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Microscopic Description of Deeply Virtual Compton Scattering off Spin-0 Nuclei.
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We evaluate within a microscopic calculation the contributions of both coherent and incoherent

deeply virtual Compton scattering from a spin-0 nucleus.

The coherent contribution is obtained

when the target nucleus recoils as a whole, whereas for incoherent scattering break-up configurations
for the final nucleus into a an outgoing nucleon and an A—1 system are considered. The two processes
encode different characteristics of generalized parton distributions.

PACS numbers: 13.60.-r, 12.38.-t, 24.85.4+p

Recent theoretical and experimental developments
have identified a new frontier for studies of the quark and
gluon content of hadronic systems in a class of high en-
ergy exclusive processes. Their prototype is Deeply Vir-
tual Compton Scattering (DVCS) [l]. DVCS provides ob-
servables that are most straightforwardly related to Gen-
eralized Parton Distributions (GPDs), the new theoreti-
cal tools introduced in ﬂa, B, IZ] to describe in a partonic
language the orbital angular momentum carried by the
nucleon’s constituents. GPDs were found more recently
to describe also partonic structure in the transverse di-
rection with respect to the large longitudinal momentum
in the reaction. They are, in fact, the Fourier transforms
of the so-called Impact Parameter dependent Parton Dis-
tributions Functions (IPPDFs) [A].

DVCS on a proton target, ep — €’py, allows one to
unravel in principle four GPDs: the unpolarized quark
distributions, H4(X, ¢, t), and E9(X,(,t), and the polar-
ized ones, ﬁq(X, ¢, t), and Eq(X, ¢,t). The kinematical
variables are: P/ = P—A, k' = k— A, the final nucleon’s
and quark’s momenta, respectively; ¢, the virtual photon
momentum, and ¢’ = g+ A, the outgoing photon momen-
tum. Furthermore: —A? =t, X = kT/P*T, (= AT/P*
(Fig). ' GPDs, or the correlation functions in the dia-
gram, correspond to “hybrid” distributions in that they
encode properties of both Parton Distributions Functions
(PDFs) from inclusive Deep Inelastic Scattering (DIS),
and of the proton form factors. In the (forward) limit:
t,¢C = 0, HI(X,(,t) = q(z), and HY(X,(,t) = Aq(x),
the PDFs for polarized and unpolarized DIS, respectively.
At the same time, GPDs first moments in X are given
by the proton Dirac and Pauli form factors in the unpo-
larized case, and by the axial-vector and pseudo-scalar
form factors in polarized scattering.

The first DVCS measurements were performed at
HERA [d, @, §] and at CLAS [d]. Because of the presence
of the Bethe-Heitler (BH) process producing the same
epy final state and dominating the cross sections at cur-
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1 We use the notation: pi = %(po + p3), with (pk) = pTk™ +

p kY —py k.

rently available kinematics, GPDs can be obtained only
through the interference term between the DVCS and BH
processes. In Born approximation, one writes:

= |Toves +|Teul* + T (1)
Where Z, the interference term, is given by,
I=TpvesTsy +ThvesTea] (2)

At leading order in the four-momentum transfer @ =
(—q?)Y/? (twist-two), the contribution of Z to the cross
section is expressed as a finite sum of Fourier terms [10]:

3
T = Z ch cos(ng) + shsin(ng)) |, (3)

where IC is a kinematical factor, and ¢ is the azimuthal
angle between the lepton plane and the scattered hadron
plane. The dominant harmonics are for n = 1, the higher
order ones being suppressed by ag m] Several asym-
metries (beam spin, Ay, charge, Ac, target spin Ay,
etc...) have been identified, through which one can access
Z, and probe different GPDs, or components of GPDs
(see e.g. []).

GPDs were recently also measured through lepto-
production of a photon off nuclear targets, eA — e’vA
ﬂﬁﬂ The study of nuclear targets is particularly impor-
tant as they provide a laboratory where additional in-
formation can be obtained on these elusive observables.
Exploratory studies using GPDs were performed both
on the phenomenon of Color Transparency m, 3, m],
i.e. on the rate of survival of small size hadronic config-
urations as the quasi-elastically struck nucleons scatter
through the nuclear medium, and on the “generalized”
EMC effect i.e. on the modifications of the nuclear GPDs
with respect to the free nucleon ones, normalized to their
respective form factors ﬂﬂ, [1d, ﬂ] In ﬂﬂ], in particular,
it was shown that the role of partonic transverse degrees
of freedom, accounted for by a careful consideration of
nucleon off-shellness, is enhanced in the generalized EMC
effect, with respect to the forward case. In addition, a
number of interesting relationships were found by study-
ing Mellin moments in nuclei: the A-dependence for the
D-term of GPDs was estimated within a microscopic ap-
proach, and compared with the calculation of m] using
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a liquid drop model, and finally, a connection was made
with the widely used approaches that relate the modifica-
tions of “partonic” parameters such as the string tension,
or the confinement radius, to density dependent effects in
the nuclear medium (see e.g. ﬂE] and references therein).
These results designate nuclear GPDs as a potentially im-
portant new tool to investigate nuclear hadronization and
related phenomena, which are vital for interpreting cur-
rent and future data from RHIC, LHC, HERMES, and
Jefferson Lab.

The qualitatively new insight offered by nuclear GPDs
calls both for a more detailed study of the feasibility of
experiments, and for more detailed studies aimed at es-
tablishing a better connection between GPDs and ob-
servables. In this paper we concentrate on spin-0 nuclei,
with the aim of disentangling those nuclear effects that
can be reconducted to the forward EMC effect 20]. Stud-
ies of nuclei with different spin, such as the deuteron, are
at variance with ours since, due the more complex spin
structure, they involve completely new functions with re-
spect to the forward case therefore making it less linear to
investigate the nature of nuclear medium modifications.
2

The structure of the cross section for DVCS off a spin-0
nucleus involves the matrix elements in Eq.([l), similarly
to proton case, with few important changes that we de-
scribe below. In particular, the nuclear GPDs can be
extracted from similar types of asymmetries as for the
proton case discussed above. Here we present a calcula-
tion for the nuclear beam spin asymmetry, A(A) (9). A(sz})
has been recently measured using D, Ne, and K r targets
at HERA ﬂﬁl Furthermore, a number of experiments
are currently planned at HERA ﬂﬁl and Jefferson Lab
m] It is therefore now mandatory to provide quanti-
tative evaluations of the generalized parton distributions

entering the definition of A(L‘?J). This reads:

A(A) - do‘T —dO’i - S%
LU ™ ot +dob — ¢BH

sin ¢. (4)

The full expressions for the coefficients s7 and ¢Z# can be
found in Appendix B of Ref. m and will not be repeated
here. One can extract from such expressions the domi-
nant contribution to Eq.(#) for a spin-0 nucleus, namely:

st oc SmHa Fa(t),

o [FA(t)]2 )

F4(t) being the nuclear form factor. By adopting the
notation of ﬂﬂ] which extends the variables and functions

2 Qur calculations however can be applied straightforwardly to
the deuteron Hp function, or to channels where only one of the
deuteron functions dominates.

defined in m] to the nuclear case, one can write:

SmHa(X,(,t) —wZe [HY(C.¢t) + HE(C, )],
()

where we have introduced the nuclear GPDs, H:f‘(Q).

However, for a nuclear target two distinct classes of
final states can occur, both in DVCS and BH: 4) the
scattering can happen coherently, that is the target nu-
cleus recoils as a whole while emitting a photon with
momentum ¢ (Figsllh and [k); ) the nucleus under-
goes breakup — or incoherent scattering — the final photon
being emitted from a quasi-elastically scattered nucleon
(Figs[b and [Md).

The contribution from coherent scattering (FigsIlh, Ik)
is given by a product of amplitudes:

Teon(C: 1) = K Fpves(C O FEx (1), (6)
with:
FvesG. = [ %NM(K P2¢ 1)
xFpyes <§ P?; é > (7a)
Fin(0) = [ SN AW PG OFY (0.7

where the nucleon (N) amplitude, in the small { approx-
imation, i.e. by disregarding E9(9 | is given by:

Fhves = V1-¢ Z [HI(C ¢ ) + HI(C ¢ 1)](8)

Eq.[@) was derived in ﬂﬂ] In the forward limit —
¢,t — 0 — it yields the Deep Inelastic Scattering (DIS)
nuclear structure function. Its ratio to the proton ampli-
tude allows one to study the “generalized” EMC effect.
Eq.([@) is by definition the nuclear form factor, namely
FA(t) = Fily(t).

The kinematical variables in Eqs.([@) are defined as:
Y = P*/(P;/A), the Light Cone (LC) nuclear mo-
mentum fraction taken by the struck nucleon (per nu-
cleon), X/Y = kT/PT, the LC momentum fraction
taken by the struck quark, P2, the nucleon virtuality,
¢ = AT/(Pf/A), and (/Y = AT/P*, the skewedness
with respect to the nucleon. Furthermore, N’ = (Y —
¢/2)(\/Y (Y —()), is a normalization factor whose form
derives from the normahzatlon of the nucleon spinors in
the off-forward case [17]; p (Y, P?;(,t) is the off-forward
LC nuclear spectral funct1on ﬂﬂ accounting for all con-
figurations of the final nuclear system (see ﬂ%] and refer-
ences therein for definitions in the forward case). When
the dependence on P? is disregarded, p” can be written
within a non-relativistic approximation as:

dPP® 4(P)®* (P').
Prin (Y. E)

NE(Y, ¢ 1) —27TM/



where P, and P’ are the incoming and outgoing nucle-
ons three-momenta, ® 4 is the nuclear wave functions in
momentum space; F, is the average separation energy
characterizing the final nuclear system. Eq.(Zal) then be-
comes a longitudinal convolution in the variable Y.

(K +m) (f+m)

Mike pves = TP ST, Pl o2

otV A
2M

1 —
Mznc BH* — ﬁ |:U(Plasl)[7+

Fi(t) +

where, similarly to Ref.ﬂﬂ], the nucleon vertex is de-
scribed by a quark-diquark model, I' being the vertex
function, U(P,S), U(P’,S’) the nucleon spinors; I'4 is
the nuclear vertex function, and U4 _1 describes the A—1
system.

For incoherent scattering, the interference term con-
tributing to Eq.(D) is therefore given in the small ¢ limit
by a convolution:

Tine(Ct) = ’C/WNPO

]:gvcs(y P?; é )Ffv(t)
= FgVCS,O(Cat)FlN(t)a (11)

where, within the nuclear impulse approximation illus-
trated in Figlll no momentum is transfered to the nu-
clear vertex. Therefore, at variance with coherent scat-
tering, only the forward LC nuclear spectral function,
oY, P?) = pA(Y, P?;¢ = 0,t = 0), enters the calcula-
tion.

Next, we consider the numerical impact of both the co-

(Y, P?)

X

For incoherent scattering, we consider the matrix ele-
ments for the nuclear DVCS and BH processes, respec-
tively, with a break-up of the final nucleus. These can be
read from Figllb and Figld, respectively, as:

mQF(k,P)U(P,S)] [MFA(P Pa_1)Ua- 1(PA,S)], (9)

P2
(P +M)

YEy (U (P, S)} [UA_1(PA, S)Ta(P, PA—I)W} (10)

herent and incoherent processes on the asymmetry, A(L‘?]).
By including the contributions of both Eq. (@), nd Eq.(T)
in Eq.( ), one has:

Z% [Fhves(GOFA®)] + Z [Fhveas.oC 1) Fu(t)]
Z2F2(t) + ZF2(1)
X sin ¢. (12)

A(L’;‘J) x

where Z is the number of protons, Fi(t) is the proton
form factor; in Eq.([@) the neutron contributions, H,,
F, were disregarded. Furthermore, similarly to Ref ﬂﬂ
we consider only valence quarks contr1but1ons These are
expected to dominate the asymmetries at the kinematics
of ﬂa, [, EI], namely at low Q? and intermediate values
of Bjorken z, xp;. All form factors in Eq.([) are nor-
malized to unity and, correspondingly, Hy; = (1/2)H,
By setting:

[}—Svcs,o(ﬁa t)F (1)),

the ratio of the nuclear to proton asymmetry at leading
order can be written as:

Ié)h = []:g\/CS(C?t)FA(t)] ) Iiézcoh =

(C t) Z Ig})h + ZImcoh % F12(t) (13)
Ry Fpves(GOFL() — Z2F3(t) + ZFE(t)
[
Notice that in the absence of incoherent scattering, and the ratio:
in the small ¢ limit, R(L‘?J) becomes the off-forward EMC 2+ A 5
effect ratio calculated in [17] C"h (A)(g t) = Z Leon Fi(t) (i15)

HAG )/ FA®)
HY(

NG 1)/ FN ()

The behavior of R(L‘?J) (¢, t) is shown in FigsPland B In

FigBl we plot the following quantities: ) R(A)( ¢, t), as
given in Eq.([3); #) the DVCS coherent contribution to

Ra(Ct) = (14)

Foves(CGOFi(t) — Z°FX(t) + ZFE(t)

iii) the DVCS incoherent contribution to the ratio:

714 F2(t)

incoh

Fhves(CH)F(t)

All calculations were performed for the * He nucleus, as

zncoh (A)
(Gt = * 72F2(0) + ZFf(t)(’m)



a prototype of spin-0 complex nuclei ? using the micro-
scopic nuclear model described in Ref. ﬂﬂ] Results were
summarized in two panels, FigPh and FigPb, in order to
better illustrate the role played by particles’ off-shellness
within our microscopic nuclear model. As explained in
detail in Ref.ﬂﬂ] the account of nucleons’ off-shellness
translates into a different, A-dependent relation between
the struck quark’s transverse degrees of freedom in a pro-
ton and in a nucleus, respectively, which is emphasized
in off-forward observables such as GPDs. Off-shell ef-
fects are in fact quite noticeable, as seen by comparing
FigBh, where they were disregarded, and FigBb. More-
over, both panels show Eqs.([@IAMH) at z5; = 0.1 and
in the range: 0 < t < 0.5 GeV2. Clearly, incoherent
DVCS dominates the asymmetries at ¢ > 0.05 GeV?, that
is in the range of recent HERMES data [11]. Also, our
microscopic approach predicts an enhancement which is
consistent with the HERMES data. FigB shows the “co-
herent” and “incoherent” contributions separately, ob-
tained by including also separately the contributions in
the BH term in Eqs.([[) and (). These contributions
could be observed by detecting one of the outgoing nu-
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clear constituents, as planned in future experiments ﬂﬁﬂ
Our calculation points out that the nuclear effects are
expected to similar, in both cases, since they originate
from similar modifications of the deep inelastic structure
of the nucleus, encoded in our model in Eq.(Za) for co-
herent, and Eq.([[) for incoherent scattering (the two
equations differ only in the nuclear ¢ dependence, that
does not affect the deep inelastic structure).

In conclusion, we presented for the first time quanti-
tative evaluations of the coherent and incoherent contri-
butions to the ratio of the nuclear beam spin asymme-
try over the proton one. Although incoherent scattering
dominates current experiments, interesting information
can still be extracted relating the off-forward EMC effect
to the previously measured, and still for many aspect
puzzling, forward EMC effect. The difference between
the coherent and incoherent cases can in fact be traced
to the replacement of the off-forward LC nuclear spectral
function with the forward one in the coherent case. This
affects the ¢ dependence of the nuclear wave functions,
and has little impact on the modifications of the deep
inelastic structure of a bound nucleon.
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1: Amplitudes for DVCS and BH processes from a nu-
target at leading order in Q. (a) DVCS, coeherent pro-
(b) DVCS, incoherent process; (c¢) BH, coeherent pro-
(d) BH, incoherent process.
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FIG. 2: Ratios R3), Eq.@@), (full line), R, Eq.(@),
(dashed line) and R}%*" )| Eq.(@), (dot-dashed line), eval-
uated at zp; = 0.1 and 0 < ¢ < 0.5 GeV>. In (a) nuclear
effects were taken into account using a longitudinal convo-
lution formula, i.e. X({)-rescaling; in (b) nucleon off-shell
effects were taken into account (see Ref.[11] for more details).
In both cases, incoherent scattering dominates the asymmetry
for t > 0.05 GeV2. An enhancement at t ~ 0.1 GeV?, corre-
sponding to the kinematics of Ref.ﬂﬁl] was found, consistent
with the preliminary data.
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FIG. 3: Ratios RY;J), Eq.[@3), calculated including only co-
herent scattering terms in both the DVCS and BH contri-
butions to the asymmetry (dashed line), and including only
the incoherent terms (dot-dashed line). The nuclear model
including off-shell effects was used in the calculations. Notice
that the coherent contributions correctly reproduce the off-
forward EMC effect calculations of Ref.[17]. Same kinematics
as in Fig.2.



