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Helicity-flip off-forward parton distributions of the nucleon
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We identify quark and gluon helicity-flip distributions defined between nucleon states of unequal momenta.
The evolution of these distributions with a change of renormalization scale is calculated in the leading-
logarithmic approximation. The helicity-flip gluon distributions do not mix with any quark distribution and are
thus a unique signature of gluons in the nucleon. Their contribution to the generalized virtual Compton process
is obtained both in the form of a factorization theorem and an operator product expansion. In deeply virtual
Compton scattering, they can be probed through the distinct angular dependence of the cross section.
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PACS numbd(s): 12.38.Bx, 13.60.Fz

I. INTRODUCTION In a helicity basis, wherein spins are measured along the
particle’s momentum andl,, is diagonal,S andS’ differ by
From the point of view of quantum field theory a nucleon one unit of angular momentum. Since chirality and helicity
is fully described only if one knows the matrix elements of coincide for massless quarks, is achiral-odd quantity. To
all possible quark and gluon operators involving the nucleorgive it a probability interpretation requires usingransver-
state. Nevertheless, progress is possible provided one caity basis whereir® | y, is diagonal. This give$; the nec-
obtain the matrix element of operators with a clear physicakssary probabilistic interpretatioffor states of equal mo-
interpretation. Twist-two operators give the leading contribu-menta: it is the probability to find a quark polarized along
tion in appropriate hard processes, are relatively simple, anthe transverse polarization of the nucleon minus the prob-
are more accessible to experimental measurement. The statgsility to find the quark polarized in the opposite direction.
between which these operators are sandwiched may be There is no gluonic helicity-flip distribution for obvious
equal or unequal momenta; the former situation is familiareason—a transverse gluon flipping its helicity leads to a
from well-investigated processes like deeply inelastic scatterehange of two units of angular momentum and angular mo-
ing. The latter has also been investigated over the y/ddrs mentum conservation forbids this for a sginkadron. For
However their importance has been understood only rehadrons with spir=1 there is no such restriction and some
cently. For instance, knowing certain off-forward twist-two years ago Jaffe and Manohid8] identified a leading twist
matrix elements allows for extraction of the quark and gluongluonic structure functiom (x,Q?) which can be measured
orbital and spin contributions to the nucleon sp#j. The  from a transversely polarized target like the deuteron.
class of parton distributions, known as off-forwafdff- New Lorentz structures emerge if one allows for off-
diagonal, non-forward parton distributions defined from forward matrix elements, leading to generalizations of the
these off-forward matrix elements has generated consideabove mentioned helicity changing structure functions. Re-
able contemporary interef2-12,15,13 In simple physical cently, Collinset al. have suggested measuring the helicity-
terms, a parton distribution, whether forward or off-forward, flip quark distributions in vector meson productif,20.
arises from removal of the parton from the nucleon by a hard'he evolution equation for these distributions has been de-
probe and its subsequent return to form the nucleon grounglved by Belitsky and Miier [11]. Diehl et al.[21] have
state further along the light-cone, or a similar process. noticed that the distribution in angle between the lepton and
The class of twist-two operators which depends on partomadron planes in deeply virtual Compton scatteriBlyCS)
helicity change shall be the subject of this paper. It is nowcontains valuable information about the helicity structure of
well known[14,16,17 that there is one forward chirally odd the nucleon-photon amplitudes. They point out that photon
twist-two proton structure function, known &%,(x,Q%, helicity flip is possible even with a spih-target because
measurable in, for example, the Drell-Yan process. It is degluons in the off-forward scattering can transfer two units of
fined as the light-cone correlation of quark fields weightedangular momentum. This, of course, requires the existence of
by o, the gluon helicity-flip distributions in the nucleon. Indeed,
for off-forward matrix elements one does not need a state of
spin =1 to accomodate gluon helicity flip.

' 1 D Sl D This paper is intended t t hensive stud
OA Do % 1 s\t paper is intended to present a comprehensive study
E 5 € (PSU = SAnlo™ )5 AnliPS) of leading-twist helicity-flip off-forward distributions in the
o nucleon. A systematic counting suggests that there are four
=h;(X)U(PS")c*"U(PS+---. 1) such distributions: two related to gluon helicity flip and the

other two to quark helicity flip. In each case, a distribution
can be defined depending on whether the nucleon’s helicity

*On leave from Department of Physics, Quaid-e-Azam Univer-is flipped or not. We derive the leading-logarithmic evolution
sity, Islamabad 45320, Pakistan. of these distributions, although in the quark case, the result
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was already obtained by Belitsky and Mar [12]. In the  on the light cone, is two ., for fermions andA, for glu-
forward limit, the evolution of the quark distributions re- ong. Therefore, one need consider only the matrix elements
duces to that oh;(x) as calculated by Artru and Mekhfi of bilinear operators at two different points on the light-cone.
[16]. The evolution for the gluon distributions reduces to thatln the kinematic regiorx> £, one has the simple interpreta-
of A(x), which has not appeared in the literature beforetion that the first operator extracts a certain type of parton
Note that the quark helicity-flip distributions do not mix with from the nucleon and the second replaces it further along the
any gluon ones, and vice versa. This is quite significant belight-cone. LetH,H’ denote the respective helicities of the
cause, for the first time, we have a parton distribution thatnitial and final nucleon antéi,h’ the helicities of the parton
can serve as a unique signature of the gluons inside thextracted and replaced. The helicity amplitudiyp jy:p/
nucleon: gluonic effects cannot be mocked up by any kind ofnust obey Ay yn=Apn prn (time-reversal invariange
constituent quarks, and they cannot be evolved away bgnd A__p _y/—p=Axnyrpe (parity invariancg For a
recklessly evolving down the momentum scale. purely collinear process there is no preferred transverse di-

We study measurement of the helicity-flip gluon distribu- rection; rotational invariance around the collinear axis re-
tions in general two-photon process. The photon helicity-flipquires helicity to be conservedj+h’=H'+h. However,
Compton amplitude is calculated in terms of the gluonnon-zero transverse momentum of the scattered nucleon or
helicity-flip distributions. In the forward limit, we recover parton means that, while the total angular momentum will of
the result obtained ifil8]. However, our result is more gen- course be conserved, helicity conservation will not necessar-
eral. In the language of operator product expansion, we obity hold. The difference is, of course, absorbed by the orbital
tain the leading-order coefficient functions of a class ofmotion of the scattered pair.

gluon operators with total derivatives. According[21], the For quarks it is readily seen that a set of independent
helicity-flip gluon distributions generate distinct angular dis-amplitudes is provided by the following:Ail 11,
tributions in the DVCS cross section. ,4; _11_1 1111 ALl 1, A;; —11, and

The presentation of the paper is as follows. In Sec. Il, We,41 E,z_lli 'zrﬁé 2fam|I|ar2 d|str|but|ons fl(x Q?),
enumerate the independent helicity amplitudes for the quarlgl(x Q’2) zazndhl(x Q?) are linear combinations of the first
nucleon and gluon-nucleon sub-processes. Subsequently neftee in the forward limif17]. One unit of orbital angular
helicity changing distribution functions are motivated andmomentum, made available by one power\of, allows for
defined. In Sec. Ill the leading logarithmic evolution of thesethree additional amplitudes. A complete set of off-forward
functions is studied. Section IV contains a calculation of theleading-twist quark distributions is given below:

Compton amplitude for photon helicity flip scattering. This

amplitude vanishes at the tree level and requires at least orE dx '“(P g ¢S 1)\ D vy Sl)\ D PS)
—e Ut ny y*iq nyu

quark box(plus permutationsto be non-zero. Section V pre- om
sents the DVCS cross section that depends on the gluon -
helicity-flip distributions. We conclude the paper in Sec. VI. =Hq(x,&)U(P’S")y*U(PS)
ll. HELICITY-FLIP PARTON DISTRIBUTIONS: — _ idtA,
COUNTING AND DEFINITIONS TE(X,HU(P'S) ——U(PS+- -,

We shall, in this section, enumerate the complete set o
off-forward quark and gluon distributions at the twist-two A eM(p’ S’U1,// S_ EAnD " Sl)\nDuPS>
level. Helicity-flip ones will emerge through the counting 2 a Y s
and will be the focus of this paper. As usup¥ andn* are

two light-like vectors withp?>=n?=0 andp-n=1. The mo- =Hq(x,§)U(P’'S") y*ysU(PS)
menta and spins of the initial and final nucleons are, respec- N

H ’ ’ y— YA

tively, P,S and P’,S’. The momentum transfeA*=P +Eq(x g)U(P g Vs

—P# has both transverse and longitudinal components. It is 2M

convenient to define a special system of coordinates wherein
P“=(P'+ P)ilz IS colllfar and in the direction: E SA e (p! Slqu B E)\nDo“”qul)\nDuP&
Pr=p#+(M?2)n*, _

o =H1y(X,§)U(P’'S")c*"U(PY)
Ar=—=2&(pH— (MZ2)n#)+ A,
YA

M UuPrs+---, 3)

M2=M2— A2/4. @) +Erq(X,§U(P’'S')

The initial nucleon and parton have longitudinal momentunwhere [ xv] means antisymmetrization of the two indices

fractions 1+ ¢ andx+ ¢, respectively. and the ellipses denote higher twist structures which are out-
From dimensional reasoning, the leading order contribuside the scope of the present discussion. The dependence of

tion to a given hard process must involve the minimum num-each distribution upori=A? and Q? is implicit. In each

ber of independent parton fields which, for QCD quantizedequation, the first term represents an amplitude that survives
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the forward limit and the second term an amplitude that de- 1[* dx . S A D S)\ D
couples(but does not vanistin the forward limit. The defi- o EG'WP’S’UF(”“ —5N FA) >N IPS)
nitions ofH,, E4, Hq, andE, are from Ref[2]. The quark B

helicity-flip distributionsH, andE+, are new; and they can —  PlHAdgA)

be selected from the third equation by takipg= + and v =Hr(x,§U(P’S )TU(PS)

=1 . The above definitions complete the identification of all

twist-two quark distributions. _ plrpa YIPARD

A few additional comments about the definition in E8). +Erg(x,U(P'S") —¢ v U(PSE--
are in order. First, for brevity we have not explicitly shown
the gauge link between the quark fields. This link is always 6)

present, except in the light-like gauge" =0. Second, by . ] ] o

using time-reversal symmetry, all the distributions are seefilere in the first two equationsu(v) means symmetrization

to be real. Third, from taking the complex conjugate of theOf the two indices and removal of the trace, and in the third
above equations, it follows that all the distributions are everfauationf xa] and[»g] are antisymmetric pairs and {-)
functions ofé&. Finally, we can add a time-ordering between signifies symmetrization of the two and removal of the trace.
the two fields without changing the content. This follows These operations are essential since the product of operators

from must transform as irreducible representations of the Lorentz
group.
The distributionsHg, E4, Hy, andEy have been intro-

Ty (0) g, (An)=y! (0)¢, (AN) duced beford3,4]. Their evolutions and mixing with quark
onr ot distributions have also been worked out. They play an im-
— OO {g(0), ¢ (X)) (4) portant role in electro-meson production in the smalle-
gion [9,24]. The helicity-flip distributionsE+q andHg are

. . . new. They can be selected from E¢) by taking u=
The second term is just a constant because it is an anticom- y @) by g u=v

tat f the ind deno s of th =+ and «,B=_1. The angular momentum conservation re-
mutator of the independertor good components of the quires presence of one unit of angular momenty)(when

Dirac field separated along the light cone. Obviously, thethe nucleon helicity is flippedH) and two units ArA+)
constant does not contribute to the matrix elements. More " %" " Er0). Hence botlTlgdecoupIe from theT mTatrix
Tg/*

elabprate but essentially equivalent proofs can be found iI%Iements in the forward limit although the distributions
theV\Illfaernac:\Lljvret[uzrﬁ,%?'the gluon distributions. Only transversethemseIVeS do not vanish. Gl L
gluons need be considered here becaus.e longitudinal ong In a sense, the gluon helicity-flip _d|§tr|bgt|ons_ are the
are either dependent or gauge degrees of freedom, whig éleanegt” among.the plass of gIl_Jon d|§tr|but|0ns since they
; : L ORI S Qe forbidden to mix with quark distributions by angular mo-
!ead to either higher twist distributions or gauge links. An mentum conservation. This, in fact, was why Jaffe and
chieper:dent Sjtl of nlucleonA?Iucl)n ampiutll’desf%l’%la Manohar[18] had proposed using th&(x,Q?) distribution
Ag_li_ll’ Thil'_fi_'l'l diltik;% élv_i%’ and as a probe of “exotic gluons” in a spid=1 nucleus.
7171 1he famiiar distrbutions (x,Q%) and  \clear binding or pions would not contribute. However
A.G(X’Q ) come from the .forvvard limit of the f|rs.t twola.m- there, unlike here, is a strong suppression on the magnitude
pl|tudes_. There is no equwalen_t hfl. for gluons since ItIS ¢ e distribution due to the small size of the nuclear inter-
|mp033|ble. for a nucleon_to .Sp".]'ﬂ'p by tWO. units. Al (_)ff' action relative to a typical hadronic mass scale because “ex-
forward twist-two gluon distributions are defined below: otic gluons” can only be generated by the nuclear interaction
[for an estimate ofA(x,Q?) see Ref[25]]. In the nucleon,

1C dn S D S D the off-forward heIicity-fIi_p g_luon distributions can _be as
;E EeW(P'S'UF(W — En FZ) En IPS) large as other gluon distributions for a reasonable size of
=Hy(x,&)U(P'S )Py U(PS) 1. EVOLUTION OF HELICITY-FLIP DISTRIBUTIONS
o Plsj g1a A parton distribution is necessarily define_d at a_given dis-
+Eg(x,&)U(P'S) M “UPY+---, 'Itgxr?cg or momentum scale because of ultraylolet d!verggnces.
ysically, the scale can be related to the kinematic variables

of the particular hard process under consideration. In this
section we study, using momentum space Feynman dia-
grams, the leading-logarithmic evolution of the helicity-flip
parton distributions defined in the previous section. While
_ _ _ the method is straightforward in principle, there are impor-
=Hy(x,§)U(P'S" )Py ysU(PS) tant subtleties related to the gauge dependence of the calcu-
lation and end-point singularities. In principle any gauge
choice is permissible but the light-cone gauge is naturally
preferred for several reasons: the fewest number of diagrams

EE d—)\e"‘X(P’S’uFW“S - EnDiﬁ”)SinDuPS)
X" 2w 2 “v2

‘}’SE(MA !

TU(PS)—’_. ce

+E4(x,€)U(P'S)
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(a)

(b) (c) (d) (e)

FIG. 1. Feynman diagrams for evolution of quark helicity-flip parton distributions.

need be calculated, path-ordered exponentials are absent, e exponential containing the QCD interaction terms
light-cone dynamics of partons is transparent, and ghosts aexp([L;,) as well as expanding the path-ordered exponen-
absent. However, there is a price to be paid because th@l. Subsequently a collinear expansion is made: the lines
light-cone gluon propagator, when imbedded in a loop, leadentering or leaving the hadron blob are always collinear, re-
to singularities in the end-points of integrals whose interpreflecting the fact that the internal relative momenta of partons
tation is ambiguous. This is sufficient reason to do thein the hadron are much less than the momentum of the hard
(longep calculation in a covariant gauge. Therefore, in theprobe. The transverse momenta of the other lines is bounded
following, we shall use the Feynman gauge and treat sepay Q2.

rately the quark and gluon helicity-flip distributions. At  The Feynman expressions for Figs. 1c and 1d are
leading-logarithmic order, any ultraviolet regulator is as

good as any other; so we impose an ultraviolet cut-off on the
momentum integrations. SF(x,€,Q? )— 5> Nue V]E dyE )45(X k-n)
A. Evolution of the quark distributions E; and Hy « i iD K
(=K -ntie ap(a=K)

The result in this section has been obtained before in Ref.
[11]. Here for completeness we present our calculation in a Fl
different form. XTr ga“”(—igtan“)
From the definitions of the quark distributioms, and
Erqin Eqg. (3), itis clear that the two will evolve identically
with the leading component of the operaips*" . Select-
ing only the leading twist part, it is therefore convenient to

1
Xa””(—igtayﬁ)iSFSkvL EADG

define X proen Y. £,Q%), @)
dn 1 1
f(x,E,Q2)=n,LeyE Ze'WP’S’uﬁ—Eana”” SF4(x,£,Q%) == 5Npue V]E dyE n )45(x y)
7igf;§/2dan-A(an) E i ; _
xe B lﬂSZKnDUPS), (6) X(k—q)-n+ie|D“ﬁ(q k)

wheree* is a unit vector in a transverse direction. The path- F wvl o racay PN isd B

ordered integral has been reinstated in the above. The renor- XTrg o (—igtn®) e (—igt®y")

malization scale€Q? is the cut—(znff for the momentum compo- L

nents of the fields.F(x,£,Q“) can be diagrammatically . S DG

represented as in Fig. 1a. Now imagine a slight increase of XiSevkt EA p[pex]}“(y,g,Qz). ®)

Q? to Q%+ 6Q?, revealing a deeper level of hadronic sub-

structure. Additional diagrams contributing t8(x, &, Q%+ In the first of the above two equatior®;=yp* and in the

5Q?) are shown in Figs. 1b—1e. second,g*=xp*. Two other diagrams are obtained by re-
Feynman-like rules for these diagrams can be derived in fection and yield identical expressions under —¢. Fi-

rather straightforward way: the product of bare Heisenbergally, the quark self-energy diagram in Fig. (and its re-

fields in Eq.(6) can be brought under the time-ordering sym-flection), together with the wave function renormalization,

bol and a perturbation expansion follows from expanding out/ield the combined expression below after calculation:
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%

(a) (b) (c)

FIG. 2. Representative Feynman diagrams for evolution of gluon helicity-flip parton distributions.

DQf(Xanyz)_as(Qz) C FH(X—f) Eld_y X—¢ (’)ﬁylzi"”n"(x):iam. . .iaﬂzi%(ﬁ)ﬂzwl. . .iB)l‘-nflo-l’-anr/,’
DInQ? 2n F Xy y—é (14)
1dy x+¢& o . ~ = =
+0(x+é6 L ——— where allx indices are symmetrized an® =[iD —iD]/2.
x Y yt+é Using translational invariance, it is easy to see that
EX dy x—¢ -
RS IR vavay Sl (G S N, - Ny €(P'SIOLL M MIPS=(26)% F, 5.
(15
x d_yX+§Gf(y,§,Q2) .
1y y+HE& y—x+ie’ As one can see from Eq12), the operator®) % " be-
longing to samen but differenti mix. Taking an appropriate
where linear combination of these, or equivalently, diagonalizing
the mixing matrix, is not difficult. One may establish recur-
Do  d as(Q?) c F§ EX dy sion relations using Eq12) to finally arrive at
DInQ? ™ dinQ? 27 2 Sy—x—ie
dO,  ayQ?) -
x _dy G L= e (3-250n))0 (16)
- F\ 2 l
E—gy_X—iE . (10) danZ 21T ( ) n
Iﬂh'?l above result agrees with that obtained by Belitsky and 5 [<n§)/2] (—1)i2"2i-1p(n—i+ 1) .
uller. = kY
It is useful to take moments oF(x,£,Q?). Define " %o (n—2i—1)HIT(3) n2
17

1
2\ — -1 2
Fn(6,Q9)= Eldxx” Fx£Q9) (n=2), (11 The coefficients in Eq(17) are those of the Gegenbauer

ponnomiaIs,Cﬁ’fl(x). This can be traced to the fact that

wheren=even(odd moments are charge conjugation eventhese polynomials are essentially the Clebsch-Gordan coeffi-
(odd. Then, a calculation leads to the following evolution cients which occur in the light-cone expansion of operator

equation for the moments: products that transform irreducibly under the conformal
group[26].
ar, _ail@) [l3 D
dinQ? T T on Cr E_Zs(n) Fi B. Evolution of the gluon distributions E; and H
[(n=1)/2] S 1 D G The evolution of the gluon helicity-flip distributions can
L 4 2i _ be studied in the same way as for the quark. For conve-
2 i=§1,“2,,_ 5t (287 2l (12 nience, we define
dn .
where 2y— r 20 ANy pr ey Ese
F(x,£,Q )—nﬂnve(aeB)E 27_re' *(P'SuF#
1 1 L2
S(n):izl T (13 % _5)\” e—i9/y2 dan-Acan)
We shall now interpret the evolution equation in terms of Vﬁsl D
o . X X - .
operator mixing. To this end, define F 2)\n P (18)
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wheree, ande; are two unit vectors in the transverse direc- It is instructive to look at the evolution in operator form.
tions. We are interested in the change of F under the chandeefine then= even moment$the odd moments vanish be-
of the momentum cut-ofQ2. Some representative Feynman cause FX) is antisymmetric inx as one can easily check

diagrams are shown in Fig. 2. from the definitior:

As we have mentioned before, the gluon helicity-flip dis- El
tributions do not mix with any quark distributions. Far F.(x 2y _ o LE(x 2)(n=2 26
> ¢, the evolution equation reads n(%£,Q% 1 (,6,Q)( ). (28

DoF(x,&,0Q% (Q?[ud The evolution equation becomes
Qfxee) «f@f Yol £ Jey e,
Dan m™ x Y yyy an as(Qz) Fsll Ny DF

9 dng? 2m AV 2c, 2V

where _
+“”21>’2] S4i—2 4i+2 1D
Do d  ofQ) Fl_l_i = Yn-1 n 7
DInQ? dinQ?> 27 A6 3C,
x d X d X(Zg)ZiFn—ZiG- (27)
+E Y — + Y - G (20
tY—X—le ~_gy—x—ie
Define a tower of twist-two gluon operators:
and — —
O':]lei”#”aﬁzio""”' . QM2 EF2i+19]D H2i+2. . . D Mn—1F#nB,
=& 82<1—x>§2 1-¢ D | (28)
P(Xy,€)=2Ca-——ol—o T 7V
X(1=¢97 x°=&  1-x+ie Then it is easy to see
(21
1Dt R #naB, _ 2i
For — ¢<x<¢, the equation is Myt Mgl P S On IR (.29)
2 2
DoF(x,£,Q ): as(Q )XEld—yP’Sf f ED Hence the mixing of the different moments of the gluon
DInQ?2 2 Y Y y'y'y disributions reflects the mixing of the twist-two operators of
same spin and dimension. Define a new basis of operators in
X d—yP'sf, § EDC term of the Gegenbauer polynomid§?,(x) combinations:
-1y yo vy [(n—2)/2] [ 2i-2 1
- (=02 “I'(n—i+ 3)
XFE(Y, & 2’ 22 O.= 2 O/"l:"l"naﬁ.
(ny) ( ) n =h (n—2i—2)!i!F(§) n,2i
where (30
P'(x,& €)= (X2_§2)L 2¢ N 4 r Then the evolution of),, becomes diagonal:
X187 (x—H(1+E)  1-xtie” dO, agQ? 811 Ny D
(23 dnQ?- 27 CAG T §CF—ZS(H) On. (31

And finally for x< = ¢, the equation is the same as that for oain, the above simplification is due to conformal symme-
x> ¢, except/y— __ffl' . . try. However, beyond the leading-logarithmic order, the con-

In the forward limit, the evolution equation reduces to thatsgmal symmetry is anomalously broken by quantum correc-
for A(x), tions[28].

2
M :MEld_yPSEDA(y) (24) IV. PHOTON HELICITY-FLIP COMPTON AMPLITUDE
dinQ? 27 Sy 'y :
The gluon helicity-flip distributions, Hr4(x,£) and
where the evolution kernel is E1q(X,£), are basic properties of the nucleon, at par with the
gther distributions, namely4(x,§), E¢(x,$), Hg(x,g), and
+Slch_ ED Sx—1). (25 Eq(x,£). Because of angular momentum conservation, the
)+ 6 3 ' gluon double-helicity flip distributions do not mix with quark
distributions, making their isolation and possible measure-
Here the+ prescription is standaf@7]. The above result, as ment relatively cleaner. One would like to know which hard
far as we know, is new. processes probé,, andEry. The general Compton scatter-

X
P(x)=2CA(1_X
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(a)

vv@ FIG. 3. Diagrams for photon
helicity-flip Compton scattering.

(b) (c) (d)

ing involving two photons offers one possibility, perhaps theploit crossing symmetryd— — £) to reduce the integral to a

simplest. Diffractive vector meson production from a deeply-much more manageable form with three product terms. Di-

virtual photon is anothelr19,24]. mensional regularization is used for the divergent graphs.
Figure 3a illustrates the general two photon process. Arhe infrared singularity cancels in the sum of the three dia-

highly virtual photon with momenturg+ A/2 and transverse grams, as it must. Many details of the calculation are similar

polarization is incident upon the nucleon. A second photorto those in Ref[29].

of momentumq— A/2 is detected, and the recoiling nucleon  Our final result for the photon double helicity-flip ampli-

emerges intact. The scattering amplitude is tude is
: 1 1 2_ g2
v 4, —ig-z/pr F vs__ D S_ DG o 1 X Xg—¢&
™ |Ed ze 'HP'ST[J 52 J# 52 IPS). T“Vzﬁ D eé E dxxz_nglerg_gz
(32) -
2 2
. . . . . . Xg— X
A corTvement set of1 kinematic varlable_s is obtal.ned by xInS g_ zDGnanﬁT’”“ﬁ, (35)
choosingg” andP*=3(P+P’)* to be collinear and in the Xg—¢&
3 direction. In terms ofp*, n*, we expand the “average”
photon momentum: where
qt= —XgP*+ (Q%/2xg)n. (33 1E dn S \ D SA D
wraf=_[ —e™(P'SF k) — —n[F"A)-n[uPS).
The transverse components &f are assumed to be of the X" 2m 2 2
order of the nucleon mass, i.e. much smaller than the hard (36)

momentumQ. In the collinear approximation, the momenta
of the incoming and outgoing photons are, respectivgly, In the aboveq sums over the quarks circulating in the loop
—&p and g+ &p. The initial and final state nucleon’s mo- andeg are their electric charges. Equati@86) is the convo-
menta are (¥ &) p* and (1- &) p*, respectively. Symmetriz- Iutlo_n of a perturbatively calcu_lqble part .an'd a soft part re-
ing the diagrams in this manner makes it possible to geflecting the nucleon’s composition, and is in the form of a
simpler expressions by exploiting crossing symmetry. f_actorlzatlon theorem at the Iqwest order of QCD perturba-
There is no tree-level coupling between the scatterindion theory. To completely justify the use of the soft part, one
photon and the gluons in the target. However, there is &€€ds to consider all contributing Feynman diagrams with
contribution atO(«ag) from the box-diagram and its permu- the hard quark loop connecting wqh arbitrary number of glu-
tations, shown in Figs. 3b—d. The momenta of the gluon®ns to the nucleon blob. Any choice of gauge may be made
going outward and returning to the nucleon blob are, respec@f course, but the final result will be gauge independent. It is
tively, (x+ &)p* and x— &) p* with —1<x<1. The loop €asiestto work in the light-cone gauge and with simply two

momentum is expanded as physical gluon fields. In covariant gauge it would be neces-
sary to show that these additional gluons are summed up in
k= (k-n)p*+(k-p)n*+kt . (34)  the path-ordered integral.

As a check on our calculation, we may consider forward
Rather than use Feynman parameters to solve the integratatteringé=0 on a target with spid=1. In the limit of
with four products in the denominator, we systematically ex-xg— o, the perturbative part in E435) can be expanded:
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ass ZD - 1 2 intial and final electron€? =(M,0) andP’=(E’,I3>’) for the
pv— _ S [, . . =7
T 2 % €q n -2 X5 N+ 2 initial and final momenta of the nucleon, angd=(v',q’)
the momentum of the final photon. The differential cross
1 section is
><E dxx" 17+ Pn ng
-1

do=u7%dT, (39

=—ﬁ82e20§i2nql—q hereT is the invarianfl matrix of th ttering andl i
o2 Gl 2, Q77 where7 is the invarianflT matrix of the scattering a is

the invariant phase space factor. Depending on choice of
- -— independent kinematic variables to characterize the differen-
X(PSIF##1iD#2...iD#n-1F"*0PS).  (37)  tial cross sectiondl takes different form. If one uses the
scattered electron’s energy and solid angle, and the scattered

The above coincides with the result in Rlf8] except for an nucleon’s solid angle,

overall sign. In the general case, we can convert the Eg).
result into a generalized operator production expansion with

derivative operators: dr'= mw'dw’dﬂe'dﬂpf
. z z
T A
2 2 X — - , (40
WP’ (v+M)—qE'cospu
as . 2 2gf---qh ; = and B7
-2 eg — where ¢ is the angle betweeq andP’, and the sum over
q neven-2 N(N+2)  (QY) two possible solutions afP’u is implicit. On the other hand,
(- 12] one can also use the stand@d andxg (or s), t=A?, the
n2 t-channel momentum transfer, agdthe angle between lep-
> _o 0 4 38 h I fi gdth le b I
“~ (n—2i) T (38 ton and hadron pland€1,30.
The invarianfT matrix consists of two parts. The first part
where O” 2 v 1S defined in Eq(28). We would like to  comes from the Compton scattering,
empha5|ze again that only they symmetric and traceless 1
terms are included in the above equation. T,= —e3u(k’)y"u(k)?Twe"*, (41)

V. DVCS CROSS SECTION WITH GLUON .
HELICITY-FLIP DISTRIBUTIONS whereu,u are the spinors of the lepton ardis the polar-

ization of the emitting photon. The Compton amplituti¢”

The Compton amp_htude in the Iast. section can be used tgontains both photon helicity-flip and non-flip contributions,
obtain the cross section for deeply virtual Compton scatter-

ing. In DVCS, the final photon is real and hence one has the ANmO  —Ane2
constaintxg= ¢. In this section, we calculate the cross sec- Tw=Tu +T0 % (42
tion in this special kinematic limit.

We choose the kinematic variables as those used in Refyhere the first term is given by E@4) in Ref.[4] and the
[4]: k= (w,k) andk’ =(w',k’) for the four-momenta of the second term is from Eq(35),

as 1 1 1 _ PUAfg)
_ESZ‘ e?D E_ldxsx—§+ie+ X+§_iEDnanBFHTg(X,§)U(P S )TU(PS)
_ pllrpd [VAB
+Erg(x,§U(P'S) —¢ S U(PS)G
1 1 1
4W5§ e DE1 Sx—§+ie X+§_|€D4MFHTQ(X EU(P ) (A Yy} + A7y =gt &, )hU(P)
. serrsioe g darar Loeadlluee
|V| ETg(X f)U(P WEALY +AT Y —gl"A )+ 1 ALAL_EgM ATUVU(P)V. (43
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The second part of th& matrix comes from the Bethe- where the lepton tensdf;Z can be found in Ref{4]. The

Heitler process, hadron tensor is

1

y7a
k—A—mgtie’

wie=EararLgrea] WS% ]
é*Gu(k)%(P’uJﬂ(O)uP%
(44

wherem, is the mass of electron and will be ignored for the X[Hq(X, &) Erg(X",€) —Hrg(X",E)Eq(X,8)]. (47)
following discussion. The elastic nucleon matrix element is

kK'+A—m,+ 1 1
Me1€ x> €l ReE an(x)E dx’ a*(x')
q -1 -1

G The tensor structure A“AY —3 g#"A?) signals a cos@
U(P), term in the cross section, as was noted2d]. There is, of
(45) course, also a gluon helicity non-flip term but it enters at one
o higher power ofag.
whereU,U are the nucleon spinors arky andF, are the The interference between the double-helicity-flip Comp-
usual Dirac and Pauli form factors of the nucleon. ton and Bethe-Heitler amplitudes is
We are interested in only the leading contribution to the
cross section from the helicity-flip gluon distributions. This
comes from the interferences between the helicity-flip and N=2 AN=2 € e
non-flip Compton amplitudes and between the former and T? "Lt Ty 73:2A2Q2|(M " Red
the Bethe-Heitler amplitude. The first interference yields (48)

(P13, (00P)=U(P")y, 1(A2)+F2(A2)

6

(mv)a:

6
e
AN=0\% FAN=2 \A=0 N=2\k _ _ | MY
(TP T T (T Q4|VCWVC“”’ where |(#")@ depends on electron kinematic variables and
(46) can be found if4]. The nucleon structure dependent part is

AZ

Her SMAV——ngA D:‘—WS e DE dm(x)F(FﬁFz)SHTg(x &)+ 2z EreX, g)D “+ (F1Erg(X,€)

o

P G o S D 1
—FoHrg(% )2 —I—(A#gfv—l-Algfu_gf”Af)ﬁ % e Elan(x)

AZ
X E&(Fy+ FZ)SHTg(X )+ zErdx, f)D (49

Here the presence df in |#** andA#A” in H#"« can give  This can readily be evaluated using E43) by substituting
rise to a distinct cos3 terms in the cross sectid21]. To in the appropriate Dirac spinor for the nucleon helicity states.
obtain the latter, one just multiplies the lepton and hadrorf‘ccording to[21], certain angular weighted cross sections
tensors together to get the square of Thmatrix. Because of can be used to make a direct extraction of the above ampli-
its length, we omit the final expression. A more direct way totUde'

see the angular dependence of the cross section is to use the

formulas derived in the center-of-mass frame in Refs. VI. SUMMARY AND COMMENTS

[21,30. According to these works, all one needs is the had- In this paper, we have presented a number of new results

ron helicity amplitudeM},,, where\, A" andH, H' are  rejated to the helicity-flip off-forward parton distributions.
the initial and final photon and nucleon hehcmes respecirst, we enumerated systematically all leading-twist off-
tively. The helicity-flip nucleon amplltuda/lH e clearly is  forward parton distributions for a nucleon: six for the quark
just the helicity-flip Compton amplitude, parton and another six for the gluon. Four of these distribu-
tions, two each for the quark and gluon partons, involve

parton helicity-flip. Second, we derived the leading-

My =€~ Des(+1)TE ;. (500 |ogarithmic evolution equations for these helicity-flip distri-
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butions. In the forward limit, our result agrees with the limit. Of course, the helicity-flip gluon distributions can also
known kernel forh;(x) while the kernel forA(x) is new.  be measured in vector meson producfitfl. The size of the
Third, we obtained the photon helicity-flip Compton ampli- helicity-flip distributions should be similar to the usual
tude in terms of a tower of gluon operators with total deriva-helicity-dependent parton distributions—there is no extra
tives. Our result may be obtained from the known forwardsuppression in the soft physics to curb helicity flip.

case by using the conformal symmetry of QCD. Finally, we
compute the leading DVCS cross section which depends on
the gluon helicity-flip distributions.

We have emphasized the unique role played by helicity- We would like to thank J. Osborne for discussions and for
flip distributions in characterizing the properties of thedrawing the Feynman diagrams. P.H. thanks the Fulbright
nucleon. If one askes for a clear experimental signal of exFoundation for sponsoring his visit to the University of
istence of gluons in the nucleon, the helicity-flip ComptonMaryland. This work was supported in part by funds pro-
amplitude would serve the purpose. Without the vector gluvided by the U.S. Department of Ener¢9.0O.E) under co-
ons, it would be at least power suppressed in the high-energyperative agreement DOE-FG02-93ER-40762.
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