience we introduce the variables Egs. (2.13 and (2.14), contain contributions of different

054029-4



STRUCTURE OF THE VIRTUAL COMPTON AMPLITULE . . . PHYSICAL REVIEW D 65 054029

twist. Here, the notion of twist is used in its original form Here, the spins of the nucleons have been suppressed in the
[19] as notation. Let us mention that the geometric twist decompo-
sition of the matrix elements is due to the twist decomposi-
(geometrig twist (7)=scale dimension(d) tion of the nonlocal operators. Usually, in phenomenological
considerations another notion of twist, called “dynamical”
twist, is considered which has been introduced in the decom-
L ) position of the(forward matrix elements by Jaffe and Ji
The operators' appearing in the expans@ql'z) of the [21]. The interrelation of geometric and dynamic twist was
Compton amplitude have to be decomposed into their variz,ngigered in Ref{22]. In the case of lowest twist-2 there

ous tyvist parts. On the light cone they contain Contributionsappears no difference, but for higher twist the mismatch of
of twist-2, -3, and -4 dynamical twist with respect to geometric twist leads to dif-

fering structures.

—Lorentzspin(j). (3.1

_ w2 tw 3 tw 4
Op=0p "+05"+05", (3.2 Because of translation invariance,
5_ ~5tW2_ ~5tw3_ ~5tw4. ~ o~
Op=0p" "+ 05"+ 05", (33 (p2,K|O(Kk1X, k2X) [pa)
however, off the light cone they contain an infinite series of =ei"+;P*(p2,k|O(—K,7(,K5<) [p1), 3.7

growing twist. o ) )

A group-theoretical procedure of the twist decompositionit IS more convenient to discuss the centered operator
has been worked out in Refisl7,20| and applied to various O(— X, «X). Henceforth, for brevityx_ will be denoted
physically relevant light-ray operators. As a result, theby «.
twist-2 part of the operatore2.13 and (2.14 can be con- In the ordinary nonforward case one usually parametrizes
structed out of the twist-2(pseud® scalar operators the scalar matrix element by a Dirac- and a Pauli-type con-
OO 11X, kX) =XPOG)(k1X, k,X) by applying the inte- tribution,
rior derivative - -

K1(X,p2,p1) =XPu(pz) ypu(py), (3.9

—— 1. -
de=(1+X3d)d— =xz0° with d?=0 3.4 - - 1_
p= (X095~ 2% (34 Cal3,P2,P1) =X U(P2) 7P U(PY). (3.9

on the undecomposed light-cone operators and performing a — ) ) ,
subsequent integration(which stems from the normaliza- Whereu(p;) andu(p;) are on-shell spinors of the incoming
tion of the local operatoys and outgoing nucleonsn, is a dimensional mass scale

which is kept fixed, andog,=(i/2)[ vz v.]. Because of
o 1 L p_-—0 the Pauli type factoiC, vanishes in the forward
O‘ﬁWZ(le,sz)z —J d7In 7dgO( k17X, k5 7X) limit. Using these kinematic factors the matrix element can
0 be parametrized as follows:

P ~ o~ ~ ~
= fo dr| dg+ Eln TXB(92 O(Kk1TX,koTX). (P2|O(— kX, kX) |p1)
2
39 = 3 Ka(¥P2 poTa(s5p XD PPy 7).
According to its structure the tracelessness of the operator 31
(3.5 which corresponds on the light cone to the requirement (3.10

tw 2 > o\ — : F - ~
dPOp"“(k1x,k2X) =0, is trivially fulfilled due to the prop- ere. the coefficient functiong, are the distribution ampli-

erty of d?. An analogous relation holds for the axial vector,[udes inx space. Thev depend axp: and all possible prod-
and pseudoscalar operator. The twist-3 and twist-4 parts pace. ydep Pi P b

—fn2 A2
however, cannot be constructed out of {peeudgscalar op- uthS of the tvl\{o Tomentzipi Pi= d{tphl’pz’plf?z}' as W?" ason
erator since the latter, when restricted to the light cone, j{he renormalization scalg and the coupling constagt .
already of twist-2. If an outgoing meson is present in the process, which
Since we want to extract the twist-2 part of the Compton™€2nS that one has to construct the matrix elements

amplitude, relation3.5 will be applied to the matrix ele- (P2,k|O(— xX,«X) |py), the representatiof8.10 of the sca-
ments of the operators considered: lar matrix element must be modified because of the presence

of the additional momenturk. Especially, further kinematic
structures occur. They can be determined in a straightforward
way by using the following parametrization of the scalar ma-
trix element:

(p2.K|OF 2(Kk1X, k%) | P1)

1
:de
0

<p2:k|O(K17;(:KzT;<) |p1).

- 1 ~ o~y
dg+ Eln TXgd

<p21k|o( - K’;(a K’;() |pl>:U( pz)A(K‘;(, p2!k1 pl)u(pl)v
(3.6 (3.1)
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with - -1

K4(X,p2.k,p1) :Xﬁm_(ua-ﬁakau)1

A(KX,Pa,K,P1) = Al+ B,y + Clap 0™+ Dy vy °
(3.12

~ ~, 1 —
— H a o 5
It is an easy task to find the general structureAefD al- ’Cs(xapzyk,pl)—XﬁE'Sﬂayﬁpzkypl(UV u)
lowed by the momenta,,,p2, K, , the metricg,; and the 0

Levi-Civita tensore , demandingA not to be a pseudo- .
Bays o\ P for the matrix element of the scalar operator and

scalar.
Using the equations of motion for the hadronic momenta _ o
p1, andp,, with M denoting the nucleon mass, K3(x,p2.K,p1) =xP(uy®yu),
YP1aU(p1)=Mu(py), (3.13 _ e
o o ICZ(va2!kvp1):Xﬁﬂ(u’ysgﬁapzu)!
U(pz) yap2a: Mu(pZ)l (314}
the decomposition of the matrix elemg@Bt1l) is ~ ~, 1 — N
P K3 P2 ki, po) =X 5 (07K 7 k) (318
Ki=(uu), °
' 5.3 —'"ﬁi .5 a
K= (uku), Ka(x,p2.k,p1) =x mo(uy 0K ),
4= —(uku) (3.15
3:_ UuKku), . - - 1 . _
Mo Kg(xvp21kvpl):Xﬁﬁlsﬁayépgkypf(uu)

0
K= (K
4 m_o(u u, for the matrix element of the pseudoscalar operator. For ex-
plicit calculations it is important to note that each fackdy’
1 - 5— has a lineax dependence,
Ké: EI SBayﬁxﬁpgkypl(u‘ysu)a
0 ~ ~
Ka(X,p) =X’ Kap(p),
where an auxiliary mass), has been introduced in order to
get kinematic structures of equal dimensionality. Then, the K3(x,p) :”)gﬁ;cgﬁ(p)_
scalar matrix element is parametrized by a sum over the five

: : ' .
kinematic factorsC; as follows: Using the equations of motion again, the factkirsequal the

5 following combinations oftC; :
(P2, KO(—w%, k%) [p1)= 2 Ki(x,p)T4(xXP,Pipy . 1%), ,
a=1 Ki=K3,
(3.16
wherep={p;} ={p1.,p2.k} generically denotes the multivec- K2=I—(7<p2+7<k+7<pl)lq—ZiMICé—iIC[l,
tor in the space of all théhree hadronic momenta. Mg Mo

Although one possible set of kinematic factors is given by
Eq. (3.16), it will be more convenient to choose another one _
which is also linearly independent and contains the original Kz= m—(Xk)/Cé, (3.19
kinematic factorsC, . Mimicking the Dirac and Pauli struc- 0
tures we choose i

_ o Ka= —(XK)K;—iK;,
Kl(X!pZIK!pl)ZXB(UYBu)n mo

~ =B 1 — « ’C5: ]Cé .

Ka(x,p2,k,p1) =x E(Uﬂﬁapfu),

This shows that théC, constitute a suitable set of kinematic
B 1 factors for the scalar matrix element. In the lirkit-0 they
K3(X,p2,k,p1) =xF — (ukgyk*u), (3.17  obviously reduce to the g)lrac and Pauli structures. Analo-
Mg gous statements hold fd¢; .
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The decomposition of the matrix
O(— kX,«x) and O%(— kX, kX) now reads

(p2.K|O(— kX, xkX) |py)

5
=a§=‘,l Ka(X,p)Ta(kxp,pip; 1%),  (3.20

(P2,K|O3(— X, x%) [p1)

5
=a§=)1 K3, p)F3(kxp,pip; ). (3.2

element of

PHYSICAL REVIEW D 65 054029
(p2.,K|O(— kX, kX) |p1)

5
=> IC""(?(,p)f D3z e Pt (z,,Z_,Z,).
a=1 RS

(3.29

In the following the explicit summation overwill be omit-
ted, but will be indicated by the position of the indax

The expression(3.25 will be inserted into Eq(3.6) to
calculate the matrix element @L‘”z. Thereby, it is impor-
tant to state that the— scaling in equatiori3.6) refers tox
and not tox. Performing a change of variables —z. /7
and z,—z /7 we get the following form of the matrix ele-
ment, for the general casg # — «»:

In principle there is also a dependence on variables like

pipsz. Because the latter dependence vanishes on the light
cone, it will not be discussed in the further considerations.

As has been shown in RdfL8] the wholex? dependence is

governed by harmonic extension off the light cone if the

operator structure is already given on cone. Tifedepen-

dence is governed by the evolution equations obeyed by the

functionsf, and will be discussed in Sec. VI.

<p2,k|ot2aN 2(k1X, k2X) [P1)

1
:J dz+dz,dzkf dr
R® 0

1 - ~
X_Belx(K+ TP_— KP)XPICap

S
(?lenTXﬁa

As a next step, a Fourier transformation of the functions T

f, is performed,

F.(kXp) = ﬁ RsD3z e 1At (7). (3.22

Because also the functiofig(«kxp) are entire analytic in the
variableskxp, the support of their Fourier transfornfig(z)
is restricted to the interva] —1,+1] in the variablesz
=(z4,2,,23). Therefore, the measure

D3z=dzdz,dz0(1—2,) 0(1+2;) 0(1—2,)

X O0(1+2,)0(1—2z3)0(1+2z3) (3.23
has been introduced to realize this supppztis simply the
product of the vectorp and z, see EQ.(3.24). To get a
representation in the momenka. andk one introduces the
variables

1 1 _
2,=5(21%+2y), z2_-=3(2,—21), Z%=23— 1y,

with

Z]_:ZJr_Z,, 22:Z++Z,, 23:Z++Z—+Zk-

Using the abbreviation

P=P. .z, +P_z_+Kkz=p,z;+p,rz,+kzz=pz,

(3.29

the scalar matrix element is represented by

Z, Z_ Zy
X(p)fa<_ _77)(T’Z+’Z—’Zk)l

T T
(3.26
where the abbreviation
O(r,zy,2,2)=20(7—2,+2_)0(7+2,—2_)
XO(t—z,—2_)0(7+z,+2)
XO017—2,—2_—7)0(t7+z2,+z2_+2)
(3.2

has been used. Carrying out the differentiations we get
<P27k|OzV2(K17(aK27<) [p1)

tdr iX(k . TP_—KP)r-a
= ‘|w3d2+dz_dzk O;e +7F - K2 (p)

Z, Z_ Z
Xfa 7,7,7 @(T,Z+,Z_,Zk)
| %
X ng+|(K+TP_B—KPB)Xp—?

XIn (k. 7P_— kP)?X,—2i (k. TP_,— kP,)]|.

(3.28

This form of the matrix element is yet rather complicated.
Since only the centered operator is needed in the following
considerations, we sat, =0.

054029-7



BLUMLEIN, EILERS, GEYER, AND ROBASCHIK

PHYSICAL REVIEW D65 054029

To derive a simpler representation for the matrix elementhigher twist this has been omitted. Second, every distribution

the 7 integration will now be comprised into the functioRg
and Fg, the latter denoting the trace part, defined by

_ 11, (zy z_ z
Fa(z)=Fa(Z+yZ—ka):f0 dT;fa e Rtiond F

(3.29

A

(3.30

1 In7, (zy Z_ Z
Fi(2)=Fi(z. ,z_,2)= dr—3fa( . k),
0 T

with T‘a given by

~ 2y Z_ Z Z, Z_ Z
fa(_+ - _k)Efa(_Jr!_y7k>®(T!Z+’Z—’Zk)'

A T T
(3.3)

amplitude of definite twist—also off the light cone—depends
only on thez variables and, possibly, on the momeptahe

x dependence is completely contained in the accompanying
factors including, of course, the exponentil “*”. These
general expressions which are given in terms of Bessel func-
tions of the argument«/2)\(xP)2—x?P? have been deter-
mined in Ref.[18]. (For the twist-2 case of DIS this state-
ment has already been made in R&3].) Restricting onto

the light-cone leads to the expressiof32 and (3.33.
Third, these properties hold for the operators of definite twist
and are transposed to the corresponding matrix elements, in-
dependently of how many particlésmmomenta occur in the
incoming and outgoing states. Therefore, if a Fourier trans-
formation containing these matrix elements has to be per-

formed this can be done by simply replacikg:x. (In Ap-
pendix A we give these expressions explicitly together with
their restriction onto the light coneThis will be applied in
the next section for the expressions E@32 and(3.33.

Obviously, these distribution amplitudes are not independent, IV. COMPTON AMPLITUDE

and the restricted integration rangezispace finally is con-
tained in the support properties of the distribution amplitude
Fa(z..z_,z) andFi(z, ,z_ 7).

After the substitution ofF, and F} in Eq. (3.28 with
k=0 one obtains

(P2 KO 2~ i%,15%) | py)

(9p,— 1 kPgX,)Fa(2)

=f ,dz, dz. dz e %P
R

—Xz—”’(K27>2>"<p+2iK7>p)Fg(z) K2 (p) (3.32

for the matrix element of the twist-2 part of the vector op-
eratorO,,. The matrix element of the axial vector operator
0> ™2 possesses a similar representation

(p2.kIOZ™ A — kX, kX) |p1)

(9p,— 1 KPgX,)F2(2)

:f Jdz,dz dz e 1P
R

X
— S (PP, +2ikP,)FL (2) | K(p),

(3.33

with F> and F2" defined analogously t&, and FY, by
exchangingf, andf2 in Egs.(3.29 and(3.30.

Here, some general remarks are in order. First tripée-
valued distribution amplitudes EP(Z+ ,Z_,z) and
F(® "z, ,z_,z) are uniquely related to the twist{2xial)

vector operators and, in principle, should have been marked

by the related twist=2. However, since we do not consider

Now, we are in a position to compute the twist-2 part of

Ihe Compton amplitud¢l.3). Of course, we need it in the

extended Bjorken region and, therefore, can restrict our con-
sideration to the neighborhood of the light cone. Thus, we

will take the matrix element$3.32 and (3.33 with X re-
placed byx. Merging everything together, we use the repre-
sentation2.12) for the time-ordered product of two hadronic
currents, insert Eq$3.32 and(3.33 for the matrix elements
of O}'? andO3™* and obtain

T A(p2.k,p1.0)
:ifd“x einf D2k X [C1(X?, k4 &) S, P
]R2

X<p21k|ot[\3N2((K+_ K)X, (ki + K)X)|p1>
- iCZ(XZaKJr aK)S,U,Va'B

X (P2, klOZ (k1 = k)X, (k1 + K)X)|P)].

4.7
The argumentsk, and x of the coefficient functions
Ci(X%,k, ,k) are fixed atk, =0 andk=*1/2, so that we

can use the symmetry properties of the opera@fsand
05
B!

OB( — KX, KX)= _OB(KX, — KX),
(4.2

O3 (— KX, kX) = OR( KX, — KX).
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For the computation of the Compton amplitude it suffices to
know the operators at these given points, but for the investi- T;‘L’Vf: - Zf 3dz+ dz_dz
gation of the evolution of the matrix elements their represen- i
tation at general values af . and « is needed, see Sec. VI
for the details.

Performing thex integration one obtains

Q%+ie

PB Qp

H @ 5
X _ISMV quz[gﬁp+ﬁ Fa’CSap

d4 +[gup(qv_PV)+ng(q#_PM)_guv(qp_Pp)
w2 B X i0
T,Y”V(pz.k,pl,q)——ZfR3dz+dzf dzkf —27726' g

Q
+ . [Qupv+ QVP,U,_g/.LVPQ]

F_ K2»
Q% +ie a

X

X—a S V“ﬁ
(xz—ie)J it

i
(gﬁp_ EPBXP> Fa L
+ { 9Pyt ﬂ[(ZQuQV— 9,,99)P,

1 i
§792xp+ EPP) Fg} K3 —ie, "

1
i _E(ngQ,U,_I—g,upQV_ZgMVQp)/PZ}
x| gg,— Epﬁxp>|:g/c5ap], (4.3
Q,P?

where the abbreviation
which is expanded with respect to the functicﬁi:; F., and
FY with the trace term separated from the antisymmetric and
remaining symmetric part.

This structure of the Compton amplitude is a generic one
because it is also valid for the ordinary nonforward case: The

additional structures arising due to the momentuare hid-

has be_en used. They term which results frpm the traces of den in the summation over the structure functiéhs F>,
the twist-2 operator vanishes for the axial matrix element ndEY and in the definitions oP and Q. The r 0 for that
because,xg is symmetric. As a last step in the computationa ad € de ons oFa - Inereason for tha

of the Compton amplitude the Fourier transformation is car—res'.UIt IS an outcome of the twist structure of the operator
ried out by using which is the same for all the matrix elements under consid-

eration. It holds also for the case nfoutgoing mesons.

For P=p,z,+p_z_ and summation over the Dirac and
Pauli structures one reproduces the form of the Compton
d*x Xq Q, amplitude given in Ref{7]. Here, the additional terms con-

J’ P 19 2 . 2 2. taining the functiong=J arise, because the trace term in Eq.
2m (x*=ie)” Qtie (3.6) has been taken into account.Kfis not present in the

process this term vanishes in the limit

Q=q—-3P=q-3(P,z, +P_z_+kz) (4.9

) i '%01 4.6
f d_xeiQx Xaxﬁ =—j ga,B +9i QaQﬁ plpj ( )
2 2 2__; 2 2+- 2+. 2
T (x2—ie€) Q°+ie  (Q°+ie) PLU(py) =0, )
U(pZ)’y’upzlu.%or (48)
A XXgX 2039, 05,90+ 94,2
f P Lt pzzzg =t gfp. zg PP settingM and t=(p,—p;)? to zero. Therefore these terms
2 (x*=ie) (Q°Fie) have been omitted in Ref7]. If the five kinematic factors

KCa(x,p) containing the momenturk are present this is
0,959, a7 | ) S .
_g—=F=p priori no longer the case since nonvanishing contractions
(Q*+ie)® like (uku) appear. Therefore, this term has been taken into
full account here.

In general, terms containing the produg;® do not
and the summation over and g is performed in the sym- vanish in the massless limit, while terms containing
metric part ofT',,” by using the form2.5) for S,,,#. Then P2, pip;, are small compared to the large invariants. This
for the Compton amplitude we get the result leads to the approximation
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1 1 _ 1 1
Q%+ie q2—q73+ie_ Py §+(zi+nz_+xz)—ie’

4.9

We apply these approximations to the Compton amplitude and get a representation for its twist-2 part in the massless limit and
in the extended Bjorken region, which depends explicitly on the three variablesndz,:

1

1
- qP+ §+(Z++ 772_+sz)_|E{[g,u.p(qv_,Pv)—i_ng(q,u_,P#)

tw2_
T = —2L{3dz+ dz_dz

_g;LV(qP_Pp)]’ I:a(z+ Zo ’Zk)’CaP+g#V’Pp. Fg(z+ Zo rzk)’Cap_isuva'Bqagﬁp' Fg(z+ Zo !Zk)Ksap}
1 1

+ 5" -

(qP4) [E+(z++nz_+ xz) —i

6]2{[qﬂpy+ qvpu_ P/,LPV_ g,uvq . P] Qp' Fa(z+ 2o uzk)’Cap

+(20,0,-0,,9°+9,,09-P)P, Fi(z, ,z_ ,z)K¥*—ie,,*Pq,PsQ, F3(z, ,z_ ,z) K>} (4.10

This form of the Compton amplitude will be used in the generally define double moments of the triple-valued distri-
further considerations. bution amplitudes leading teingle-valued distributiongs
follows:

V. INTEGRAL RELATIONS

The variablesz. andz, are not directly measurable be- Fa (t;gx)= 1 f dz_f dzkznlezFa
cause they appear as Fourier variables of the distribution 12 thitn2 -
amplitudesf,. The scaling variablé, however, can be re-

garded as a physical quantity and it is therefore quite natural X(t=7z-=xz.2- 2
to use the new variable 1 1d t
— _7-Tn1+n2‘]?a (_'77)()
n,n Al
t=z, +9z_+xz, (5.1) titn2jo 7 vAaT
. . . . . (5.9
as integration variable in the denominators of Eg10.
By the definition(3.24) the vectorP contains the vari- o
ables z. and z, and must be rewritten using the set — Js'gn()d_)‘)\—nl—nz.fa (N7 x)
{t,z_,z/}. This is simply done by introducing the combina- t fafigh o
tions (5.6
Tm=P_—79P,, (5.2 with
m=k—xP., (5.3 . [t
X+ ﬁ1n2<;;,7,x)zf dz,f dzz"z,?

which leads to the representation
x fa

t
~ ——nZ_—xZ,Z_,z. (5.7
P=P.t+mz +77. (5.4) T T XA k)

The 4-vectorsm and 7 define off-collinear directions with In fact, the values;=0,1 occur in the antisymmetric part
respect to the directio_ ; vectors along this momentum and the values;=0,1,2 in the symmetric part. To keep the
are denoted as collinear. Note that these vectors are nonfofliscussion short, we consider the antisymmetric part of the
ward still, sincen# 0. P contains collinear and off-collinear Compton amplitude in full detail and give the result for the
contributions, the former of which are associated with theSymmetric part only for the leading terms, i.e., suppressing
Sca”ng variablet On|y_ It will turn out that these collinear the trace terms. The eXpIiCit calculation shows that the latter
parts play the dominant role in the process considered.  terms do not contribute to the leading ordenin

Different powers ofP contained in Eq(4.10), of course, Because the contractiorf,C* are only present for the
will lead to a whole series of structure functions correspondDirac structure,**=(uy”u), we discuss this term sepa-
ing to different moments ire_ and z,. Therefore, let us rately. Then, the antisymmetric part of E¢.10 is given by
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tw2 __ o a qa’
T ~2ie,, qu+ R3dz+dz,dzk
9o _ 9 Pﬁ
Ett—ie QqP. (g+t—ie)?

XF3(z, ,2_,2)K%(p)

1 F23(t
zzisw“ﬁ—qaj gy PtV 9,
gP,J_1 | é+t—ie qP,
XI[P+B'A:83(U+Wﬁﬁig(t)Jf%B'A:gel‘(t)] K52 (p)
(é+t—ie)? '
(5.9

At this point it is necessary to perform a partial integration in
the second term proportional tp, using the formula

m

1 t ~
f dt——-F
-1 (&+t

—ie?

1 tm*l
- J'_ldtf'f't_ie'

5a
NNy

(t;mx)

l’iSa

[m' n{n,

(tmx)

—rm R (G], (5.9
which leads to
. Q. (1 1
w2 apf
T[/.LV] ZISMV qP+f_1dt§+t—|e
I‘:Sa_ qP P I‘:Sa_?Sa
X1 9ppFoo P +8(Foo—foo)
qr+
% for
(5.10

Several tensor structures contribute. Note that in the foreg
ing discussiomo assumption has been made on the directio
of the nucleon spin. As the polarization of the initial state

nucleons in experiment is performed in outer magnetic fields

the direction of the nucleon spin is not related to other vec
tors in the system except for the conditi§p;=0 to hold.

The form (5.10 of the polarized Compton amplitude is
very interesting because it includes a Wandzura-Wilcze
(WW) like relation between the distribution amplitudes be-
ing associated to two of the tensor structUr24]. This rela-
tion becomes obvious, once the definitions

Gi(tin.x)=T5(t; n.x), (5.1

K

PHYSICAL REVIEW D 65 054029

. sign()d\
G?(t:n,x)z—fgg(t:n,x)Jrft ~faN 70,
(5.12
B33t mx)  [sion®dX.
Gg(t;n,)()E—fﬂLft Ffi’g(Mﬂ,X),
(5.13
B2ty [son0d\,
Gf}(t;n,x)z—fﬂLJt ngi‘(k;n,)()
(5.149

are made. This leads to a very simple form of the antisym-
metric part of the Compton amplitude, namely,

: d, (1!
w2 _ af a a
T[,uv] 2|6MV qP+f,1dt§+t—|5 gﬁP(Gl+GZ)
— b (P, R G TG | K5
qP+( + 892 7T’3 3 7TB 4 .

All the above functions§ are expectation values of twist-2
operators. By definitiolG§ and G5 obey the following inte-
gral relation:

sign®)dN
~ Ci(h 7,X)-

(5.19

G3(t;mx)=—Gi(t; 7.x) + ft

This relation between two twist-2 quantities can be viewed
as a generalization of the WW relation known from forward
scattering 25,26). It is a property of the collinear part of the
polarized Compton amplitud‘é{‘ﬁf] and connected to the 00

moment inz_ andz,. The off-collinear vectorsr and are
connected to the new parton distributic®§ andG§, which

obey an integral representation in terms of the funct'ﬁ}ﬁs

and 32, respectively, similar taG3. However, unlike the
case forG; the respective functions do not appear in the
Compton amplitude. Therefore we obtain at the present level
only one Wandzura-Wilczek-like relation between the twist-

two parts of the respective amplitudes. Of course all the

ﬁhnctions G; do receive higher twist contributions, which

were not discussed in the present paper. Also these contribu-
tions as emerging in the different amplitudes may obey simi-
far integral relations. The generalizati¢s.15 of the WW

relation has been obtained in RgT] for the ordinary non-
forward procesg1.1) without outgoing meson. The forego-
ing discussion shows that it remains valid for the more gen-
eral processl.2).

The Wandzura-Wilczek relation E@5.15 is an identity
between physical amplitudes which emerges at the level of

geometrictwist-2 as a consequence of the fact that the dis-

tribution fgg(t, 7;X) appears two times in the decomposition
of the Compton amplitude. These relations which determine
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the (geometrig twist-2 content of the dynamical twist-3 dis- with

tributions have to be calledeometric WW relationf7,27—
30]. They are obtained by using solely group theoretical
means lying behind the definition dfenuing geometric
twist, Eq.(3.1). These WW relations have to be distinguished
from the so-calleddynamicalWW relations being obtained
by using the QCD equations of motion as has been done by
[31]. To bring it to the point: Geometric WW relations are
written for distributions having equal geometric twist,
whereas dynamic WW relations are written between distri-
butions of equal dynamic twist. Despite having the same
formal structure their physical content is different. For a de-
tailed discussion of these relations in the case of meson wave
functions see Ref[29] which, however, with appropriate
modifications also holds for general nonforward amplitudes
(see also Refl20] where the case of quark distributions is
discussejl

We now return to the discussion of the term containing
the contractiong, K. To begin with, we first note that only
the Dirac structuréclp is of relevance in this case and one
may use the approximation

PO ~K [t+(1—n)z_+(1— )z KO
(5.16

PHYSICAL REVIEW D65 054029

2cy fo0 T
Go=t| | Fog— o | +(1=m| Fig— 5¢
for
+(1-x)| R~ 5) , (5.18
fo f35
r_ £51 10 _ £51 20
Gs=t|| F1p ot +(1-n)| F3 o2
fii
+(1-x)| i1 th) : (5.19
16 fir
' _ 51 ==
G,=t| | F&r o1 tA=m| Fi o2
i
+(1—x)| B th) . (5.20

The meson momenturk and the momentum transferare
in the limit of vanishing nucleon masses. Even more generakonnected to similar structures, but the functi@srelated

one can state that the produgtk®? is of order » and

to k are far more complicated th&® . However, despite that

P, K is of orderu with u<v. The additional terms are fact the expressions within the parentheses in E548—
therefore of the nonleading type, but are interesting becaus®.20 could be written in the same manner as the expres-

these structures arise due to the meson momektum

sions(5.11)—(5.14) showingpotential WW-like expressions

Inserting the above approximation and performing agairfor the twist-2 dIStrIbutIOI’lesan (t:7,x).

partial integrations leads to the complete formT@EV]

tw2 qﬂ'J 1
Thn=2ew™gp | e

Y9
qP

gﬂp(GT+ Gg)

(P+ﬁGa+ ’7TBG3+ WﬁG4):|K:5ap

k ~
TZ( P, 3G+ G+ wﬁeg)}/cm

tw 2

For the symmetric parTy,,;, of the Compton amplitude
we perform the same calculational steps as in the antisym-
metric part: namely, separation @f,/C%" contractions(this
also includes the trace terjmdnsertion of P=P_t+ 7z_

+ 7z, into the Compton amplitudé4.10), definition of the
structure functionsf:ﬁ‘1r12 using Eq.(5.5), partial integration

with respect tot by formula (5.9), and projection onto the
(5.17) collinear part. After partial integration the symmetric part of
the Compton amplitude has the following form:

1 1 1
Tm5}~—2f mqp [g,uvqpfoo (gupqv+gquy)F00+(g;LpP+V+ngP+,u)tF00

Y

+ (g,u.pﬂ-v—i_ gvay)tleio—’_ (g/.l.p:;TV—’_ gl/p:;T,u.)tligl—i_ q

+(0,7,+0,7,)(Fi— 50— (P4 ,m,+ Py ) (tF3—t15) + (9,7, +0,7,) (F§,

[(q,LLP+V+qVP+;L)(F

—fa) =P P (2tF3—tf3)

—f3)— (P, m,+P.,m,)

X(tF8—tfg) — 7,7 (2tF 53— tT39) — 7, 7, (2tF§,— t13) — (w7, + m,m,) (2tF3 — tF5) ] K. (5.20)

The collinear part off{),2, , which contains only function§§, andf3,, can be written as
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1 1 1 q P+V+qVP+ ~ q 2
T?ZE}Z—ZJ mqp [qp(g %)fgoﬂ;%){)‘k Zq—;+P+#P+V2thO(t;77!X)

dp d,
- q/,L(ng P+qu +q, g,up P+,qu )}FOO(t 77)()

q q «
+ P+,u(ng_ Pivoo |t P+V( Gup™ P+,unp) }tho(t; WvX)}’Cap- (5.22
+

p
aP.

Looking at the tensor structure of E(.22), the functions

d 205 2K X, KX )—LZDZK”}’(Klsz;KivKé)

F3(t 7.0 =50t 7.x), (5.23 o
X O%N 2 KX, KX m?). (6.2)

F5(t; 7,x) = 2t- Tt m.x), (5.24 By contraction withx” it is obvious that the scalar twist-2
operatorO™ 2=xA0}'? obeys exactly the same renormaliza-

appear as natural structure functions and obey a Callarion group equation because multiplication with com-
Gross-like relatior{ 32]: mutes with the differentiation on the left and with the inte-
gration on the right-hand side. This gives the renormalization
Fa(t; 7,x) = 2t F3(t; 7, x). (525  9roup equation for the scalar operator which on the light
cone already is of twist-2:

Similar to Ref.[7] one observes that the remainder contribu- d ~ ~ 5 .
tions in Eq.(5.22 are suppressed for large valuesgfa M FO(lev"zx?ﬂ )=JP2D K" Y(K1,K2;K1,K2)
property of the off-collinear terms. One may see this, con- » )

tracting the structuredC® with the respective tensors in ><O(Ki7( K{f(',uz). 6.2
front. As well known from forward scattering, the Callan-

Gross relation receives corrections both from higher orderén the last equations the integration measure

in the coupling constant and due to mass effects, see, e.g. , ,
Ref.[33], and therefore as well in the nonforward case. OnD K =drydica 01— k1) O( k1~ k2) O k1~ K5) O K7~ K2)
the other hand, the Wandzura-Wilczek relation for geometric ©.3

twist-2 turns out to be rigidly stable, see, e.g., R&fr]. has been introduced. In Reff6,34] it is shown that the

Including alsoP, K% contractions in the calculation will nonlocal anomalous dimension matrixis invariant under
result in an additional tensor structure analogous to Edranslations and scale transformations,

(5.17 with g, replaced by, in Eq. (5.22. The correspond- o ’ ’
ing structure functions will not be given in explicit form. Y(K1,K2;Kq,Kp) = Y(K1— Ko, K2~ Ko; K1~ Ko, Ko~ Ko)

=)\2)/()\K1,)\K2;7\K:’L,7\Ké), (6.4

VI. EVOLUTION EQUATIONS FOR THE . . .
DISTRIBUTIO?\I AMPLITUDES which reduces the number of independent variableg b/

two. By first changing the variables from; , to «. , fol-
The scaling violations of the operator matrix elements andowed by a translation by, and a scaling by, one
distribution amplitudes of the process considered are dederives the following form of the evolution kerngt
scribed by the renormalization group equations governing

the ultraviolet behavior of the light-cone operators. The cor- V(K1 Ko Ky, Kkp)=Y(Ky KKy K)

responding equations for the distribution amplitudes - )

f.(z..z_,z,) are called evolution equations, which we are =y(0k; Kk’ =Ky k')

going to discuss ix andz space. Since the flavor content of , ,

the operator$2.7) and(2.8) has been suppressed in the pre- _ i}( 0 1.K+_ K+ K_)

ceding sections, we treat only the flavor nonsinglet evolution 2\ ke Tk

equations as an example. The singlet evolution equations are

of quite similar structurésee, e.g., Ref6]; for earlier work 1_

see Refs[34,35). = FK(WLWZ) (6.9
The nonsinglet renormalization group equation for the

twist-2 vector operator reads with
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’
K, — Ky

K
Wy = and Wa=—- (6.6)

The variablesk{ and w; are connected by the following

transformation:
K1 K —K\[W K
1 1 +
Ko K K J\Wy Ky

It is therefore more natural to use; andw, as integration

variables in the renormalization group equatiér?) instead

of k1 and k5. The integration measures are related by
D%k’ = k’D?w, (6.8

whereD?«’ andD?w include the suitabl® functions real-
izing the integration ranges af| (6.3) andw;

D2w=Zdw;dw, 0(1+w; —W,) (1 —w;+W,)

X 0(1+W1+W2) 0(1_W1_W2)

PHYSICAL REVIEW D65 054029

For the explicit structure oK(w,,w,) see Refs[6,34,34.
Equation(6.10 will now be considered for the matrix ele-
ments of the scalar operator which are, according(Eq0),
given by

<p2,k|O(K1X1K2?!M2) |p1>
=ei"+7‘P*’Ca(7(.p2,k,pl)?a(KT(P+ JXP 1R, ).

(6.17

From this one obtains directly the evolution equation for the
distribution amplitudeEfa in X space:

2 95 (KXP, ,KXP_ , ii%K; u?
M 2aK +1KX — KX 1/*"“)
du

f 2D2W R(Wl 'Wz)eiW:LKT(P,
R

(6.12

X T (WokXP L WokXP_ WokXK; 1?).

The measurdw can be divided into two parts, because Because we are interested in evolution equatiornsspace,

K(w;,w,) under the exchang&; < —w;, W,< —w, obeys
the following relations, cf. Refl6]:

K(wy,wp) =K(—wy,wp)=—K(wy,—wp). (6.9

2\ —
Setting Eqs.(6.5 and (6.8) into the renormalization group fa(z+.2- 2 )_f

equation for the scalar operator results in

d ~
Mz_zo(K17(7K27(;M2): f D?w K(wy,W,)
du R?

we perform a Fourier transformation of E¢6.12. The
physically relevant transforms df, are given by

d(«Xk)
2

d(KXPJr)f d(KXP )
R

X ei;&(P+z++P_z_+kzk)
(6.13

X T (KXP, , KXP_ kXK u?).

Carrying out these transformations one arrives at the follow-

X O(ki%, k5% 1%). (6.10  ing result:
d d(kXP ) [ d(«XP_) [ d(«XKk) J ~
2~ 2\ — IKX(P+Z++P z_+kz) 2
ILL dlu,z fa(z+ IZ— le ,,LL ) fR 277 fR 277 fR 271_ RZD w K(WllWZ)
Xf 3D3zr fo(z, 2" 'ZIQ;MZ)e—iWZKB‘((P+zﬁr+P,2L+kzé)eiw1/<7<P,
R

= szDZW K(wy,W») \|§3D32, fa(Zh .20,z u®) 8(2, —WoZ ) 8(Z- —Wpz! + W) 8(Z¢— W,p2y,)

Dz—K

_Zf,
|z |

R2 z’+

z, , .,z
— | fal 2,20,z

!

Z;

Ziﬂz) (6.19
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with D3z’ given by Eq.(3.23 andD?z’ defined by KA(p) Pt 7,x)
D%z'=2dz,dz 6(1—-z,+z")6(1+z,.—2") :fweik&m
ar

XO(1l-z\ . —z")o(1+z\ +2"). - ~
X(P2,K[O(— kX, kX) [P1)[3p =, k=3P, -

We introduce the evolution kernel (6.18
The constraints
F( ’ r) 1 ’ Z4 Zy ~ ~
z,,2..,7, .2 )= z——z_,—|, -

+ + 1z, ] 7' Z, XP_=nxP,, (6.19
(6.195 ~ ~

xk=yxP, , (6.20

which leads to the this evolution equation appearing in the former equation are the scaling relations

(1.7 in x space. Using the representatich25 under these
constraints leads to the res#.17).

2 f (2.7 700 :J D22 I'(z, 7. .7\ .2’ To derive the single-variable evolution equation we form
K du? a2+ G 17 R2 (24 +122) matrix elements of Eq(6.10),
z', d
’ ’ L2 -
Xfa| 24,20 Tt u? ——(P2,K|O(— kX, kX) |p1>|§<P,=n7<P ; Xk= xxP
+ d,bLz + +

(6.16 B
_ J ZDZWR(WI ,Wz)eiW:LKXP,
Let us point to the remarkable fact that the variahblecon- :

nected to the meson momentuoonly appears as a param- ><<p2,k|0(—w2K§<,w2K§<) |pl)|;(,37:n;(P+ k= yxP, »
eter inf, and is not contained in the evolution kerdélThe
same observation has been made in RE3] recently in the (6.2

case of diffractive scattering, where the parametgisr Xp -
behave in the same way. Insofar some of the scaling variand perform the Fourier transformation in the variaoie®
ables of a prob|em' in the present case the Varim|e$|ay aCCOfding to Eq(618) The direct calculation leads to
another role than others, as hefeand 5, which interfere g

with the evolution. ca .. o, S %A .

This evolution equation is a fundamental equation be- “Zﬁfoo(t'”’x"“z):f_ldt YL TSt 7.1,
cause it describes the evolution of the triple-valued distribu- (6.22
tion amplitudesf (z, ,z_,z) in z space. These amplitudes
are the basic objects for the construction of the structurgyith the evolution kernel
functionsF, Fg, andFY in Egs.(3.29 and(3.30. They are
also used in the definition of the single-valued functions
Fh.n,(t:7.x) in Eq. (5.5). The scaling violations of these
functions are obtained solving E¢6.16) and inserting the
functionsf, into Egs.(3.29 and (3.30. Like the evolution kernel'(z, ,z_;Z/, ,z"), alsoy(t,t';7)

It is also possible to obtain another evolution equation fordoes not depend on arkydependent variables likg or z,

fgo(t;n,)() in the variablet, which is compatible with the being related to the meson momentum.

former equation. This single-variable evolution equation

governs the evolution of the structure functions contained in VII. GENERALIZATION TO AN ARBITRARY NUMBER
the collinear part of the Compton amplitude. OF OUTGOING MESONS

quegln Wlth’_ we first show that the distribution ampli- In this section we summarize the generic properties of the

tude foi(t; 7, x) given by results obtained in the preceding sections and extend it to an

arbitrary number of outgoing mesons. Generally, one may

state that all the above results remain valid under slight

T‘So(t;n,)()zf dz_f dz fa(t—5z_— xz¢.2_ .2 modifications if two or more outgoing scalar mesons are
6.17) present in the process,

, 1 wyt'—t
y(t,t ;ﬂ):J dwme T,Wz . (6.23

Y1 (A1) +H(p1)— 75 (d2) +H(p2) + M(ky) + - - - + M(ky),
has another representation obtained as (7.2
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(P2:Ka, -+ - ki O(— KX, k%) [Pa)

Nscalar

= agl Ka(X,p2 Ky, - . Kn,P1)

X T (kXP,  kXP_  kxKy, . .. ,K;(kn,pipj u?).

With this representation one goes through the same steps of
the calculation as in the preceding sections: namely,

Fourier transformation of ,, application of the twist-2
projector, and computation of the Compton amplitude.

The result is again of the forit#.5) with a largerz space
andP given by

D1

FIG. 1. Process witln outgoing mesons.

as shown in Fig. 1. To fix the kinematic domain of this pro-

cess, all meson momenriaare connected to different scaling n
variablesy; defined by P=P,z.+P_z_+, xiz. (7.6)
i=1 '
Yi= ki ' (7.2 Inthis sense, the forn¥.5 of the Compton amplitude is a
qP. generic result holding for a large class of processes. The
more explicit form(4.10 is generalized by replacingz, by
whereP, andP_ are obviously given by S XiZe
N It is even possible to interpret the Wandzura-Wilczek and
_ Callan-Gross relations obtained in Sec. V as generic proper-
P+= p2+i21 k‘) =P1, (73 ties of the collinear parts of these processes. Making the
substitution
and¢ and » are introduced as in Eq1.7). In order to com- n
pute the twist-2 part of the Compton amplitude P=P,t+ WZ_JFEI ;Tizki with 7=k — yiP. ,
Tu(P2.Ky, ... Kq,P1,Q) (7.7

) ' _ and projecting onto the collinear part one finds again the
:If d'x €(pz, Sy ks, - - ke relations

o3

for the general proced§.1) one applies the same approxi-

Gg(tin!){l’ L 1Xn):_G§(t;771Xl! LR :Xn)

X
- E) S} |p1131> (7-4)
signdN
+ft TGl()\;ni)(lr CeaXn)s

mations to the operatci,w as in Secs.. Il and Ill. Thus one (7.9
uses the approximatiof2.12 and applies the twist-2 projec-
tion (3.6). FO(t7x1s - - oXn) =20 FH(G X1, - - - Xn)-

The technique used in Sec. Ill to construct the matrix (7.9

elementg pz,k|O(5) |p1) can be carried out for an arbitrary ] o ] o
numbern of scalar mesons where the additional meson mol00king at the derivation of the evolution equation in Sec.

menta {k, ... k,} enlarge the set of kinematic factors VI, it is not difficult to find the appropriate generalization to

K2(x,p). However, these factors are easy to guess and theft" arbitrary number of mesopk=(ky, . . . kn)]:

number is given by d
u,z—f Z,,Z2_,Z ;u,z)
d 2 a( + k

+3

2"y for n=1

Nscala™ 4 (7.5 |zﬁr|”‘1~ zZ, A
— 251 ’
2 for n=0, —JZD '—K|zl -z, —
R |z Z v
for the scalar matrix element. This formula also reproduces z' )
! !

(7.10

the number of kinematic factors in the ordinary nonforward xfa
case: the Dirac and Pauli structures.

Having all kinematic factorsC*® at hand, one introduces Forn=0, this general evolution equation is reproducing the
the related structure functiorig and writes down the follow-  flavor nonsinglet part of the evolution equation given in Ref.
ing decomposition of the scalar matrix element [6] for the ordinary nonforward scattering. As in the case of

Z,,Z2_ Zy—,
+ kZ+ M
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one meson in Sec. VI the variableg connected to the me- ing violations are the same in both cases. However, the struc-
son momenta only appear as parameters and do not contriitre of the Compton amplitude is different in general, how-

ute to the evolution kernel, ever, only with corrections of)(1/\/v) or less.
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same form as in the preceding section. One only has to en-

large the number of scaling parametgfs APPENDIX A: PROJECTION OF THE TWIST-2

OPERATOR ONTO THE LIGHT CONE

d .
w2t mx1s - - xnos?) This appendix is devoted to the derivation of the results
du (3.32 and(3.33 from the off-cone twist-2 nonlocal quark-
1 . antiquark operators obtained in REE8]. As has been shown
=f ldt’y(t,t’;n) St X1 - Xnom2). there the nonlocal quark-antiquark operator of geometric

twist-2 has the following structure ((Eyﬂt//)(q)
(712 = rd*x expli@}AX) v, (—X):

dq
(2m)*

VIIl. CONCLUSIONS

J— 1
_ , , Oi”z(x,—x)=f (¢yﬂw)(q)(2+qaq)f dr
We studied the structure of the virtual Compton amplitude 0
for deep-inelastic nonforward scattering* (q,) +H(p1)
—v*(g,) +H(p,) + M (k) at the level of the twist-2 contri- X
butions in lowest order in QCD in the massless limit. In the
extended Bjorken region, i.e{(qP.),—q%—o with
—q?/(gP,),(qP_)/(qP,) and &P_)/(qP,) kept fixed, +
the twist-2 contributions to the Compton amplitude were cal-
culated using the non-local operator product expansion for 1
general spin states. In this approximation the Compton am- — 5 R R xzqf‘qa))
plitude consists of five kinematically independent parts
which in the limitk— 0 reduce to the well known Dirac- and 1
Pauli-type amplitudes. A decomposition of the Compton am- + Z(it)3qﬂqzxaxz
plitude was performed with respect to the helicity states of
bot_h (virtual) photqns. In complete analo_gy thelectromag—_ Its nth moment is given by
netic gauge invariance of the nonlocal light-cone expansion

[(3+0dq) 0 —i7a"X,]Ha(a| 7X)

(3+9dg)| (4+Qdq)itgx*

Ha(d TX)] . (AD

holds at the level of thes matrix since the fact that the 1 d*q

leptonic currents are conserved. Due to this, only those con- omz(x) = J (EVM‘P)(Q)

tributions in the Compton amplitude are projected out, which (n+1)2) (2m)*

obey gauge invariance. Integral relations generalizing the 2 5

Callan-Gross and Wandzura-Wilczek relations for unpolar- x{8ehn(alx) —a*xahi_1(alx)

ized and polarized forward-scattering are derived by reduc- +2x#q,h3_,(q|x)

tion to the collinear parts of the Compton amplitude and, arn-t

thereby, reducing the triple-valued distribution amplitudes to — (X*%,9%+ g#q.x?)h3_,(q|x)
one-valued onegfor (qP_)/(qP.) and kP_)/(gP.) L 5 o3

fixed]. In this connection attention has been drawn to the + 209X, X°q%h_5(q[x)} (A2)

difference between geometric and dynamic WW relations be-

ing related to different notions of twist. The evolution ker- Here, for notational simplicity we used the following abbre-
nels of these distribution amplitudes are obtained from the&/lations:

(well-known) nonlocal anomalous dimensions of the

(scalay twist-2 light-ray operatorsO™?(xjX,ix) and  H(A)=\a[ (a7 = a1 "3, 103 (47— g7)

0% ™2(k,X,k,X); they are independent of the meson mo- X glaxi2 (A3)
mentumk. These results show that deeply virtual Compton

scattering off nucleons in the case of additional meson pro- 1 n ax
duction behaves quite similar to the case where mesons argy»(q|x)=| =\/qg22| C” _ (A4)
absent. Both the basic structural relations as well as the scal- " q 2V " Vg2x?
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The relation between the nonlocal and the local operators, o F (—ik)"
Egs.(Al) and(A2), off the light cone is obtained by observ- O 2(— kX, kX)= >, ov2x).  (A10)
ing that the Bessel functions are generating functions of the i=o Nl
ﬁgglegga;er polynomials(see, - e.g., Ref.[36], Eq. There are two options of doing this. In the first instance we
ST may replacé «q,, in Eq. (A8) by the derivatives, acting on
* 1 the exponential exjx(gX)}. This way one retains the expres-
2 (21/) CE(Z) v+ E) sion (3.5) of the nonlocal twist-2 operator on the light cone
n from which the expressiofB.32 has been derived. On the
a 12-v other hand, after taking matrix elements of E41) and
X E\/l—zz) J,_uAaV1-2z%)e?  observing the definitioné% 29 and(3.30 of the distribution
amplitudesF,(z) andF2(z), one obtains exactly the expres-
(A5) sion (3.32). Analogous results hold for the axial vector case
(3.33.
where The same result could have been obtained also using the
Poisson integral for the Bessel functiof. Ref. [37], Eq.
(20),=20(2v4+ 1) - - (2v+n—1) ”_7'.12.7)' g unctiofds. Ref. [37], Bq
=I'(n+2v)IT'(2v)
2\v— 1/2 itz
is the Pochhammer symbol. r Iu(2)= ( ) j ay1-t9

The projection onto the light cone is obtained most easily

(A1)

by first considering the local operators. Because of the series

expansion of the Gegenbauer polynomigge, e.g., Ref.

[36], Appendix 11.11),

D¥(n—k+v—1)!
Ki(n—2K)1 (22

Ch2)= = 1), 2 (-

)n72k,
(A6)

one observes that from the expressiéd) on the light cone,
=0, only the term with the highest power, i.e., for0,
survives

+v—1)!

ha(alx) —1),(QX) : (A7)

Using these results in the expressi@®) we obtain

dq
203
On’(X)= n+1 (2m)*
X (ry, ) (@] S4(GX) "+ X q,n(gx)" 1}
— f &' — )(A)Xq
n+102) (2 t/fm«/f q
><[q“n(q3<)”1+%>"<“q2n(n—1)(q7<)”2].
(A8)
Now, using
1 1 1 1
m=fod77' and (n+1)2=—j0d7'7 Int
(A9)

we are able to resume ovaraccording to

for Rev>—3, in order to express the functiond3) on the
light cone by

H,(alx) = ijldx[x(l—x)]"—lei“q?). (A12)
! I'(v)Jo

Then, after shifting the homogeneous derivatigdg in the
expression(Al) to the right and interpreting it asd, acting

on the exponential, some partial integrations with respect to
\ can be performed which, finally, lead again to the expres-
sions(3.5 and(3.32), respectively.

APPENDIX B: HELICITY PROJECTIONS AND CURRENT
CONSERVATION

In this appendix we construct the helicity projections of
the Compton amplitude generalizing the results of R&fto
the present case. We start with the construction of the helicity
basis of the two virtual photong; andyj3 . To simplify this
construction, we choose the Breit frame, in which the rel-
evant momenta read

=(1;0), (B1)
P_=(0;0,0P_3), (B2)
k= (Ko;Kq,Kz,ks), (B3)
d=1(d0;091,093), (B4)

where u is introduced as a mass scale of the hadronic mo-
mentumP . with Piz,uz. To define the helicity basis we
introduce the two reference vectors

no=(1;0,0,0, (BS)

n,=(0:0,1,0. (B6)
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The polarization vectors of the photon andy; are then 5 1 s
given by Cou™ N_ﬂsuaﬂyn0n2q51 (Bll)
1 1
SOM:N_Olql;L! (B7) 1
. SéM:N_M(qM%-no_ No.d1-d1), (B12
2 _
80;,L_ N_02q2,u 1 (BS)
1
sh=sfﬂ= P (B9) 8§M:N_32(Q2,LQZ-HO_ Noud2-02)- (B13
&3 :iswﬁyngngq{, (B10) . .
# Ny The normalization factors are given by

P2
No1= Vl/z\/ E—n— ™ (B14)

p2
Noy=v12\/ | £+ 7— vl (B15
2 2p2
v M Pz
2=, (E=n) 1,2 (B16)
2 2p2
v ) nPz
NZZ_M\/ 1+ —-(&+n) 22 | (B17)
V3/2 ,LLZ 1 1U'2 MZPZ—
Ng;=—o —pt —(§—n)?—P2| ———(é—n)+ , B18
u= E-nt (=) o sz(é 7) 16,7 (B19)
3/2 2 2 2p2
M 1 u nP
Ngp=—o + o+ —(E+79)?—P2| —— —(&+ )+ , B19
o=\ [ET 7t (Er ) (4V et (B19)
|
which follows from the relations P_
92=0- - (B25)
(aP)=v, (B20)
The polarization vectors obey the following normalization
(qP_)= v, (B21)  condition:
i
(qa)=—¢», (B22) Paucn = Salab: (520
with s,=—1 fora=0,1,2 ands,=1 for a=3. We now use
(qno)zi (823 this helicity basis to compute all matrix elements

Tu=ett T e’ with kle{0123. (B27)
[see definitiong1.7) and note thany=P, /u in the Breit

frame] and conservation of momentum The result of the straightforward calculation is
=g+ E (B24) TE~ z;f D3z F.(z. ,2_,20q,K® (B28)
ql_q 2 ’ 00 v (|§2__772| g3 alé4,4— 54k Yp y
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1 q-P

+ F ]Cap, TF5,TF5,T ’TF5:O
Qrie  (QP+ie)? adp (B29) o1+110: 1025120

&

Tfﬁzf D% -
R

1
T03 ,TESIO(;),

1 q-P
TF~2J D3z - K,
22 RS Q2+ie (QZ+| ) aqp (B30)
F5 —F5 1
T T31,T3,T32_O -,
1 ]
TSSN_
4
V 52_7] J +_§+_(§2_7’) %ZJ’ D3Z _ qp F5q ’C5ap,
ve k3 Q%+ie (Q%*+ie?) 7
(B34)
xf 3D3z Fa(z+ .2 ,2)q,K%, (B31)
R

1 qP
TF5~2J D3| — + F20,KC5%.
2T s ( Q%+ie (Q2+ie)2> ade
(B35

Here, we have only kept terms contributing to the highest
power in v, because all other terms vanish in the limit
T(F)3~ - > —o0, Terms proportional t®? in the normalization factors
\/m 1+ M—(g— ) have been neglected, because they do not contribute to the
K , K highest power irv. The amplituded§,, T5; and Tg;, Th, are
a priori not of order 1/, becausey,K? is of orderv. But
since the integrals

Tgl*TEO'TSZ!TEO: o

1
7

X f 3D32 Fa(z+ vz lzk)qplcap! (832)
R

f 3D3z F(z. ,z_,z)=0 (B36)
R
T§0~ -

14
NGaE

vanish, these amplitudes are also identical to zero.
In the above only the contractions of the helicity vectors
with the Compton amplitude were considered. For the physi-
5 A cal process, however, the corresponding projections for the
X JRSD ZFa(z4,2-,29,K%, (B33)  |eptonic tensord. ;> have to be considered as well to see,
‘ which terms contribute to the physic&@lmatrix. Due to the
fact that

M2
1+ —(+7)
14

1
T12,T21=O M
L,0ai=L%,05=0 (B37)

Th. 5, Ths, T5,=0 _) holds all remaining terms in the projectiofg, andT,q are
Vv annihilated.

In leading order inv only the amplitudesT?,,T5, and
for the symmetric part. The helicity projections of the traceTFs -I—F5 give a nonvanishing contribution in the extended
terms are all of order 1/and therefore not given in explicit Bjorken region, whereas other terﬁﬁg’) for k,1=123 are

ﬁ:)crrga;he same calculation is carried out for the antlsymmetsuppressed at least (Du(l/\/—) The explicit calculation also

shows that
TS 1750,
00 it T =Th, and Ti=-Th (B39)
TFS T F5_ol = in leading order. Only two of the 16 amplitudes are relevant
22733 v/’ for v—oo. Similar results have been obtained in R&8].
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