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An extensive theoretical analysis of off-forward parton distributi@@EPD3 is presented. The OFPDs and
the form factors of the quark energy-momentum tensor are estimated at a low energy scale using a bag model.
Relations among the second moments of OFPDs, the form factors, and the fraction of the nucleon spin carried
by quarks are discusse[50556-282(197)01121-1

PACS numbes): 12.38.Aw, 12.39.Ba, 13.40.Gp, 13.60.Hb

[. INTRODUCTION [7] studied the relation between the Altarelli-Parisi evolution
for parton distributions and the Brodsky-Lepage evolution
One of the most important frontiers in strong interactionfor leading-twist meson wave functions. The “interpolating
physics is the study of the structure of the nucleon. Despitéunctions” introduced in Ref[7] are essentially the OFPDs
considerable experimental and theoretical progress madghich we study in this paper. In the early 1990s, Jain and
over the last 40 years, there are still many unanswered queRalston[8] studied hard processes involving hadron helicity
tions. An example is the intensive debate which has continflip, in terms of an “off-diagonal transition amplitude” in-
ued over the Spin structure of the nucleon, ever since tht‘O'Ving off-forward matrix elements of biquark fields in the
European Muon CollaboratiofEMC) published their initial nucleon. It was shown that the integral of this amplitude over
data on the spin structure functign [1]. Traditionally, two  the quark four-momentum yielded elastic form factors. Re-
types of observables related to the nucleon structure haveently, one of u$9,10] introduced OFPDs in the study of the
been studied mosﬂy extensive|y: elastic form factors andspin structure of the nucleon. The main observations in Refs.
parton(quark and gluondistributions. Electromagnetic form [9, 10] were that the fractions of the spin carried by quarks
factors of the proton were first measured in the mid 1950&nd gluons can be determined from form factors of the QCD
[2], and in recent years measurements of those of the neutr@fergy-momentum tensor, and that the latter can be extracted
have been attempted and more are p|ar[@dWeak form from the OFPDs. Furthermore, the deeply virtual Compton
factors are also being measured through parity-violatingscattering(DVCS) process was propos¢d0] as a practical
electron and neutrino scatterifig]. On the other hand, the Way to measure the new distributions.
unpolarized quark and gluon distributions have been system- From the point of view of parton physics in the infinite
atically probed in deep-inelastic scattering and Drell-yanmomentum frame, the OFPDs have the following mean-
processes since the discovery of quarks at SLAC in the lat#g: if @ nucleon is moving with an infinite momentum in a
1960s. The polarized quark distributions have also been studparticular direction, take out a parton with a certain fraction
ied in a number of experiments in recent yeldik and more  of the momentum, give it a four-momentum transief, and
data on these are anticipated in the future from CERNinsert it back into the nucleon. This is illustrated in Fig. 1.

SLAC, the DESYep collider HERA, and the BNL Relativ- The OFPD is then the amplitude characterizing this process.
istic Heavy lon Collider(RHIC). On the other hand, from the point of view of elastic form

In this paper, we present a first detailed study of a newfactors, the moments of OFPDs are form factors of twist-2
type of nucleon observable: the off-forward parton distribu-quark and gluon operators. For the spin-1 operators one has
tion (OFP[) The OFPDs genera”ze and interp0|ate betweeﬁhe Ordinary electromagnetic and axial form factors, while
the ordinary parton distributions, measured for instance in
deep-inelastic scattering, and the elastic form factors, and
therefore contain rich structural information. There are no
data so far on these distributions, and a relatively short the-
oretical history. Discussion of the OFPDs has arisen inde-
pendently in several different theoretical studies. Using the
operator product expansion, Watanaf@ analyzed the
short-distance behavior of virtual Compton scattering in
terms of functions related to off-diagonal matrix elements of
twist-2 operators. In the late 1980s, Geyer and collaborators P P

FIG. 1. Off-forward parton distributior? andP’ are the initial
*On leave of absence from Department of Physics, Massachusnd final state nucleon momenta, andndk’ are the active quark
setts Institute of Technology, Cambridge, MA 02139. momenta.
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for the spin-2 operators one has the form factors of the,(—\n/2)£T#y(\n/2), where is a scalar parameted; is
energy-momentum tensor. Because the form factors of thg quark field of a certain flavor, add= y* or y*ys. The

energy-momentum tensor contain information about thffightlike vector n* is proportional to(1:0,0~1), with a
quark and gluon contributions to the nucleon angular Morpefficient depending on the choice of coordinates. The
mentum, the OFPDs_ can prpwde information on the fractlor‘gaugle linkZ is along a straight line segment extending from
of the nucleon spin carried by quark orbital angulargone quark field to the other, which makes the bilocal operator
momentum—a subject of considerable current intefetl  gauge invariant. In the following, we work in the lightlike
The OFPDs can be measured in diffractive processes iBaugeA-n=0, so that the gauge link can be ignored. We
which the nucleon recoils elastically after receiving somenaye also ignored the time-ordering of the quark fields, since
momentum transfer. Moreover, one must have in the proghe gifference between the time-ordered and non-time-

cesses a hard, lightlike momentum so that the parton lightygered operators is an anticommutator of the fields along
cone correlations are selected. The simplest such processijss light cone, which is simply a constaias).

DVCS [10], in which a deeply virtual photon, supplied by ~ one can now proceed to take the matrix element of the
inelastic electron scattering, hits the nucleon and turns into gjjgcal operator between the nucleon states of momBrita
real, high-energy photon. Such a process is easy to analyz@,qp/«=pri A« whereA* is the four-momentum trans-
theoretically and is similar to ordinary deep-inelastic scatter{e; The matrix element must be expressible in terms of
ing. More complicated processes include diffractive meson, ,cjeon spinors, Dirac matrices, and the four-vectefs
production, in which one must deal in addition with mesony . “andne. Since we are only interested in the leading-twist
light-cone wave functiongl2—1§ (these have recently been .o +ibtions which are proportional 8 or P'# in the

shown by Collinset al. [18] to be factorizable The best jgnite momentum frame, we keep terms that are nonvanish-
experimental facility to carry out DVCS experiments is theing after multiplication byn* [9,10]:
proposed ELFE19]. However, some studies can already be T

made at HERA(the HERMES Collaborationand at Jeffer-

son Lab with a 6 GeV electron beam. f d_heixx<pr|ﬁ_)\n/2) Y4 (An/2)|P)
In planning future DVCS experiments, it is important to 2m
have a theoretical estimate of the OFPDs. The purpose of the _ T
present study is to perform a first analysis of the OFPDs in H,&DU(P) y*u(P)
the MIT bag model[20]. To be sure, the bag model has a ___, io""A,
number of well-known problems, including breaking of chi- +EXEDU(P) —g—u(P)+---, (18

ral symmetry and translational invariance, absence of ex-

plicit gluon degrees of freedom, etc. Nonetheless, it contains q

quarlgsz _it p_redicts well the h_adron spectrum, it give_s reason- f _)\eixx<P/ |ﬁ—)\n/2) yEys(An/2)|P)
able initial input for quark distributionf21-23, and it can 2

describe the electromagnetic form factdi22,24 of the

nucleon. Other models of which we are aware have an =HX,&DU(P’) y*ysu(P)
equally long list of problems and do not seem to provide any _ Al
obvious advantage for estimating the quark distributions. +E(X, & u(P’) oM ulP)+---, (1b)

After first reviewing in Sec. Il the definitions of the off-
forward parton distributions and some of their general prop- ) ) )
erties, we present in Sec. Il the results of the bag model folvheret=A<and¢=—n-A, with u(P) the nucleon spinor,
their dependence on the various kinematic variables. The cafind the ellipsig---) denotes higher-twist contributions. It is
culation accounts for Lorentz boost and spectator quark ef20SSible to construct other Dirac structures that appear to be
fects. In Sec. IV we analyze the form factors of the energy/€ading twist; however, using Gordon identities and throwing
momentum tensor, and evaluate thetdtependence. Finally, 2aWay subleading terms one can always reduce these to the

conclusions are noted in Sec. V, and possible extensions ¢prM in Egs.(1). The structures in Eqsl) are the same as
this work outlined. those in the definition of the nucleon’s elastic form factors.

Examination of the helicity structure of quark-nucleon scat-
tering shows that there are exactly four independent ampli-
Il. BASICS OF OFF-FORWARD PARTON DISTRIBUTIONS tudes. The chiral-even distributioh$ andH survive in the

In this section we review the definitions and model inde_forward limit in-which the nucleon helicity is conserved,

pendent results for the OFPDs and their moments discussé(mlle thehc?iril—o;:il'd distribgtitoréﬁ i?]d E ?ri'fe from thf
in Ref.[9]. Other definitions of OFPDs exist in the literature ?r:ﬁsefcé? elicity Tlipassociated with a finitemomentum
[7,12]; however, the definition introduced in R¢8] has a . . . N

number of advantages, such as explicit hermiticity, and a The OFPDs are depicted graphically in Fig. 1, whiefe

simple connection with local operators and their form fac-and KM are the f°“f'm°"_‘er?ta Qf the active partons. The
tors. We shall henceforth use the definition from Reh. _phyS|caI meaning _of the dl_str|b.ut|ons becomes cleare_r if one
The OFPDs can be defined for both quarks and gluons; howtroduces a conjugate lightlike vectq* of n”, with
ever, in this paper we focus primarily on quark distributions,P-n= 1. Expanding?*=(P+P")#/2 andA* in terms of the
since the description of the wave function of gluons in thevectorsp* andn* then gives
nucleon is a much more difficult problem. _ _

To start, consider the bilocal operator P~=p*+(M?/2)n*, (29
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Ab= _é:(pl’«_(M_Z/Z)n,U«)+AF-, (2p)  The sum rules(6) provide important constraints on any
- o model calculation of the OFPDs.
whereM2= P2=M2—t/4, and the spatial componentsPF Generalizing the sum rulé$), let us multiply Eq.(1a) by

have been chosen along thairection. If we focus on the X" * and integrate ovex from —1 to +1, which gives
p* components of the momenta, the initial and final nucleons e <
have longitudinal momenta (L£/2)p* and (1-— &/2)p*, nanfz. (P! giD .- iD#n 1yt ny|P)
and the outgoing and incoming quarks carxy~&/2)p# and L o io™'n. A
(x— &/2)p*, respectively. Since the nucleon cannot have =H,(&Hu(P")hu(P)+E.(& )u(P’) WU(P),
negative longitudinal momentum, the limit @is obviously
7
0<é<2. 3 "
where

A more careful analysis usiny? >0 leads to the more strin- L
gent constraint &¢<\—t/M. On the other hand, since Hn(fit)=f A" TH(x, £,1), ®
qguarks cannot carry more longitudinal momentum than the -1
parent nucleon, one has the constraintxon -
and likewise forkE,(&,t). The derivativeD# is defined as

—1<x<1. (4) L
When x>¢/2 both quark propagators in Fig. 1 represent DM:E(D”_D”)' ©
guarks. Whemx<<— ¢/2 they represent antiquarks. In these
regions, the OFPDs are analogous to the usual parton distnivhere
butions. In the intermediate region&/2<x<¢/2, the quark .
propagators contain one quark and one antiquark, and here D#=g*+igA¥, (103
the distributions resemble a meson’s wave function ampli- L
tude. D#= g —igA~. (10b)

The off-forward parton distributions display characteris-

tics of both the forward parton distributions and nucleonThe left-hand side of Eq(7) is an off-forward matrix ele-
form factors. In fact, in the limit oA“— 0, one find49] ment of the twist-2 operator

H(x00=q(x), H(x00=Aq(x), () 04t #n= yiD (k1. iDFn-1yinl y—traces,  (11)

whereq(x) andAq(x) are the forward quark and quark he- where the brace$ -} represent symmetrization of indices.
licity distributions, defined through similar light-cone corre- on general grounds, a matrix ebmenaglmun is a sum of
lations [23]. It must be pointed out that while th&*—0  taymg composed of form factofsvhich are functions ot

s e oeonly). appropriate Lorntz srcures consiucted o
rally X PrOCESS, A u"and the Dirac matrices, and nucleon spinors. Thae-
where a finitet-channel momentum transfer is essential to

simultaneously maintain the initial photon deeply virtual andpendence in Eq.7) arises only from contracting a vectar:
, y P Py in any of the Lorentz structures with the null vectot.
the final state photon real.

On the other hand, the first moment of the off-forward?rhere}core they depende_nce of th_e moments of the OFPDs is
e in the form of polynomials. To find the degree of the poly-
distributions are related to the nucleon form factors by the . | ice that th . Hy
following sum ruleg8,9]: homials, notice that there are at ma@stontractions o
" with A# in the nth moment. Thudd,(&,t) andE,(&,t) are
1 polynomials of degre@ in &, a result which is not obvious

f dxH(x,&,1)=F4(1), (6a)  from the definition itself. The same considerations apply to
-1

the bilocal operator withys dependence.

1
f dXE(x,&,t) =F,(t), (6b) Ill. BAG MODEL ESTIMATE OF OFF-FORWARD
-1 PARTON DISTRIBUTIONS

1 Having outlined the basic definitions and results for the
f dxH(x,£&,t)=Ga(t), (60 OFPDs, we now present a calculation of the OFPDs in a
-1 simple version of the MIT bag modg20]. As mentioned in
. the Introduction, our choice of the MIT bag is based on the
= _ fact that it has quark degrees of freedom, and gives reason-
leXE(X’g’t) Ge(V). (60 able results for the electromagnetic form factf®2g,24], as
well as for polarized and unpolarized parton distributions
HereF,(t) andF,(t) are the Dirac and Pauli form factors, [21-23. However, being a model, it has a number of un-
and G,(t) andGp(t) are the axial-vector and pseudoscalarwanted artifacts, such as a sharp boundary, absence of glu-
form factors of the nucleon. Theintegrated distributions on ons, and the breaking of translational invariance and chiral
the left-hand side of EqY6) are in fact independent df. symmetry. Nonetheless, we believe that our results should
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provide a reasonable first guess of the unknown distributions Calculation of the OFPDs requires the wave function of a
at low-energy scales. There are, of course, many othamoving nucleon. One must therefore boost the rest frame
nucleon models in existence in which the OFPDs could b§yave function(16) to a frame moving with velocity . In-
calculated; however, we see no clear reason why these moglding the time dependence of the quark wave function ex-
els would be more reliable than that considered here. TheIiCitI (L.7) = exp(—ie (), the effect of a Lorentz
issue of evolution of the distributions to higher-energy scale %/ nl/,th, W_V F; net? n ,n be representeizdy
will be addressed in a separate publication. oost on the wave function can be represente
The starting point of our calculation is E€L), which is

written in terms of a coordinate system for whiBhr P’ is
chosen to be in the direction. The lightlike vectorp* and — vt coshw)
n* are given by

Y (t,0)=S(A ;) Y((t—v-r)coshw;r + 0 -r(cosho—1)

L =exf —iey(t—v-r)coshw]S(A;)
pP“=A(1;0,0,), n*==—(1;0,0~1), (12

C2A X (r+0-r(coshw—1)—vt coshw), (18
where A specifies the frame of reference. According to Eq.where
(12) the “+” and *“ —" components of a vectok* are pro- .
ol I et e SO ] 5 cosiy 5. s 19
pH= (M_;—&/2), p’#= (M_;&/z), (13 Here the rapidityw is related to the velocity by =tanh v,

. : . : wherev=|v|. In the Breit frame the velocity of the initial
which corresponds to the Breit frame. Obviously in such a v . |‘j| . — y
frame the three-momentum of the nucleon has transverd@!cleon isv=—A/2M, so that
components. Thé-channel momentum transfer squared be- vi |&|
comes M P bl

coshw vE sinhw M- (20)

t=—A2=4(M2—M3). (14) , , _
Here we basically treat the independent quarks in the bag as
The variable¢ in this frame is therefore related to the pro- free particles, ignoring the fact that they are confined by the
jection of A in the z direction, t_)ag boundary, which again is a part of the model assump-
tions.
&= —Az/M_, (15) In practical calculations, it will be more convenient to use
a momentum space wave functias(k), which is simply

i.e., A=(A, ,—&M). For calculations in a model without related to the coordinate space wave funcﬁlq;(t,F) by a
exact translational invariance, the choice of frame is part ofourier transformation:

the model assumptions. In principle, a different result could .

be obtained if, for instance, one chooses instead a frame - d3k = -
where the initial nucleon was at rest. Nevertheless, we be- z/;,;(t,r)=S(AU~)f (ZT)seXFi_'(fot_k'r)W(k)'

lieve that the main features of our result will be weakly (21)
frame dependent, as in many other similar types of calcula-
tions. where €,=(eo+k-v)coshw, k, =k, , and Kk=(ew

Recall that the coordinate space wave function of a quark - e e A
in the rest frame of the MIT bag is given by +k;)costw, with k;=(k-v)v. The momentum space wave

function is given by
Jo(eor)

“ 3 . R to(k
¥ V“’TNR(iU.fjl(eor))X’ (9 qo(k>:¢4wNR3(» - )x, (22

whereR is the bag radiusep= wy/R is the quark energy, R
and wo=2.04 is lowest-frequency solution of the bag wherek=|k|, and the functions,, are given by:
eigenequation, tamy=wy/(1—wp). The functiongq ; are the

spherical Bessel functionsr£|r|), and y is the quark tO(k):J'o(wo)COS(kR)—jo(kR)COSIwo (233
spinor, equal to?{) for a nucleon with spin in the-z direc- wS—IZZRZ '
tion, and Q) for spin in the—z direction. The normalization
N is given by i (KR)i KR i C (KR
t,(k)= Jo(kKR)j1(@o) : elo(wo)ll( )wo. (23b)
N2 @0 (17) wg—k°R?

2R%(wo—D)jg(wo)” . _ . .
One of the most important issues in calculating the off-
The radius in the basic version of the bag model is given byorward matrix elements of single-particle operators in inde-
the relation.RM=4w, [20,23. pendent particle models like the bag is momentum conserva-
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tion. In the following, we discuss this issue in some detail, 1 — ¢ /M)A, which arises from the combined effects of
which in the end will motivate the approach we take in per-p,ost and the action of the single-particle operafbhe rela-

forming the calculation. In independent particle models,ie sign of the two effects appears somewhat counterintui-
strictly speaking, the form factors of any one-body operatot;, . pt is nonetheless correct

must be zero. Since the momentum transfer through the one- In principle, a better approach would be to use initial and

body operator affects the active quark only, the remalnlngrinal nucleon wave functions with definite momentum, which

spectator quarks maintain the|reor|g|nal states. On the othe(gan be approximately obtained, for instance, through the

hand, if a momentum transfed is given to the whole peijerls-Yoccoz projectiofi26] or the center-of-mass free-
nucleon, each of the quarks must receive a momentum trangom separation methd@7]. In such calculations, all quarks
fer A/3, since before and after the interaction, the modekhare equally the momentum transfer to the nucleon. In par-
nucleon must move as a whole. Thus, as a result of the mdicular, the active quark in which the single-particle operator

mentum mismatch, the form factors must vanish. In a realisgets is injected with a momentuf’3 only. Since the state of
tic situation, however, the nucleon wave function containghe two spectator quarks also changes from the initial to the
correlations. The momentum transfer injected to a singlginal nucleon, the effective operator which induces such a
quark is in turn transferred through correlations to the othefransition is actually a three-body operator.
constituents, and asymptotically is equally shared among A calculation of the OFPDs incorporating the effects of
them. In independent particle models, however, these vitalorentz boosts and projections is rather involved, and in
correlatlon_s needed for form factor calculations are missingpractice not particularly illuminating. Instead, we consider a
In the literature, several common approaches have beefimpler alternative, by modifying the momentum transfer
adopted to deal with this issue. In one approach, model wavghrough the active quark in the approach of RE24].
functions with no definite center-of-mass momentum argyamely, we let the effective momentum transfer through the

used[22,24. Form factors are _calculated from a Fourier active quark bey 5, where is taken to be a parameter. As
component of the single-particle operator, . = . .

P S ) ) r.nentlon'ed abovep—l—eO/M in an gnprOJected qalcula—
O(A)=/d"re"20(r). In this type of calculation, the mo-  tion. Ultimately, 5 in our calculation will be determined by
mentum transfer to the model nucleon and to the individuafiting the electromagnetic form factors of the nucleon, but
quarks is not well defined. If a boosted single-particle waveyne can expecty to be around 1/3, in the spirit of the
function is used, roughly»speakmg, the momentum tranSfefnomentum-projected calculation discussed above.

to each spectator quark is/3. On the other hand, the mo-  The matrix element of the bilocal operator is calculated
mentum transfer through the active quark is approximatelyusing the boosted wave function of the active quark,

—dh i ; . 2M [ d% ~ A, )
ZMJ Ee" fd3re A ¢_U~(—)\n/2+r)l“¢5()\n/2+r)—m f W 5(x—n_ k++7
X{@T(K)S(A ) yol' S(Ag) e(K)}, (24)

wherel’=# or hys and k’E|l2’|, k’=k+A. The effective momentum transfar is given by

>

Z— A
~ Tcoshy

(25

Choosing for simplicityA,=0, and using cylindrical coordinates to perform thentegration, thes function in Eq.(24)
reduces to a constraint on taecomponent ok:

M
k,= 5
1—(coshw—1)As/t

XAZ

X_
2M

(2€0+ A,)coshw + |z|sinhw—

ky(coshw— 1)) ] (26)

Evaluating the expression in the braces in &4) explicitly for I'=1#, and equating the spin-independent components on both
sides, leads to

M dk, d

1—(coshw—1)A%/t | (2m)

to(K)ty(k')
k!

k.cosho

t @
H(x,&,t)+ WE(X,§,t)=Zz(t)(4wN2R6) 3 kL[ to(K)to(k')+

2, . . o
+Tk -A Slnth

2A, -
k,coshw + TZ k-A sink?%

t1(K)to(k')

* K

+[K-K' —A- (KA, — Ak,)sinh ] M] (27

Kk’
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where the effects of the spectator quarks are included in the fZ¢td{24]:

Z(t)= N® fRdrrzj (eol Alr/MY[j2(€or) +2(€0r)] (28)
coshw o ol €o ol €0 J1(€ql) ],

If one compares ther, components in Eq24), on the other hand, a different combinationtbfandE arises:

’

X
— coshw
Ay

H(x,&,t)+E(x,&,t)=2Z%(t)(47N?RE)

2MM f dk, de

1—(cosho—1)A%t ) (2m)®

sinhw
k[ —to(K)to(k’) +
Al

2A, (KXA Kt (k") |k 2A, (KXA K)to(k'
tz< x4), swg] tol );( )_[_xcosm_ , (kKx&), swg] by )tko( )

X X t AX

+

(29

kxA), k-k'—2K2 t,(K)ty(K'
( )y_ . ySin}'h) 1( )1,( ) )
Ay A kk

Expressions for the individual functio$ andE are then obtained by solving Eq27) and (29) directly.

For the helicity-dependent ca$e=riys again one can obtain two independent combinationsl gfnd E by comparing
different spin components in ER4). Equating coefficients of-, leads to

- A2
H(x,&t)— ZM—E(X,f,t)zzz(t)(47-rN2R6) M f k{

AZ
2l1- —2 — -
AM(M+M) 2M 1—(coshw—1)A%/t

2A2
+ TZ sinr?glto(k)to(k%

k,+

Ak to(k)t(K’
Xxsinhw] o(K)ty(K’)

|| K

t kk’

Ak t,(K)to(K' -
g 2% ginn | LKD) oy kR k7)cosh
Al
2A Lo t,(K)ty (K’
+ 227 (KK - A— A R?)sinR 2 fakta(k) , (30)
t 2 KK’
while the o, components give
AA, ~ AA, ~ 2M dk, d
- — T H(x,&1) - ——E(X,£,1)=Z%(1)(47N°R®) > f e~
2M(M+M) 2MM 1—(coshw—1)A%t J  (2m)3
2A,A ] k. to(K)ty (K’
X 22 Sint? | to(K)to(k') + | K, — —=2 sinhw M
2 |A| k
ALK 1 ty(K)tg(K’
+| ke — sinhw falte(k)
N |k
+| (kek’ + kk.)coshw
2A Lo
+ Z(kx(k+k’)-A—AXk2)sinhz§1 (3D)

tl<k>tl<k'>]
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1
0.8
T~ 0.6
&
o 0.4
0.2
0
FIG. 2. t dependence of the proton electric form fac@g(t) x
for »=0.35 (solid) and »=0.55 (dashedl The bag radius in this 6
and subsequent figures is fixed BM=4w,. The data are from b
Refs.[28,29. nt ( )
By fixing the bag radius to bR=4wq/M [20,23, the model 12
then has essentially one paramegeil his can be constrained 2r ---- E/2
by comparing the model predictions for the Sachs electric _
and magnetic form factors of the proton, O ————
t —2}
Ge(t)=Fa(t)+ raFal(t), (329
—4 . . .
GM(t):Fl(t)+F2(t)i (32b) -1 _0.5 O 05 1
with the available datf28,29. The form factors can be ob- x

tained from Eqs(6a) and (6b) by integrating theH and E o

distributions in Egs.(27) and (29) directly. Note that the FIG. 4. Off-for\Lvard parton distributions at=0 for theu andd
results are in fact equivalent to those given®y andGy, in flavors:_(a) H andH, vv_hic_h cqrrespond to the usual spi.n-averaged
coordinate space in Ref24]. Furthermore, in a calculation 2nd spin-dependent distributiogéx) andAq(x), respectively(b)

for the proton with an S()-symmetric wave function, the E andE for 7=0.55. Note tha€/2 is plotted.

combinations of the electric, baryonic, and axial charge fac- . . .
tors appear in such a way as to reduce the final result to thé’f’“ges offt| .t_The smallt|-jt| iata(lntcr:]ludllng the crarg_eorasdslus
for a single quark. In Fig. 2 we show the predictedepen- ana magnetc momeh 0 favor the larger vaue;==1.29,
dence ofGy for two values of the paramete(7=0.35 and while a better fit can be achieved at lange with %=0.35.
0.55. Thet dependence of the magnetic form fac@y, is Note that Wh'I?GE(O) is independent oR and », the valug
shown in Fig. 3. In both cases the bag model results are iﬂf the mqgneﬂc momer(EM(O) depend§ on the bag radl_us
quite good agreement with the data. Because the effects d . This ShO.WS. that different prescriptions of calculating
boosting the bag are enhanced for lartér one would ex- orm factors within the model can give different answers

pect in general the bag model to be more reliable at smallef /" at small momentum t_ransfers. Th|§ IS just one of the
artifacts of the explicit breaking of translational invariance in

3 ' T r r r T . the bag model.

Having fixed the model parameters, one can now calcu-
late the individual OFPDs as a function xfand ¢, for dif-
ferent values of. Again, assuming the S6) wave function
for the proton, one multiplies the right-hand side of Ezj)
by a factor 2(1) and that of Eqs(29), (30), and(31) by a
factor 4/3 (—1/3) to solve for the ugdown) quark distribu-
tions. In Figs. 4a) and 4b) we first show the distributions at
t=0 (and ¢=0) for —1<x<1, for both theu andd quark
flavors. Because the smat|- form factors are better de-
scribed with a larger; value, for consistency we use here
7= 0.55. Note that the distributiortd andH in Fig. 4(a) for
u andd quarks are just the forward unpolarizedx) and

—t d(x), and polarizedAu(x) and Ad(x) parton distributions,

FIG. 3.t dependence of the proton magnetic form facgy(t)  respectively. BothtH and H are in fact independent of.
for 7=0.35 (solid line) and »=0.55 (dashed ling The data are Furthermore, the first moments dfandH att=0 explicitly
from Refs.[28,29. satisfy the normalization conditiongqual to 2 and 1 for
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FIG. 5. Off-forward parton distributiorH(x,&,t) for the u FIG. 6. As for Fig. 5, but for thel quark.
quark, as a function ok and &, for (8 t=—1Ge\V? and (b)
t=—2Ge\%

are shown as a function ok and & for t=—1 and
) t=—2 Ge\2. Throughout we use the valuge=0.35 on ac-
unpolarizedu and d quarks, and (4/3 and (—1/3)da,  count of the better agreement with the form factor data at
whereg,=0.65 for a quark, in the polarized case, respecCyarge|t| (see Figs. 2 and)30ne can see that the dependence
tively]. The tensor apd pseudoscalar distributi@hand E, on ¢ is quite weak. According to the discussion
however, shown in Fig.(®), do depend rather strongly op i the last section, this means that the form factors of
The peak value oE for the u quark, for instance, would be the twist-2 operators associated with the structure

~6 for 77:1_60”\/' =0.75 (Wlth R:40)0/M). The first pH1. "PM”*lU_(P')‘y”nU(P) dominate over other form fac-
moment ofE att=0, summed over both theandd flavors, tors. We do not have a simple explanation for this. The

is equal tOGM@)‘l (as in Fig. 3, while the first moment dependence of OFPDs, however, is rather strong, as expected
of the flavor single€ is Gp(0)~6 for »=0.55. . from the above form factor behavior. Experimentally, the

Note also that the calculateddistributions do not vanish most interesting region for DVCS is<l—t<2 Ge\2. For
entirely atx= 1, which simply reflects the fact that the initial too small|t|, QED radiative effects mask the processes sen-
and final nucleons are not good momentum ei(‘:jenstatess.l,[ive to the,OFPDs On the other hand, for too lajgethe
However, the effect is only slightly noticeable f&r and is  jistibutions become too small to be measurable.
negligible for the other distributions. In addition, because the Since the moments dfi(x,£.1) andﬁ(x £11) are related
bag model does not have the correct Regge physics built in,, = >
we cannot expect the calculated distributions to reproducd@ Ed- (7) to form factors of twist-2 operators, the same
the smallx behavior of the structure functions. As for the QCD counting rule argumen{80] can be applied to study
forward parton distributions, the results are more reliable afhe largeft| behavior of the OFPDs as for the=0 case.
moderate values ok~ 1/3, where both the calculated and Simple analysis shows that the helicity-conserving form fac-
empirical distributions have a strong peak. tors, and therefore also the distributiddsandH, should fall

In Figs. 5—10 the distributions for both thieandd quarks  off like 1/t as —t—w.



56 STUDY OF OFF-FORWARD PARTON DISTRIBUTIONS 5519

[ (a) t=-1 GeV2

FIG. 7. Off-forward parton distribution:(x,g,t) for the u
quark, for(a) t=—1 Ge\? and(b) t=—2 Ge\2. Thed quark dis-
tribution is obtained by multiplying by- 1/4.

FIG. 8. Off-forward parton distributiorE(x,&,t) for the u
quark, for(a) t=—1 GeV? and(b) t=—2 Ge\~.

IV. FORM FACTORS OF . oo = o
THE ENERGY-MOMENTUM TENSOR ‘]g:f d*rr X(EXB), (34b)

In this section we review the role of the form factors of where summations over flavor and color indices are implicit
the QCD energy-momentum tensor played in the spin struc-" " _ pheit,

ture of the nucleon and their relation with the OFPDs. InandTq andEXB are the quark and gluon momentum den-
particular, we present the first model calculation of the formsities, respectively. The Dirac spin matrix is denoted3hy
factors of the quark part of the energy-momentum tensor. ,n4p s the covariant derivative. By analogy with the mag-

_ Since the publication of the European Muon Collabora-qtic moment, the separate quark and gluon contributions to
tion (EMC) measuremeritl] of the fraction of the proton’s o nucleon spin can be obtained from the form factors of the

spin carried by quarks, the spin structure of the nucleon hag,omentum density or, equivalently, the QCD energy-

beer:j.studledhextensllvely r|]n the I|teratU(e. A deeper u”d,err'nomentum tensor at zero momentum transfer.
standing of the problem, however, requires one to examine The symmetric, conserved, gauge-invariant energy-

more closgly the angular momentum operator in' QCD. Thi%omentum tensof#* of QCD can be separated into quark
can be written as a sum of quark and gluon contribut[@ris and gluon components:

Jaco=Ja*Jg. 33 TH=TH 4 TEY, (35

where )
where the quark part is

- - - 1 . - -
Jq:fd3rr><Tq=Jd3r{§¢T2¢+¢Trx(—iD)w},

L
(343 T4'=5 (pHiD gDy, (39
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FIG. 9. As for Fig. 8, but for thed quark. Note that it is FIG. 10. Off-forward parton distributiorE(x,&,t) for the u
—E(x,&,t) which is plotted. quark, for(a) t=—1 Ge\? and (b) t=—2 Ge\2. Thed quark dis-
tribution is obtained by multiplying by- 1/4.
and the gluon part is

1
1 J ==, (39b)
TgV=ZgWF2—FWF;. (37) 47782

. ) ) i . where in the rest frame of the nucleon,
Using Lorentz covariance and invariance under the discrete

symmetries, one can expand the matrix element$gdf in 2_/pl3
terms of four form factors: J3.65=(PlJq,lP). (40)
(P’ |T§’S| P) =u_(P’)[Aq‘g(t)y{“P”} with S the polarization vector of the nucleon. This role of the

form factors of the total energy-momentum tensor has been

+Bq g(t)ﬁ"i oA 2M +Cqg(t)(A*AY first noted by Jaffe and Manohg31].

Measuring the form factors of the energy-momentum ten-

—g“"t)IM +C_q,g(t)g“"M]U(P), (38)  sor in practice is very difficult, partly because there is no
_ ~ fundamental probe which couples to thefithe graviton
where the brace§--} on the superscripts denote symmetri- does, but only to the total tenspiBecause of asymptotic

zation. Substituting the above into the nucleon matrix elefreedom, the form factors can be measured through deep-

ment ofJ, 4, one finds fractions of the nucleon spin carriedinelastic sum rules, as explained in RE3]. According to
by quarksJ,, and gluons,J, [9]: our definition of OFPDs, it is simple to show that

1
Jq,g:%[Aq,g(oH Bag(0)], (393 J_ldxxH(x,f,t) =A(t) + E2C(1), (41)



1

f dxxE(x,£,t)=B(t) — £2C(t). (42)
-1

Combining these one obtains

fl dxx{H(x, &) +E(X,&D]=A(t)+B(t), (43
-1

where the¢ dependence drops out.

For the spin structure of the nucleon only small values of

t are relevant. However, reaching smiaih real experiments
will be difficult; so some knowledge of thedependence of
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A()+B(1)
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the form factors is essential. In the remainder of this section,

we will present a detailed calculation of the form factors of

the (quark flavor-singlet part of theenergy-momentum ten-

FIG. 11.t dependence of the form facté+ B of the nucleon
energy-momentum tensor, for the unboosted calculation with

sor in the bag model. In principle, one can already obtain the;=1—¢€,/M (dotted ling, and for the boosted result with=0.55

form factors from the sum rulegt1)—(43). However, here

we will present an independent derivation, from which not

(dashed ling and »=0.35(solid line).

only can one check the calculations on OFPDs, but also 0lyaction to the quarky<1— €o/M, the value ofA(0)+ B(0)
tain the form factors not accessible from the above sumg ng jonger unity. This can be understood from the fact that

rules.

the boosted bag wave function does not have the correct

The bag energy-momentum tensor is a sum of quark anflorentz symmetry. For a smaller valug=0.35 (solid line)

empty-bag contributions. The quark part can be written

1 — —
Thivag=5 (WY 74+ gy,

a (44

where s is the quark field in the bag. Using the bag’s equa-

tion of motion,i 4= 5(r —R), it is easy to see thalty p.qiS
traceless. From the general theorem proved in B3, the

bag quarks contribute 3/4 of the nucleon’s mass. However,
as we shall see below, the quarks in the bag carry all of th

momentum of the nucleon. L
The form factorsA, B, C, andC are calculated from the

matrix elements off% '}, by taking various components of

T4 bag@nd comparing with the form in E¢38). TakingA to

q, ,
be in thez direction, one finds, from th@ﬁfbag components,

d
(2m)®

K2 t(kty(k)) M
X +—
coshw kK’ |A|

A(t)+B(t)= ZZZ(t)(47-rN2R6)f

€p 7]t

M 4M?2

!
™z

kk'

X[ | to(K)to(k") =

tl(k)tl(k’)) sinhw

+

k; k,
Fto(k)tl(k,) - Etl(k)to(k,))

] |

In the case of no Lorentz boosb,=0, and the combination
A-+B is unity att=0. According to Eq(393), this represents
the fact that the total angular momentyspin plus orbital

X coshw (45)

one finds thalA+B att=0 is now~0.5. However, as dis-
cussed in the previous section, the smdibrm factors are
more accurately described with a larggr»=0.55 (dashed
line) which givesA(0)+B(0)~0.7.

In dispersion theory, the dependence of form factors is
controlled by the nearest singularities in thehannel. For
A(t) +B(t), the quantum number of the channel is the exotic
state withJP©=1"". There is no conclusive evidence at the
resent time for the existence of resonances in this channel,
lthough theoretical investigations indicate that hylyigh
mesons could exist in the mass range of 1.3-1.9 @33} If
the dispersive behavior &f(t) + B(t) is dominated by large-
mass resonances, thén- B will vary slowly with t, at least
noticeably slower than the electromagnetic form factor. Al-
though the bag calculation does indicate such a trend, the
evidence is not strong. We suspect therefore that either the
dependence of the bag prediction is not reliable or multipion
cuts in the form factor are important. Further study in this
direction is called for. o

To obtain the individual form factor&, B, C, andC, one
can take other components of the ten3ff;,,. The T}

- q,bag
component gives
A(t)+ LB(t)—Lc t)+C(t)
4M? M? (
e nt
=3Z3(t)(4mN?R®) YRV
d3k ! oL ’
xf W{to(k)to(k )+k-k'ty(K)ty(k')},
(46)

of quarks in the bag is 1/2. In Fig. 11 this is illustrated by thewhere the factor of 3 is the number of valence quarks, and
dotted curve. With a Lorentz boost and a momentum transfefrom the T¢,,, (or T3%,,) components one gets
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FIG. 12.t dependence of the form factoks B, C, andC_of the
energy-momentum tensor, far=0.35.

LC(t)—c_(t)zszz(t)m N2RS) —
M2 & M coshw

d3k 2Hto(k)tl(k’)
X

(277)3 X Kk’

K)to(k’ K)t{(k")|=
+—t1( )tkO( )}cos —tl( it(l,( ) A sinhw%

(47)

Finally, the T¢%,,, components give a fourth equation:

d3k

27 (k,+ky)

C(t)=—3Z(t)(47N2R®) % J -

k; k,
X 1 to(K)ta (k) + ?tl(k)to(k/)]- (48)

Solving Eqs.(45)—(48), we plot in Fig. 12 the resulting form
factors as a function df for »=0.35. All form factors fall
off monotonically as—t increases, wittA\(t) being the larg-
est (and positivg, and others relatively smalldand nega-
tive). Note that for a radiufR=4wy/M, the form factor

A(0)=1, which according to the definition of the form fac-
tors simply reflects the fact that all the momentum of the

nucleon is carried by quarks.

The trace condition on the quark part of the bag energy
momentum tensor implies that not all of the form factors ar

independent. In fact, it is easy to show that

t 3t —
A(t)+ WB(t)—WC(t)+4C(t)=O. (49

e
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ever, that the above relation is not true in QCD because the
renormalized quark part of the energy-momentum tensor has
a trace anomaly34,35.

V. CONCLUSION

In this paper we have presented a detailed study of a new
class of nucleon observables, the off-forward parton distribu-
tions. The physical significance of the distributions has been
explained in a partonic language, and their relations to form
factors of twist-2 operators made explicit. TEelependence
of the moments of the OFPDs is found to have a rather
simple polynomial form. We have made the first model cal-
culation of the distributions using the MIT bag model, with
the specific details of the model fixed by requiring one to
reproduce the electromagnetic form factors of the proton and
the gross features of the parton distributions at a low-energy
scale. In relation to the spin structure of the nucleon, we have
also studied the form factors of the energy-momentum tensor
in the bag model, focusing on thedependence in the range
of 0 to —2 Ge\2.

The model calculation includes the effects of Lorentz
boosts of the quark wave function and spectator quarks. The
& dependence of the distributions turns out to be extremely
weak, indicating that the form factors of the twist-2
operators  associated with the Lorentz  structure
P#1...P#a-1y(P’) y#nu(P) are dominant. Thet depen-
dence of the OFPDs, on the other hand, is much stronger,
and roughly follows that of the elastic form factors. Our
results for the combinatioA+ B of the tensor form factors
provide the first concrete indication of their possibléepen-
dence, which will be important for the extraction of the value
att=0, since this gives the total angular momentum carried
by quarks in the nucleon.

An important issue to be addressed in the future isQRe
evolution of the OFPDs. There have been many attempts in
the literature to connect bag model calculations with low-
energy observables and develop a phenomenology at higher
energies thougl®? evolution, typically starting from scales
of ©®~0.2 Ge\ [21]. In this approach the OFPDs would
firstly need to be evolved before one could make direct esti-
mates of the experimental cross sections. The evolution
equations for the off-forward distributions, which interpolate
the Brodsky-Lepagd36] and Dokshitzer-Gribov-Lipatov-
Altarelli-Parisi (DGLAP) [37] evolution equations, have
been derived in Ref$10,12,13. The technology for solving
these new evolution equations is currently being developed.
In addition, Balitsky and Braun38] have shown the
Brodsky-Lepage equations to be equivalent to evolution
equations for so-called string operatd9] on the light-
cone. Apart from the evolution, the model calculations of the
OFPDs could also be refined in future by including Lorentz
boosts together with momentum projections.

The most relevant experiment from which the off-forward
distributions and tensor form factors can be extracted is
deeply virtual Compton scattering®,10]. In practice, the
DVCS process will be overwhelmed at smially the Bethe-

We have checked that this relation is in fact satisfied to &eitler process, whose cross section has a QED infrared di-
very good approximation in the bag model, despite the vioyergence at=0, so that one cannot go to too smallOne
lation of Lorentz symmetry after boosts. The above equatiomay get around this to some extent by subtracting(tad-
indicates that the normalization of the nonconserving formeylable Bethe-Heitler contribution or by isolating the virtual
factor is fixed toC(0)=1/4. It must be pointed out, how- Compton and Bethe-Heitler interference tefd0] through
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