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Why we should study nuclei GPDs?

e Resolution of nuclei in terms of partonic degrees of freedom:
— Holographic 3D distribution of quarks and gluons.

— Nucleus spin in terms of fundamental degrees of freedom.

e A new window to study the nuclear degrees of freedom:
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e [0 study binding effects in nuclei from a new perspective.

e Provides new constraints on the nucleus wave function.

e Links fundamental and nuclear degrees of freedom.



v leptoproduction on nucleus

ei(ka A)A(Pla Sl) — ei(kla A,)A(P% SQ)’Y(C]Q, A)
The five-fold cross section reads
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Analytic results for the amplitude square

[nucleon: A.V. Belitsky, D.M. A. Kirschner (01), deuteron: A.Kirschner, D.M. (03)]

~ Leptoproduction contains both DVCS and Bethe-Heitler process

ei(/{’, /\/)

e*(k, \)

+ crossed diagram

A(Plysl <P27‘92)

The squared amplitude is decomposed in three parts

T1?= ) A{|Toves|® + |Teal*+1}
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with the interference term 7 = TpvesZiy +75ves?BH-.



Observables in v leptoproduction

Twist-3 result gives the general azimuthal angular dependence:
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® Fourier coefficients (FCs) «— Compton form factors (CFFs):

N LA T A2 T Aa,
ch o —tw-2, {Cl} x —tw-2, {62} x — tw-3, {03} x o (tw-2)CT
Q2 Q Q2 Q

S1 S2 S3

cg” o (tw-2)?, {Cl}csoc %(tw—Q)(tva), {62}CSO< o, (tw-2) (tw-2) & T

Sq S2

e [he FCs are given by ‘universal’ functions C of CFFs, e.qg.,

{ﬁ} (y,€, A%, Q%) = {E%c} (y){ e }Cf(f(g,AQ, 0?))

1 LEs Sm
and c/sf — c/sZ, L1 — Lo, F — Fe°t.

e Adjusting beam helicity = separation of even/odd harmonics
target polarization = new combinations of CFFs



Compton form factor (CFF) decomposition
Spin-1/2 target: 3 x (2 x 2) CFFs

- - A . N
V, Uv,U'H + UiapgmUS + twist-three contributions,

_ ~ AN ~
A, = Uy,ysUH + ﬁwws + twist-three contributions,

CFFs F — {H,s,ﬁ,é} are given by GPDs F — {HEEIE}

F= 3 /da:C’f(aﬁ,ﬁ,as(Q))Fz‘(CE,faAZaQ2)

i=u,d,s,G 7Y ~1
At twist-three level four further ones appear
FAF, F19) = {1, % 1, 67}
= FYVW(F) 4 FiC1(FaGa),

Finally, there are four CFFs arising from gluon transversity
FT = {HT, e, HT ET}.



Spin-1 target: 3 x (3 x 3) CFFs

Only twist-two LO sector is known [E.R.Berger, F.Cano, M.Diehl, B.Pire]
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The Compton form factors are given as convolution of nine GPDs:
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What can be measured in fixed target experiments?

DVCS
| |

o Assuming H(§,€,A%) ~ E71F(A2) = TEE] "~ 2\/1;—23’\/_522

e For larger value of y, i.e., |[TBH| > |TPVCS| .

— beam spin and single target spin asymmetries :
do! — dot
do! + dol

— charge asymmetries

dot — do~ ' H(x,&,A0% 0%) —{z — —=x}

x ReZ x PV dx
dot + do~ 1 x — &

x SmZ + -+ oc H(E,6,A%, Q) + ---.

— tensor polarization for spin-1 target
— double spin asymmetries

do’" — do™V — doih + doiV
do’t + do™ + doilh + do iV

x Re {contribution of \TBH\Z 4+ 7T+ } .



Spin-1 target: deuteron (A=d)

For unpolarized or longitudinally polarized target one can access
2
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Are bound state effects small? (S- and D-wave overlap):

e Gi(A?=0)=1,G2(A%=0)=1.714,G3(A? = 0) = 25.989

e Measurement of the tensor polarization (HERMES coll.):

2 by

Y 2 5q®
T & > Qg

1—=u,d,s

suggests a rather small value for g ~ 0.1, however, a
large one for small or large values of zg.



do/dQ? [pb/GeV?]

Estimates for several observables
For the kinematics of present fixed target experiments, i.e.,
y > 0.5, |AZ | < |A? < Q7 (BH dominates DVCS)

the predictions for observables can be drastically simplified.
Taking leading order approximations in as and 1/0.

The ‘model’ H;(z,&, A?) = F;(A%)g;(x, Of)
allows a simple quantitative estimate on the level of < 100%.

Sea quarks are somehow suppressed (H1& ZEUS).




Beam spin asymmetry

_ do'(¢) — do*(9)
do1 (§) + do'(9)

ALu(9)

contains both ftwist-two and twist-three contributions.

Proton target

Z

IB 51 un . 1
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Y Counp Q

Fi+FYH A2 F
N:I:a:B\/_AQ(l_y)%m{H—I—xB( Lt T 25}sin(¢)

Q* Fy o (2 —xB)F? 4M?2 F?
experiment TR Q2%[GeV?] | —A?[GeV?]
HERMES 96/97 (0.11) (2.6) (0.27)

CLAS 0.13---0.35 | 1---1.75 0.1---0.3




HERMES CLAS

model bVl | %2 | Bga [GeV 7] approximation
A: solid 1 00 9 WW <+ D-term
B: dashdotted | oo 00 9 toy dGqg 4+ D-term
C: dashed 1 1 5 WW 4 D-term




Simplification of Compton form factors

Neglecting skewness effects and sea quarks provides:

Hy ~ Fa(A%)g} (z) =
SmH x Fa(A®) [(Z2Q5 + NQ37) ¢ + (NQ3, + ZQ7) 4] (én)

Isoscalar spin-0 or spin-1/2 nucleus target

Afy () N (Q: +Q3) {qu"al (En) + gval (§N)}
Aru (o) Q2q*val (En) + Qoqtval (En)

For q., ~ 2q4 the ratio is roughly estimated
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Spin-1 target (deuteron)

2G1H1 —|— (Gl — 27‘G3)(H1 — 27‘7‘(3) —I— %TG3H5
2G? + (G1 — 27G3)? ’

Al o« Sm

2G1 (Hl — %H5) —I— 2(G1 — 27‘G3)(H1 — 27‘H3 — %H5)
2G? + 2(G1 — 27G3)? ’

A2 o Om

where —r7 = —A?/4M37 < 1.

Assuming that Hs and Hs are small for xg ~ 0.1, i.e,

Aty o 3-27G3/Gy (Q2 4+ Q32) {g™(En) + q™=1(€n) }
Ay 2+ (1—-27G3/G1)? QZqua(En) + Q5941 (EN)

Afy  3-37Gs/Gi (Qh +QF) {a"(En) + gP1 (En))
Ay 2421 —27G3/G1)? Q2q*val (En) + Q5q%val (En)




Comparison with 2000 run data from HERMES

Ay = —0.18 + 0.03 4 0.03, (z5)=0.12,(—A2)=0.18 GeV? (0?2)=2.5 GeV?,
ALG = —0.22 £ 0.03 £ 0.03, (25)=0.09,(—a2)=0.13 GeV? (02)=2.2 GeV?,
A? = —0.15£0.03 £ 0.03, (zp)=0.1,(-a2)=0.2 GeV? (02)=2.5 GeV?,

Our naive estimates are
Ay = —0.27, A6 =-034, A! = -0.25.

Numerical estimates

—0.29, —0.25, —0.41 twist-two

ALU — { [ ’ ’ ] } for { ] } & [A, B, C]
[—0.29, —0.20, —0.37] twist-three
—0.30, —0.28, —0.54 twist-two

AE{?:{[ ’ ’ ]} for { _ } & [A,B,(C]
[—0.34, —0.24, —0.49] twist-three

Ad —0.37, —-0.26, -0.23, —0.34 A
LU L — { | ’ ’ ’ ]} for [A,B, B, B]
Ad [—0.34, —0.24, —0.16, —0.34]



Unpolarized charge asymmetry

do™ (¢) — do™ ()
dot(¢) + do~(¢)

Ac(p) =

contains a twist-two and a measurable twist-three contribution:

Ac :Ag))—l—Ag)cos(gb)—l—... .

e The ratio is [nearly] GPD independent for spin-0 [1/2]:

A(O)
(1) 1T —

e [ he size of the twist-two harmonic depends on the ratio of

| Re H* <0 valence quarks
R' = o for :
Sm HY >0 sea quarks

? D-term ‘significance” for sign & magnitude is questionable



£p=0.11

—A2-0.27 GeV?2

rp=0.12

0N, —AQ w=0.27 GeV2

\ .\. . ~eoo”’ N
A 0.23 sin gb’7 T ] 04 —0.05+0.11 cos qb’7
S 3 0 1 2 3 0.6y 0 1 2 3
¢!, [rad] ¢’ [rad]

e Neglecting sea quarks and D-term contribution implies:

— proton target (consistent with HERMES measurement)

A(Cl) 2 L 2y _|_ y2 QiRuval quval _|_ Qszval qdval

ALy (2—-y)y

~ —0.8
Q%quval —|— Q?iqdval )

— isoscalar nucleus target

ALY 2 -2y 4 y? Rivergtvel 4 Rival g

A
ALU

~ —0.7.
(2 — y)y quval —I— qdval



Longitudinally single target spin asymmetry

ApL (o)

do.A:—}—l . dO.A:—l

B dor=*+1 4+ doAr=—1 (+do’=0)

(for 6 =0).

Proton target

AUL(¢) X {F1ﬁ —|—€(F1 — FQ)H -+ - - } Sin¢

:I:B:O.28

—_A%2-0.31 GeV?2

. Q?=1.81 GeV?

sign is fixed in popular models
2 contributions H and H

sensitive to the details of GPDs



Ratio of longitudinally polarized target to beam spin asymmetry is
free from BH squared contributions and is sensitive to ﬁ,ﬁl:

e proton target

AuL(®) 2 2y+ y? [Qiﬂquwﬂ + Q3 Ag%val 4 B i s F2]
Apu(¢) 2—-y)y Q2 gtval + Q3gval 2 B

e isoscalar spin-1/2 nuclei target

AGL(9) 2 —2y+ 9 [Aquval + Agval i rg F{* + Fé“]
Afy(9) 2-wy | qee gl 24 FP

e deuteron

= few% ...~ 20%

ALL(9) [Aq“va1+Aqdval 5 Gs ]

_|_
A%U(QS) quval —— qdval 4 Gl — TG3




Transversely single target spin asymmetry

doA=t1 — doh=—1

(for 6 =7/2).

e Allows to access two further combinations of GPDs.

e Unfortunately, it is kinematically suppressed:

A{}T(qba 90) N MN 2 F(£N7‘£N) AQ F(gNagN)>
Afu(9)  AV=A2 PH(En,En) M3 H(En, EN)

(e

o F(én,&n) A* F(én,

+ sin(¢) C_G:

e It vanishes for large A.

BH(¢n,6n) M2 H(éy,

EN
EN

e Helicity non-conserved GPDs, e.g., E, enter on the same

kinematical level as H.

)



Tensor polarization for spin-1 target

2dor=0 — dogh=*1 — dogh="1
Agz(¢) — A— A=+1 A=—1
do?=0 + dor=*11 + do

has a constant piece arising from the squared Bethe-Heitler term.

To get rid of it Tensor polarization might be combined with
e beam polarization

2dgTA=0 _ JgTA=+1 _ JsTA=—1 _ {T—> o l}

doTA=0 4 dogTh=+1 4 doThA=-1 + {1— — |}

AgZZ (¢) —

A¢ 2 SMH3 +SmHs + ZZ2Sm (Hy — 2H3 — $Hs)

Ads T 3SmH; — 2SmH; — 2;513@ (H1 — 2H3 — 3 H5)

e Ccharge asymmetry

2doTA=0 — dotA=+1 _ dotA=—1 _ et — —e7}
dothA=0 + dotA=+1 4 dotA=—1 4 {et — —e~}

AdCZZ (¢) —

A%ZZ B 2 ReHs + ReHs + TGB e (Hl — 2H3 — H5)
AL 3ReH, — IReH; — QTG?’S%e (H1 — 2H3 — 3Hs)

3G1




Tensor polarization is promising to access bound state effects

Prediction for Hs = Hs = O:

A%ZZ — Aé(zlz) ~ _z TG3(A2)

Ay~ i S T3 G(a) - Faya)
0.67 0.6
0.4; 0.4

¢ [rad] ¢ [rad]
NOTE: {A¢,, A¢ AL 1, {A%, AL, AL } are not independent.



Summary
DVCS off deuteron is worked out at twist-two level to NLO.

Cross section, depending on nine twist—two GPDs, has a
complex angular dependence.

Only a limited set of the twist—two CFFs can be accessed.

Even more non-perturbative functions appear at:
qGqg, and gluon transversity GPDs.

Take care one the appropriate definition of observables!

An oversimplified and unrealistic GPD ansatz with suppressed
sea quarks describes existing DVVCS data on proton at LO

Based on this qualitative understanding we estimated
beam spin, single target spin, and charge asymmetries.

DVCS allows to study the deuteron from a new perspective:
— fundamental degrees of freedom

— nuclear degrees of freedom.



