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A realistic microscopic calculation of the unpolarized quark generalized parton distribution(GPD) Hq
3 of the

3He nucleus is presented. In impulse approximation,Hq
3 is obtained as a convolution between the GPD of the

internal nucleon and the non-diagonal spectral function, describing properly Fermi motion and binding effects.
The proposed scheme is valid at low values ofD2, the momentum transfer to the target, the most relevant
kinematical region for the coherent channel of hard exclusive processes. The obtained formula has the correct
forward limit, corresponding to the standard deep inelastic nuclear parton distributions, and first moment,
giving the charge form factor of3He. Nuclear effects, evaluated by a modern realistic potential, are found to be
larger than in the forward case. In particular, they increase with increasing the momentum transfer when the
asymmetry of the process is kept fixed, and they increase with the asymmetry at fixed momentum transfer.
Another relevant feature of the obtained results is that the nuclear GPD cannot be factorized into a
D2-dependent and aD2-independent term, as suggested in prescriptions proposed for finite nuclei. The size of
nuclear effects reaches 8% even in the most important part of the kinematical range under scrutiny. The
relevance of the obtained results to study the feasibility of experiments is addressed.
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I. INTRODUCTION

Generalized parton distributions(GPDs) [1] parametrize
the nonperturbative hadron structure in hard exclusive pro-
cesses(for comprehensive reviews, see, e.g.,[2–5]). The
measurement of GPDs would provide information which is
usually encoded in both the elastic form factors and the usual
parton distribution functions(PDFs) and, at the same time, it
would represent a unique way to access several crucial fea-
tures of the nucleon[6,7], such as its angular momentum
content[7] and its structure in the transverse plane[8]. Ac-
cording to a factorization theorem derived in QCD[9], GPDs
enter the long-distance dominated part of exclusive lepton
deep inelastic scattering(DIS) off hadrons. In particular,
deeply virtual compton scattering(DVCS), i.e., the process
eH→e8H8g whenQ2@mH

2 , is one of the the most promising
to access GPDs(here and in the following,Q2 is the momen-
tum transfer between the leptonse and e8, and D2 the one
between the hadronsH andH8) [6,7,10]. Therefore, relevant
experimental efforts to measure GPDs by means of DVCS
off hadrons are likely to take place in the next few years. As
a matter of fact, a few DVCS data have already been pub-
lished [11,12].

Recently, the issue of measuring GPDs for nuclei has
been addressed. The first paper on this subject[13], concern-
ing the deuteron, contained already the crucial observation
that the knowledge of GPDs would permit the investigation
of the short light-like distance structure of nuclei, and thus
the interplay of nucleon and Parton degrees of freedom in the
nuclear wave function. In standard DIS off a nucleus with
four-momentumPA andA nucleons of massM, this informa-
tion can be accessed in the region whereAxBj
.Q2/2Mn.1, being xBj=Q2/ s2PA·qd and n the energy
transfer in the laboratory system. In this region measure-
ments are very difficult, because of vanishing cross-sections.
As explained in[13], the same physics can be accessed in

DVCS at much lower values ofxBj. The usefulness of
nuclear GPDs has been stressed also for finite nuclei in Ref.
14, where it has been shown that they could provide us with
peculiar information about the spatial distribution of energy,
momentum and forces experienced by quarks and gluons in-
side hadrons. Since then, DVCS has been extensively dis-
cussed for nuclear targets. Impulse approximation(IA ) cal-
culations, supposed to give the bulk of nuclear effects at
0.05øAxBjø0.7, have been performed for the deuteron[15]
and for spinless nuclei[16]. For nuclei of any spin, estimates
of GPDs have been provided and prescriptions for nuclear
effects have been proposed in[17]. Recently, an analysis of
nuclear DVCS has been performed beyond IA, with esti-
mates of shadowing effects and therefore involving large
light-like distances and correlations in nuclei[18]. It was
found that these effects are sizable up toAxBj.0.1, i.e., up
to larger values ofAxBj with respect to normal DIS. Besides,
the possibility of measuring DVCS at an electron-ion-
collider has also been established in[18].

The study of GPDs for3He is interesting for many as-
pects. In fact,3He is a well known nucleus, for which real-
istic studies are possible, so that conventional nuclear effects
can be safely calculated. Strong deviations from the pre-
dicted behavior could therefore be ascribed to exotic effects,
such as the ones of non-nucleonic degrees of freedom, not
included in a realistic wave function. Besides,3He is exten-
sively used as an effective neutron target. In fact, the prop-
erties of the free neutron are being investigated through ex-
periments with nuclei, whose data are analyzed taking
nuclear effects properly into account. Recently, it has been
shown that unpolarized DIS off three body systems can pro-
vide relevant information on PDFs at largexBj [19–22],
while it has been known for a long time that its particular
spin structure suggests the use of3He as an effective polar-
ized neutron target[23–26]. Polarized3He will therefore be
the first candidate for experiments aimed at the study of spin-
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dependent GPDs in the free neutron, to unveil details of its
angular momentum content.

In this paper, an impulse approximation(IA ) calculation
of the quark unpolarized GPDHq

3 of 3He is presented. A
convolution formula is derived and afterwards numerically
evaluated using a realistic non-diagonal spectral function, so
that Fermi motion and binding effects are rigorously esti-
mated. The proposed scheme is valid forD2!Q2,M2 and
despite this it permits one to calculate GPDs in the kinemati-
cal range relevant to the coherent, no break-up channel of
deep exclusive processes off3He. In fact, the latter channel is
the most interesting one for its theoretical implications, but it
can be hardly observed at largeD2, due to the vanishing
cross section[18]. The nuclear GPDs obtained here are
therefore a prerequisite for any calculation of observables in
coherent DVCS off3He, although they can be compared nei-
ther with existing data, nor with forthcoming ones. A detailed
analysis of DVCS off3He, with estimates of observables,
such as cross-sections or spin asymmetries, is in progress and
will follow in a separate publication. Thus, the main result of
this investigation is not the size and shape of the obtainedHq

3

for 3He, but the size and nature of nuclear effects on it. This
will permit one to test directly, for the3He target at least, the
accuracy of prescriptions which have been proposed to esti-
mate nuclear GPDs[17], providing a useful tool for the plan-
ning of future experiments and for their correct interpreta-
tion.

The paper is organized as follows. The notation used is
introduced in Sec. II, together with the derivation of the main
result, a convolution formula obtained from an IA analysis.
Such a formula is used to evaluate the numerical results
shown in Sec. III and thoroughly discussed in Sec. IV, where
the most interesting outcome of the present study is to be
found. Eventually, conclusions are drawn in Sec. V.

II. FORMALISM

The formalism introduced in Ref.[2] is adopted. One has
to think to a spin 1/2 hadron target, with initial(final) mo-
mentum and helicityPsP8d and sss8d, respectively. The
GPDsHqsx,j ,D2d andEqsx,j ,D2d are defined through

Fs8s
q sx,j,D2d =

1

2
E dl

2p
eilxkP8s8uc̄qS−

ln

2
Dn”cqSln

2
DuPsl

= Hqsx,j,D2d
1

2
ŪsP8,s8dn”UsP,sd

+ Eqsx,j,D2d
1

2
ŪsP8,s8d

ismnnmDn

2M
UsP,sd,

s1d

whereD=P8−P is the four-momentum transfer to the had-
ron, cq is the quark field andM is the hadron mass. It is
convenient to work in a system of coordinates where the

photon four-momentum,qm=sq0,qd, and P̄=sP+P8d /2 are
collinear alongz. The j variable in the arguments of the
GPDs is the so-called “skewedness,” parametrizing the
asymmetry of the process. It is defined by

j = −
n · D

2
= −

D+

2P̄+
=

xBj

2 − xBj
+ OSD2

Q2D , s2d

where n is a light-like four-vector satisfying the condition

n·P̄=1. One should notice that the variablej is completely
fixed by the external lepton kinematics. Here and in the fol-
lowing, use is made of the definitiona±=sa0±a3d /Î2. As
explained in[7], GPDs describe the amplitude for finding a
quark with momentum fractionx+j (in the infinite momen-

tum frame) in a hadron with momentums1+jdP̄ and replac-
ing it back into the nucleon with a momentum transferD.
Besides, when the quark longitudinal momentum fractionx

of the average nucleon momentumP̄ is less than −j, GPDs
describe antiquarks; when it is larger thanj, they describe
quarks; when it is between −j andj, they describeqq̄ pairs.
One should keep in mind that, in addition to the variablesx,
j and D2 explicitly shown, GPDs depend, as the standard
PDFs, on the momentum scaleQ2 at which they are mea-
sured or calculated. Such a dependence will not be discussed
in the present paper and, for an easy presentation, it will be
omitted. The values ofj which are possible for a given value
of D2 are

0 ø j ø Î− D2/Î4M2 − D2. s3d

The well known natural constraints ofHqsx,j ,D2d are
(i) the so-called “forward” or “diagonal” limit,P8=P,

i.e., D2=j=0, where one recovers the usual PDFs

Hqsx,0,0d = qsxd; s4d

(ii ) the integration overx, yielding the contribution of the
quark of flavorq to the Dirac form factor(f.f.) of the target:

E dxHqsx,j,D2d = F1
qsD2d; s5d

(iii ) the polynomiality property[2], involving higher mo-
ments of GPDs, according to which thex-integrals ofxnHq

and ofxnEq are polynomials inj of ordern+1.
In [27,28], an expression forHqsx,j ,D2d of a given had-

ron target, for small values ofj 2, has been obtained from the
definition Eq.(1).

It reads

Hqsx,j,D2d =E dkdS k+

P̄+
− sx + jdD

3 F 1

s2pd3V

k+

k0
o
l

kP8ubq,l
† sk+ + D+,k'

+ D'dbq,lsk+,k'duPlG + Osj 2d, s6d

where states and creation and annihilation operators are nor-
malized as follows:

kP8uPl = s2pd3dsP8+ − P+dd sP'8 − P'd s7d

and
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hbsk+,k'd,b†sk8+,k'8 dj = s2pd3dsk8+ − k+ddsk'8 − k'd,

s8d

respectively.
All the steps leading from Eq.(1) to Eq. (6) are fully

described in Ref.[28]. They include initially the use of light-
cone spinors and fields, neglecting terms of orderOsj 2d on
the right-hand side of Eq.(1), and later a transition to the
expression(6), where the same quantities are normalized ac-
cording to Eqs.(7) and (8).

The case of a spin 1/2 hadron with three composite con-
stituents has been discussed in[28]. In that paper, the GPDs
of the proton have been studied, assuming that it is made of
complex constituent quarks. Here, the approach will be ex-
tended to3He. The GPDHq

3 of 3He will be obtained in IA as
a convolution between the non-diagonal spectral function of
the internal nucleons, and the GPDHq

N of the nucleons them-
selves.

The scenario is depicted in Fig. 1 for the special case of
coherent DVCS, in the handbag approximation. One parton
with momentumk, belonging to a given nucleon of momen-
tum p in the nucleus, interacts with the probe and it is after-
wards reabsorbed, with momentumk+D, by the same
nucleon, without further re-scattering with the recoiling sys-
tem of momentumPR. Finally, the interacting nucleon with
momentump+D is reabsorbed back into the nucleus. The
analysis suggested here is quite similar to the usual IA ap-
proach to DIS off nuclei[29,30].

In the class of frames discussed above, and in addition to
the kinematical variables,x andj, already defined, one needs
a few more to describe the process. In particular,x8 andj8,
for the “internal” target, i.e., the nucleon, have to be intro-
duced. The latter quantities can be obtained defining the “1”
components of the momentumk andk+D of the struck par-

ton before and after the interaction, with respect toP̄+ and
p̄+= 1

2sp+p8d+:

k+ = sx + jdP̄+ = sx8 + j8dp̄+, s9d

sk + Dd+ = sx − jdP̄+ = sx8 − j8dp̄+. s10d

From the above expressions,j8 andx8 are immediately ob-
tained as

j8 = −
D+

2p̄+ , s11d

x8 =
j8

j
x s12d

and, sincej=−D+/ s2P̄+d, if z̃=p+/P+, one also has

j8 =
j

z̃s1 + jd − j
. s13d

These expressions have been already found and used in
[13,16,17,28].

In order to derive a convolution formula in IA forHq
3, the

procedure used for standard DIS will be adopted[29,30].
First, in Eq.(6), two complete sets of states, corresponding
to the interacting nucleon and to the recoiling two-body sys-
tem, are properly inserted to the left- and right-hand sides of
the quark operator:

Hq
3sx,j,D2d = kP8Su o

PR8 ,SR8 ,p8,s8

huPR8SR8lup8s8ljhkPR8SR8 ukp8s8uj

3E dk

s2pd3

k+

k0
dS k+

P̄+
− sx + jdD 1

V

3o
q,l

bq,l
† sk+ + D+,k' + D'dbq,lsk+,k'd

3 o
PR,SR,p,s

huPRSRlupsljhkPRSRukpsujuPSl; s14d

second, since eventually use has to be made of NR nuclear
wave functions, a stateupl has to be normalized in a NR
manner:

kpupl = s2pd3d sp − pd, s15d

so that in Eq.(14) one has to perform the substitution

upl →Îp+

p0 upl. s16d

Since, using IA in the intrinsic frame of3He one has, for the
NR states,

hkPRSRukpsujuPSl = kPRSR,psuPSls2pd3d 3sP − PR − pddS,SRs,

a convolution formula is readily obtained from Eq.(14):

FIG. 1. The handbag contribution to the coherent DVCS process
off 3He, in the present approach.
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Hq
3sx,j,D2d . o

N
E dEE dpÎp+sp + Dd+

p0sp + Dd0
PN

3sp,p + D,Ed

3
j8

j
Hq

Nsx8,j8,D2d + Osj2d s17d

=o
N
E dEE dpfPN

3sp,p + D,Ed

+ Osp2/M2,D2/M2dg
j8

j
Hq

Nsx8,j8,D2d + Osj2d.

s18d

In the above equations, the kinetic energies of the residual

nuclear system and of the recoiling nucleus have been ne-
glected, andPN

3sp ,p+D ,Ed is the one-body off-diagonal
spectral function for the nucleonN in 3He:

PN
3sp,p + D,Ed =

1

s2pd3

1

2o
M

o
R,s

kP8MusP − pdSR,sp + Ddsl

3ksP − pdSR,psuPMldsE − Emin − ER
* d. s19d

Besides, the quantity

Hq
Nsx8,j8,D2d =E dkdS k+

p̄+ − sx8 + j8dD 1

s2pd3V

k+

k0
o
l

kp8ubq,l
† sk+ + D+,k' + D'dbq,lsk+,k'dupl

=
j

j8
E dkdS k+

P̄+
− sx + jdD 1

s2pd3V

k+

k0
o
l

kp8ubq,l
† sk+ + D+,k' + D'dbq,lsk+,k'dupl s20d

is, according to Eq.(6), the GPD of the bound nucleonN up
to terms of orderOsj 2d, and in the above equation use has
been made of Eqs.(11) and (12).

The delta function in Eq.(18) definesE, the so-called
removal energy, in terms ofEmin= uE3Heu− uE2Hu=5.5 MeV
andER

* , the excitation energy of the two-body recoiling sys-
tem. The main quantity appearing in the definition Eq.(19) is
the overlap integral

kPMuPRSR,psl =E dyeip·ykxs,CR
SRsxduC3

Msx,ydl, s21d

between the eigenfunctionC3
M of the ground state of3He,

with eigenvalueE3He and third component of the total angu-
lar momentumM, and the eigenfunctionCR

SR, with eigen-
valueER=E2+ER

* of the stateR of the intrinsic Hamiltonian
pertaining to the system of two interacting nucleons[31].
Since the set of the statesR also includes continuum states of
the recoiling system, the summation overR involves the deu-
teron channel and the integral over the continuum states.

Concerning Eqs(18)–(21), two comments are in order.
The first concerns the accuracy of the actual calculations

which will be presented. In the following, a NR spectral
function will be used to evaluate Eq.(18), so that the accu-
racy of the calculation is of orderOsp2/M2,D2/M2d. In fact,
if use is made of NR wave functions to calculate the nondi-
agonal spectral function, the result holds forp2,sp+Dd2

!M2. The same constraint can be writtenp2,D2!M2.
While the first of these conditions is the usual one for the NR
treatment of nuclei, the second forces one to use Eq.(18)
only at low values ofD2, for which the accuracy is good

enough. As will be explained, the interest of the present cal-
culation is indeed to investigate nuclear effects at low values
of D2.

Second, from the study of forward DIS off nuclei, it is
known that, to properly estimate nuclear effects, in going
from a covariant formalism to one where use can be made of
the usual nuclear wave functions, one has to keep the correct
normalization[29,32]. This procedure leads to the appear-
ance of the “flux factor,” represented in Eq.(17) by the ex-
pression Îp+sp+Dd+/p0sp+Dd0 (which gives, in forward
DIS, the usualp+/p0 term). This factor gives one at order
Osp2/M2,D2/M2d, which is the accuracy of the present
analysis, and it will not be included in the actual calculation.
In other words, if one takes into account that the intrinsic
light-front frame and the usual rest frame of3He, where the
wave functions are evaluated, are not the same frame, the
flux factor should be introduced[29,32]; anyway, in the NR
approach used here, the two frames do not differ. This is an
effect of the used approximations, which have to be relaxed
if one wants to be predictive in more general processes at
higher momentum transfer. In fact, in that case the accuracy
of Eq. (18) is not good enough anymore and the calculation,
in order to be consistent, has to be performed taking into
account relativistic corrections. Work is being done presently
in this direction, and the discussion of this important point
will be included in a following paper, describing a calcula-
tion performed in a light-front framework. One final remark
about the flux-factor: to neglect the corresponding quantity
for the quark inside the internal nucleon, i.e., the termk+/k0
in the GPD of the bound nucleon, Eq.(20), would be a rough
approximation, with respect to the nuclear case, because the
motion of quarks in the nucleon is relativistic, even at the
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constituent level. In any case in the present calculation, as
described in the following section, the GPD for the bound
quark will not be evaluated, while an available model for it
will be used. The main emphasis of the present approach, as
already said, is not on the absolute values of the results, but
in the nuclear effects, which can be estimated by taking any
reasonable form for the internal GPD.

Equation(18) can be written in the form

Hq
3sx,j,D2d = o

N
E dEE dpPN

3sp,p + Dd
j8

j
Hq

Nsx8,j8,D2d

= o
N
E

x

1 dz

z
E dEE dpPN

3sp,p + Dd

3dSz−
j

j8
DHq

NSx

z
,
j

z
,D2D . s22d

Taking into account that

z−
j

j8
= z− fz̃s1 + jd − jg = z+ j −

p+

P+s1 + jd = z+ j −
p+

P̄+
,

s23d

Eq. (22) can also be written in the form

Hq
3sx,j,D2d = o

N
E

x

1 dz

z
hN

3sz,j,D2dHq
NSx

z
,
j

z
,D2D , s24d

where

hN
3sz,j,D2d =E dEE dpPN

3sp,p + DddSz+ j −
p+

P̄+D .

s25d

One should notice that Eqs.(24) and(25) or, which is the
same, Eq.(18), fulfill constraint (i)–(iii ) previously listed.

The constraint(i), i.e., the forward limit of GPDs, is cer-
tainly verified. In fact, by taking the forward limitsD2

→0,j→0d of Eq. (24), one gets the expression which is
usually found, for the parton distributionq3sxd, in the IA
analysis of unpolarized DIS off3He [20,29,30]:

q3sxd = Hq
3sx,0,0d = o

N
E

x

1 dz

z
fN

3szdqNSx

z
D . s26d

In the latter equation,

fN
3szd = hN

3sz,0,0d =E dEE dpPN
3sp,EddSz−

p+

P̄+D
s27d

is the light-cone momentum distribution of the nucleonN in
the nucleus,qNsxd=Hq

Nsx,0 ,0d is the distribution of the
quark of flavor q in the nucleonN and PN

3sp,Ed, the D2

→0 limit of Eq. (22), is the one body spectral function.
Constraint(ii ), i.e., thex integral of the GPDHq, is also

naturally fulfilled. In fact, byx integrating Eq.(24), one eas-
ily obtains

E dxHq
3sx,j,D2d = o

N
E dxE dz

z
hN

3sz,j,D2dHq
NSx

z
,
j

z
,D2D

= o
N
E dx8Hq

Nsx8,j8,D2d E dzhN
3sz,j,D2d

= o
N

Fq
NsD2dFN

3sD2d = Fq
3sD2d. s28d

In the equation above,Fq
3sD2d is the contribution, of the

quark of flavorq, to the nuclear f.f.;Fq
NsD2d is the contribu-

tion, of the quark of flavorq, to the nucleonN f.f.; FN
3sD2d is

the so-called3He “pointlike f.f.,” which would represent the
contribution of the nucleonN to the f.f. of 3He if N were
point-like. FN

3sD2d is given, in the present approximation, by

FN
3sD2d =E dEE dpPN

3sp,p + D,Ed =E dzhN
3sz,j,D2d.

s29d

Eventually the polynomiality, condition(iii ), is formally
fulfilled by Eq. (18), although one should always remember
that it is a result of orderOsj 2d, so that high moments cannot
be really checked.

Summarizing this section, we have derived in IA a con-
volution formula for the GPDHq

3 of 3He, Eq.(18) [or, which
is equivalent, Eq.(24)], at orderOsp2/M2,D2/M2,j2d, in
terms of a non-diagonal nuclear one-body spectral function,
Eq. (19), and of the GPDHq

N of the internal nucleon.

III. NUMERICAL RESULTS

Hq
3sx,j ,D2d, Eq. (18), has been evaluated in the nuclear

Breit Frame.
The nondiagonal spectral function Eq.(19), appearing in

Eq. (18), has been calculated along the lines of Ref.[33], by
means of the overlap Eq.(21), which exactly includes the
final state interactions in the two nucleon recoiling system,
the only plane wave being that describing the relative motion
between the knocked-out nucleon and the two-body system
[31]. The realistic wave functionsC3

M and CR
SR in Eq. (21)

have been evaluated using the AV18 interaction[34] and
taking into account the Coulomb repulsion of protons in3He.
In particularC3

M has been developed along the lines of Ref.
[35]. The same overlaps have been already used in Ref.[20].

The other ingredient in Eq.(18), i.e., the nucleon GPD
Hq

N, has been modeled in agreement with the double distri-
bution representation[36], as described in[37]. For reader
convenience, the explicit form ofHq

N is listed below[3,36]:

Hq
Nsx,j,D2d =E

−1

1

dx̃E
−1+ux̃u

1−ux̃u

dsx̃ + ja − xdF̃qsx̃,a,D2dda.

s30d

With some care, the expression above can be integrated
over x̃ and the result is explicitly given in Ref.[3].

In [36], a factorized ansatz is suggested for the DD’s:
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F̃qsx̃,a,D2d = hqsx̃,a,D2dFqsx̃dFqsD2d, s31d

with the a dependent term,hqsx̃,a ,D2d, which has the char-
acter of a mesonic amplitude, fulfilling the relation

E
−1+ux̃u

1−ux̃u

hqsx̃,a,D2dda = 1. s32d

Besides, in Eq.(31) Fqsx̃d represents the forward density
and, eventually,FqsD2d the contribution of the quark of fla-
vor q to the nucleon form factor. Equation(30) fulfills the
crucial constraints of GPDs, i.e., the forward limit, the first-
moment and the polynomiality condition. One needs now to
model the three functions appearing in Eq.(31). For the am-
plitudehq, use will be made of one of the simple normalized
forms suggested in[36], on the bases of the symmetry prop-
erties of DD’s:

hq
s1dsx̃,ad =

3

4

s1 − x̃d2 − a2

s1 − x̃d3 . s33d

For the forward distributionFqsx̃d, the general simple
form

Fqsx̃d =
Gs5 − ad
6Gs1 − ad

x̃ −as1 − x̃d3, s34d

with a=0.5, has been taken.
Concerning the model used for the internal nucleonHq

N,
two caveats are in order.

First of all, Eq.(30), with the choices Eqs.(33) and(34),
corresponds to theNS, valence quark contribution proposed
in [37], which is symmetric in the variablex. I stress again
that the main point of the present study is not to produce
realistic estimates for observables, but to investigate and dis-
cuss nuclear effects, which do not depend on the form of any
well-behaved internal GPD, whose general structure is safely
simulated by Eqs.(30)–(34). For the moment being, only the
NSpart of Hq

N is therefore calculated; if one wanted to esti-
mate the DVCS cross-sections, also the quark singlet and the
gluon contributions would be certainly necessary. As already
said, a detailed study of DVCS on3He is in progress and will
be shown elsewhere.

Second, to take advantage of the used parametrization,
Eqs.(30)–(34), of the nucleonic GPD, one should work in a
symmetric frame for the nucleon, such as the Breit frame.
Actually, the present calculation is performed in the nuclear
Breit frame, which does not coincide with the Breit frame of
the internal nucleon. For this reason, one should perform a
boost to properly work in the nuclear Breit frame. Anyway,
as it is pointed out in Ref.[16], any NR evaluation of nuclear
GPDs, as a result of the NR reduction, is intrinsically frame
dependent and it is valid only with accuracyOsp2/M2d, like
Eq. (18). In this calculation therefore, the effect of using a
different reference frame for the nucleon is not taken into
account, since in any case it would be an effect of order
Osp2/M2d, which is the overall accuracy of the present work
[cf. Eq. (18)]. In the above procedure, therefore, no further
approximations are introduced in addition to the ones leading

to Eq. (18). To overcome such a problem, one could use a
light-front approach[38], as it is done for the GPDs of the
deuteron in[13,15].

Eventually, theFqsD2d term in Eq.(31), i.e., the contribu-
tion of the quark of flavorq to the nucleon form factor, has
been obtained from the experimental values of the proton,
F1

p, and of the neutron,F1
n, Dirac form factors. For theu and

d flavors, neglecting the effect of the strange quarks, one has

FusD2d = 1
2s2F1

psD2d + F1
nsD2dd,

FdsD2d = 2F1
nsD2d + F1

psD2d. s35d

The contributions of the flavorsu and d to the proton and
neutron f.f. are therefore

Fu
psD2d = 4

3FusD2d,

Fd
p = − 1

3FdsD2d s36d

and

Fu
nsD2d = 2

3FdsD2d,

Fd
nsD2d = − 2

3FusD2d, s37d

respectively.
For the numerical calculations, use has been made of the

parametrization of the nucleon Dirac f.f. given in Ref.[39].
Now the ingredients of the calculation have been com-

pletely described, so that numerical results can be presented.
First of all, the forward limit ofHq

3, Eq. (26), will be dis-
cussed, together with itsx integral, Eq.(28).

In Fig. 2, it is shown the forward limit of the ratio

Rqsx,j,D2d =
Hq

3sx,j,D2d
2Hq

psx,j,D2d + Hq
nsx,j,D2d

, s38d

i.e., the quantity

Rqsx,0,0d =
Hq

3sx,0,0d
2Hq

psx,0,0d + Hq
nsx,0,0d

=
q3sxd

2qpsxd + qnsxd

s39d

for the flavorq=u, d, as a function ofx3=3x. In the above
equation, the numerator is given by Eq.(26), while the de-
nominator clearly represents the distribution of the quarks of
flavor q in 3He if nuclear effects are completely disregarded,
i.e., the interacting quarks are assumed to belong to free
nucleons at rest. The behavior which is found is typically
EMC-like, as it is usually obtained in IA studies of DIS on
nuclei [20,29,30], so that, in the forward limit, well-known
results are recovered. One should notice that, had the struc-
ture functions ratio, instead of the PDFs one, been shown,
the ratio would be 1 forx=0, due to the normalization of the
spectral function in Eq.(27). It is also useful, for later con-
venience, to realize that nuclear effects for thed flavor are a
bit larger than those which are found for theu flavor. This is
due to the fact that the forwardd distribution is more sensi-
tive than theu one to the neutron light-cone distribution, Eq.
(27), which is different from that of the proton. In fact, the
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average momentum of the neutron in3He is larger than the
one of the proton[30,31].

In Fig. 3, the quantity

1

2o
q
E dxHq

3sx,j,D2d =
1

2o
q

o
N
E dxE dz

z
hN

3sz,j,D2d

3Hq
NSx

z
,
j

z
,D2D s40d

is shown. According to Eq.(28), in the present approxima-
tion, this should give, up to contributions of heavier quarks,

the charge form factorFch
3 sD2d of 3He (the usual normaliza-

tion Fch
3 s0d=1 is chosen):

Fch
3 sD2d = 1

2fFu
3sD2d + Fd

3sD2dg. s41d

In the figure, the calculated integral is compared with experi-
mental data ofuFch

3 sD2du [40]. It is found that the present
approach reproduces well the data up to a momentum trans-
fer −D2=0.25 GeV2, which is enough for the aim of this
calculation. In fact, the region of higher momentum transfer
is not considered here, being phenomenologically not rel-
evant for the calculation of GPDs entering coherent DVCS.
The full curve in the left panel of Fig. 3 is very similar to the
one-body contribution to the3He charge f.f. shown in[41],
as it must be, due to the IA used here. The agreement with
data in the relevant kinematical region, −D2ø0.25 GeV2,
confirms that the inclusion of two-body currents is not re-
quired in the present calculation.

As an illustration, the result of the evaluation of
Hu

3sx,j ,D2d andHd
3sx,j ,D2d by means of Eq.(18) is shown

in Figs. 4 and 5, forD2=−0.15 GeV2 and D2=−0.25 GeV2,
respectively, as a function ofx3 and j3=3j. The GPDs are
shown for thej3 range allowed by Eq.(3) and in thex3ù0
region. Thex3ø0 one, being symmetric to the latter, is not
interesting and not shown.

The quality and size of the nuclear effects are discussed in
the next section.

IV. DISCUSSION OF NUCLEAR EFFECTS

The full result for the GPDHq
3, Eq. (18), shown in Figs. 4

and 5, will now be compared with a prescription based on
the assumptions that nuclear effects are completely neglected
and the globalD2 dependence can be described by the f.f. of
3He:

Hq
3,s0dsx,j,D2d = 2Hq

3,psx,j,D2d + Hq
3,nsx,j,D2d, s42d

where the quantity

Hq
3,Nsx,j,D2d = H̃q

Nsx,jdFq
3sD2d s43d

represents the flavorq effective GPD of the bound nucleon
N=n, p in 3He. Itsx andj dependencies, given by the func-

tion H̃q
Nsx,jd, is the same as the GPD of the free nucleonN

(represented in this calculation by Eq.(30)), while its D2

FIG. 3. The charge f.f. of3He, calculated by means of Eq.(41)
(full line), is compared with a parametrization of data[40] (dashed
line), in the region of low-D2, relevant to the present study.

FIG. 2. The ratio Eq.(39) as a function ofx3,
for the flavoru (left panel) andd (right panel).
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dependence is governed by the contribution of the quark of
flavor q to the 3He f.f., Fq

3sD2d.
The effect of Fermi motion and binding can be shown

through the ratio

Rq
s0dsx,j,D2d =

Hq
3sx,j,D2d

Hq
3,s0dsx,j,D2d

, s44d

i.e., the ratio of the full result, Eq.(18), to the approximation
Eq. (42). The latter is evaluated by means of the nucleon
GPDs used as input in the calculation, and taking

Fu
3sD2d =

10

3
Fch

3 sD2d, s45d

Fd
3sD2d = −

4

3
Fch

3 sD2d, s46d

where Fch
3 sD2d is the f.f. which is calculated within the

present approach, by means of Eq.(28). The coefficients
10/3 and −4/3 are simply chosen assuming that the contri-
bution of the valence quarks of a given flavor to the f.f. of
3He is proportional to their charge. One should remember
that the normalization of the f.f. has been chosen in Eq.(41).

The choice of calculating the ratio Eq.(44) to show
nuclear effects is a very natural one. As a matter of fact, the
forward limit of the ratio Eq.(44) is the same of the ratio Eq.
(38), yielding the EMC-like ratio for the parton distributionq
and, if 3He were made of free nucleon at rest, the ratio Eq.
(44) would be one. This latter fact can be immediately real-

ized by observing that the prescription Eq.(42) is exactly
obtained by placingz=1, i.e., no Fermi motion effects and
no convolution, into Eq.(18). In the present situation the
ratio Eq.(38) cannot be used to show nuclear effects, since it
does not contain theD2 dependence coming from the nuclear
structure, i.e., the one provided by the non-diagonal spectral
function in the present approach[cf. Eq. (18)].

One should note that the prescription suggested in Ref.
[17] for finite nuclei in the valence quark sector, basically
assuming that the nucleus is a system of almost free nucleons
with approximately the same momenta, has the sameD2 de-
pendence of the prescription Eq.(42).

Results are presented in Figs. 6 and 7, where the ratio Eq.
(44) is shown forD2=−0.15 GeV2 andD2=−0.25 GeV2, re-
spectively, as a function ofx3, for three different values ofj3,
for the flavorsu andd.

Some general trends of the results are apparent:
(i) Nuclear effects, forx3ø0.7, are as large as 15% at

most. Larger effects at higherx3 values are actually related
with the vanishing denominator in Eq.(44).

(ii ) Fermi motion and binding have their main effect for
x3ø0.3, at variance with what happens in the forward limit
(cf. Fig. 2).

(iii ) At fixed D2, nuclear effects increase with increasing
j, for x3ø0.3.

(iv) At fixed j, nuclear effects increase with increasing
D2, for x3ø0.3.

(v) Nuclear effects for thed flavor are larger than for the
u flavor.

FIG. 4. In the left panel, for
thej3 values which are allowed at
D2=−0.15 GeV2 according to Eq.
(3), Hu

3sx3,j3,D2d, evaluated using
Eq. (24), is shown for 0.05øx3

ø0.8. The symmetric part atx3

ø0 is not presented. In the right
panel, the same is shown, for the
flavor d.

FIG. 5. The same as in Fig. 4,
at D2=−0.25 GeV2.
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The behavior described above can be explained as fol-
lows. As already said in Sec. II, in IA and in the forward
limit, at x3=0 one basically recovers the spectral function
normalization and no nuclear effects, so that the ratio Eq.
(38) slightly differs from one. This is not true of course in the
present case, due to nuclear effects hidden not only in thex8
dependence, but also in thej8 one, according to its defini-
tion, Eq. (13). Moreover, even ifx3=j3=0, in the present
situation the ratio Eq.(44) does not give the spectral function
normalization as in the forward case, because of theD2 de-
pendence. One source of such dependence is that, in the ap-
proximation Eq.(42), it is assumed, through Eqs.(45) and
(46) that the quarksu andd, belonging to the protons or to
the neutron in3He, contribute to the charge f.f. in the same
way, being the contribution proportional to their charge only.
Actually, the effect of Fermi motion and binding is stronger
for the quarks belonging to the neutron, having the latter a
larger average momentum with respect to the proton[30,31].
This can be seen noticing that the pointlike f.f., Eq.(29), for
the proton, shows a strongerD2-dependence, with respect to
the neutron one, the difference being 17%(23%) at D2

=−0.15 GeV2 sD2=−0.25 GeV2d. The prescription given by
Eqs.(45) and (46) could be correct only if the pointlike f.f.
had a similarD2 dependence. Besides, nuclear effects studied
by means of the ratio Eq.(44) at fixedx andj depend onD2,
showing clearly that such a dependence cannot be factorized,
i.e., the nuclear GPD cannot be written as the product of aD2

dependent and aD2 independent term, confirming what has
been found for the deuteron case in Ref.[15]. One should
notice that, if factorization were valid, Figs. 6 and 7 would
be equal. This fact clearly indicates that a model based on the

assumption of factorization, such as the one of Ref.[17], is
not motivated and cannot be used to parametrize nuclear
GPDs for estimates of DVCS cross sections and asymmetries
for light nuclei.

The fact that nuclear effects are larger for thed distribu-
tion is also easily explained in terms of the different contri-
bution of the spectral functions for the protons and the neu-
tron, the latter being more important for the GPDs of thed
rather than for the ones of theu flavor. This has already been
shown in the forward case in Fig. 2, and shortly commented
in the previous section. When theD2-dependence is studied,
the effect found in the forward case increases, being impos-
sible, as explained above, to really obtain theu and d con-
tributions to the3He f.f. by means of a simple charge rescal-
ing, as it is done in Eqs.(45) and (46). In particular, the
approximation Eq.(46) for the d flavor is worse than the
approximation Eq.(45) for the u flavor, the disagreement
increasing with increasingD2. One finds thatFu

3sD2d given
by Eq. (45) differs from the one calculated through Eq.(28)
by 4% (6%) at D2=−0.15 GeV2 s−0.25 GeV2d, while for the
d flavor the disagreement reaches 9%(13%) for the same
value of the momentum transfer. This flavor dependence is to
be expected for any target with isospin different from zero.

As already said, the calculation of DVCS observables is
beyond the scope of the present paper and will be presented
elsewhere. Anyway, a first rough estimate of nuclear effects
on DVCS observables can be already sketched. In fact it is
known that the pointx=j gives the bulk of the contribution
to hard exclusive processes, since at leading order in QCD
the amplitude for DVCS and for meson electroproduction
just involve GPDs at this point, which is therefore also the

FIG. 6. In the left panel, the ratio Eq.(44) is
shown, for theu flavor andD2=−0.15 GeV2, as a
function of x3. The full line has been calculated
for j3=0, the dashed line forj3=0.1 and the
long-dashed one forj3=0.2. The symmetric part
at x3ø0 is not presented. In the right panel, the
same is shown, for the flavord.

FIG. 7. The same as in Fig. 6, atD2=
−0.25 GeV2.
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easiest region to access experimentally. In order to figure out
how Fermi motion and binding affect the “slice”Hq

3sj ,j ,D2d,
the ratio(44) for x=j, is shown in Fig. 8, as a function of
j3=x3, for the flavoru. It can be seen that even in this crucial
region nuclear effects are systematically underestimated by
the approximation Eq.(42), up to a maximum of 8% for the
flavor u.

The issue of applying the obtained GPDs to calculate
DVCS off 3He, to estimate cross-sections and to establish the
feasibility of experiments, as it has been done already for the
deuteron target in Ref.[15], is in progress and will be pre-
sented elsewhere. In particular, the contributions of the inco-
herent break-up channel, and of the shadowing effects, be-
yond IA, at j.xBj /2ø0.05, have to be evaluated. Besides,
the study of polarized GPDs will be very interesting, due to
the peculiar spin structure of3He and its implications for the
study of the angular momentum of the free neutron.

V. CONCLUSIONS

In this paper, a realistic microscopic calculation of the
unpolarized quark GPDHq

3sx,j ,D2d for 3He is presented. In
an impulse approximation framework, a convolution formula
has been obtained where Fermi motion and binding effects
are properly taken into account through an off-diagonal spec-
tral function. The range of validity of the scheme isuD2u
ø0.25 GeV2, the most relevant for the coherent channel of
hard exclusive processes. The forward limit and the
x-integral of the obtainedHq

3sx,j ,D2d are formally and nu-
merically in agreement with the theoretical and experimental
knowledge of the3He nucleus.

Nuclear effects are found to be larger than in the forward
case and to increase withD2 at fixed j, and withj at fixed
D2. In particular the latterD2 dependence does not simply
factorize, in agreement with previous findings for the deu-
teron target and at variance with prescriptions proposed for
finite nuclei. Moreover, nuclear effects are found to be larger
for the d flavor than for theu one, being the target non
isoscalar. In particular, it has been shown that nuclear effects
are as large as 8%, even at the crucial pointx=j.

The shown results represent a prerequisite for any calcu-
lation of DVCS observables. The evaluation of these quanti-
ties, to establish the feasibility of experiments, is in progress
and will be presented in a later paper, together with the con-
tributions of the incoherent, break-up channel, and of shad-
owing effects, beyond IA, at small values ofj.xBj /2. The
present analysis is also a first step toward a complete study
of the GPDs for3He, which could provide, in the polarized
case, with an important tool to unveil details of the angular
momentum structure of the free neutron.
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