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Outline

® Deeply virtual Compton scattering (DVCS) and
nuclear Generalized Parton Distributions (GPDs)

® GPDs of *He:
* GPDs H, F, H in Impulse Approximation (1A)

(S.Scopetta PRC 70 (2004) 015205; PRC 79 (2009) 025207)

* . . .
Extracting the neutron information from *He data
(M. R, S.Scopetta, PRC 85, 062201(R) (2012); PRC 87, 035208 (2013))

® Preliminary results for the GPD H of *He

® Conclusions
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GPDs - why?

Initially, the interest in GPDs was a consequence of the “Spin crisis”(EMC, '88):
most of the proton spin NOT carried by the quark helicities >

® spnsumRue: | X+ L, + J, = %

» OAM (Lq) accessed through non forward processes:

l/

/ 0
P// § S x
P

DVCS — GPDs SIDIS — TMDs
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GPDs: Definition (X. Ji PRL 78 (97) 610)

Fora J = 1 target,

in a hard-exclusive process,
(Q* v — o)

such as (coherent) DVCS:

9o A=P —P,g¢* =(q,7,and P=(P+P)*/2,n-P=1,n-n=0
® -k n/P nokt/Pt; ¢="skewness’=—n-A/2 — —At/(2DP1)

» . < —¢ — GPDs describe antiquarks;
—& < x <& — GPDs describe qq pairs; x > & — GPDs describe quarks

the GPDs H,(x, ¢, A%) and E,(x, &, A?) are introduced:

/ AP (~Anf2) A g(An/DIP) = Hyle,€, AT (P U(P)

ol A,
2M

+  Ey(z, &, AHU(P) U(P) + ...
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GPDs: Definition (X. Ji PRL 78 (97) 610)

Fora J = 1 target,

in a hard-exclusive process,
(Q* v — o)

such as (coherent) DVCS:

9o A=P —P,g¢* =(q,7,and P=(P+P)*/2,n-P=1,n-n=0
® -k n/P nokt/Pt; ¢="skewness’=—n-A/2 — —At/(2DP1)

» . < —¢ — GPDs describe antiquarks;
—& < x <& — GPDs describe qq pairs; x > & — GPDs describe quarks

and the helicity dependent ones, H,(z, &, A?) and E,(z,&, A?) , obtained as follows:

/@eM%P’ITZq(—/\n/?) Vs e (An/2)|P) = Hy(z, &, A2)T (P )y U(P)

21

5 _ AM
By (z, &, AT (P2
+ q(iﬁg ) ( ) oM

U(P) + ...
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GPDs: limits

P henp = P,i.e., A? = ¢ = 0, one recovers the usual PDFs:

P P' = P+A

~

HC](:E7070) — Q(x)7 Hq(CU,0,0) - Ag<x)7 Eq(CB,0,0),Eq(CU,0,0) unknown

O ine x—integration yields the g-contribution to the Form Factors (ffs)

[da [ e (P ihg(—An/2)y1pg(An/2)| P) =

[ da Hy(z, &, A2)T(P)y*U(P) + [ dz Eq(z, €, A?)T(P") 2522 U(P) + ..

:/dxﬂq(:v,f,AQ):Ff(Az) /dqu(w,ﬁ,A2)=F2q(A2)

—> Defining | G, = H,+ E; | onehas [ daGY,(x,& A%) =G, (A?)
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GPDs: limits

P henp = P,i.e., A? = ¢ = 0, one recovers the usual PDFs:

P P' = P+A

~

HC](:E7070) — Q(x)7 Hq(CU,0,0) - Ag<x)7 Eq(&?,0,0),Eq(CE,0,0) unknown

O ine x—integration yields the g-contribution to the Form Factors (ffs)

[da [ 22w P!|g(—An/2) v y51q (An/2)|P) =

[ dz Hy(z,&, A2)T(P' WU (P) + [ dx Eq(z, €, A2)T(P)BEEU(P) + ..

=>/dafﬁq(fc,§,&2)=gi(A2) /da?Eq(w,f,AQ):g%(Az)
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GPDs: A unique tool...

to explore the 3-dimensional structure of hadrons at parton level and for many
other aspects...

O the most important here: access to the parton orbital angular momentum (OAM),
solution (?) of the “Spin Crisis”; Ji Sum Rule:

(Jg) = (S¢) + (Lg) = [, dza G, (x,0,0)

... but also an experimental challenge: yo !
® Hard exclusive processes — small X-sections; A
® Difficult extraction:
DVCS BH

1

H A?

Tpbvcs OC/ dx q(CB,E, - )—I— ,
. x — &+ 1€

9o Competing BH process! Interference (o-differences) measured.

do |TDVCS|2 + |TBH|2 + 2§R{TDVCST]§H}
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Extracting GPDs

. +_ o
©  One measures asymmetries: A = Z—2—
ocT+4+o

O pPolarized beam, unpolarized target:

Aoy ~ sin ¢ [FlH re(F + R)H + (AQFQ/MQ)E/LL} dp  — H

9o Unpolarized beam, longitudinally polarized target:

~

AaULzsinqb{F1|:|+§(F1+F2)[H—|—§/(1—|—§)E]}d¢ — H

9o Unpolarized beam, transversely polarized target:
Aoyr ~ cos gsin(¢s — ¢) [A%(FoH — ME)/M?|dp  — E

~

To evaluate cross sections, e.g. for experiments planning, one needs H, H, E

This is what we have calculated for ‘He. Why nuclei? Why *He?
3

Ottobre, 30 2013 Nuclear effects and neutron structure in deeply virtual Compton scattering off < He —p.7/23




Why nuclei?

Several relevant issues can be investigated...:

D ihe nuclear short range structure, at quark level, can be accessed and the reaction
mechanism of DIS off nuclei, e.g. the validity of |.A. and the relevance of effects
beyond it (non nucleonic degrees of freedom, nucleon modifications...) can be
investigated... origin of the EMC effect...

® very important here: the neutron, always from nuclear targets
... with some effort: measurements are difficult:

® principle, need for a recoil detector to be sure that the nucleus did not break
(despite of this, some data are already available!);

O Few data already available:

Airapetian et al. (Hermes) NPB 829, 1 (2010); PRC 81, 035202 (2010)
D(e e'vy)X, 5(5, e’v)X, Ne(€,e’v)X;and then He, N, Ne, Kr, Xe...
Little A-dependence found

Mazouz et al. (JLab Hall A) PRL 99.242501 (2007); experiment E08-025 (2010)
D€ e'v)X =d(€ e'v)d + n(€ e'v)X + p(€, e'v)X; SHe target?
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GPDs for “He: why?

O sHeis theoretically well known. Even a relativistic treatment may be implemented.

X

3He has been used extensively as an effective neutron target, especially to unveil
the spin content of the free neutron, due to its peculiar spin structure:

09 100 121w

3He always promising when the neutron angular momentum properties have to be
studied. To what extent for OAM and éjfw? The answer here.

B 1o this aim, 3He is a unique target:

*
in isoscalar systems, such as 2H and 4He, the contribution of the neutron Eq is

basically cancelled by that of the proton one (k, >~ —Ky,); vey difficult to extract the

neutron Eq, crucial to access OAM, in coherent experiments;

*
heavier targets do not allow refined theoretical treatments.
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GPDs of °He in IA ‘ y

I e qu gq-A
| coherent DVCS in LA. S : e
(*He does not break-up, A% < M?, 62 < 1,): - P - -
P
In a symmetric frame (p = (p+p’)/2) :
KT = (4P =(0"+¢)p",
(k+2)" = (@-§PT =" -&)p",

one has, for a given GPD, H,, H, or G% ,

dz= . B+, — A
ZeinP (P |O1PS) AL+ 0.1, o -

GPDy(x,&, A?) /
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GPDs of °He in IA ‘ y

. . yUq b
| coherent DVCS in LA. S : e
(*He does not break-up, A% < M?, 62 < 1,): - P - -
P
In a symmetric frame (p = (p+p’)/2) :
KT = (4P =(0"+¢)p",
(k+2)" = (@-§PT =" -&)p",

one has, for a given GPD, H,, H, or G,

dz= . . pt.— A
P (PS04 PS) AL+ 0., —o

GPDy(x,&, A?) /

By properly inserting complete @ of states for the interacting nucleon and the
recoiling system :
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GPDs of °He in IA ‘ y

il e ng gq-A
| coherent DVCS in LA. S : e
(3He does not break-up, A2 < M2, £2 < 1, ): ) P - o
P
In a symmetric frame (p = (p+p’)/2) :
KT = (4P =(0"+¢)p",
(k+2)" = (@-§PT =" -&)p",

one has, for a given GPD, H,, H, or G% ,

dz— . ;7 4+ _
GPDqy(x,6,A%) = / =T PEPS Y  {|PRSRIPS ) HPRSE]

A7
P/R/"S"/R?ﬁ/?‘gl

W's'| 0% > {IPrSk)Ips)H(PrSkl(psl} |PS),

PRaSR)ﬁVS

and, since  {(PrSg|(ps|}|PS) = (PrSk,ps|PS)(27)363(P — Pg —P)0s,SR s »
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GPDs of °He in IA

N H ;14 can be obtained in terms of H é\f (S.Scopetta PRC 70, 015205 (2004), PRC 79, 025207
(2009)):

H (z,&,A?) :Z/dE/dﬁzZPé\g,ss(ﬁ,ﬁ’,E)%Hé\’(;c’,AQ,g’),
N S s

G3 ?in terms of GN 7 (M. R, S.Scopetta PRC 85, 062201(R) (2012); PRC 87, 035208 (2013)):
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GPDs of °He in IA

H ;14 can be obtained in terms of H éV (S.Scopetta PRC 70, 015205 (2004), PRC 79, 025207
(2009)):

H (z,&,A?) :Z/dE/dﬁzZPévs,ss(ﬁ,ﬁ’,E)%Hév(:c’,AQ,g’),
N S s

éf\f in terms of é]\qu (M. R, S.Scopetta PRC 85, 062201(R) (2012); PRC 87, 035208 (2013)):

=3, S L o § AN,

GMq(ﬁ,AQ,f) == Z/dE/dp [P_{_V_,+_ o P—{—V—,——{—] (p,p/,E)gGMq(a?/,AQ,f/) )
N

where Pé\’s .. (7, p’, I) is the one-body, spin-dependent, off-diagonal spectral function
for the nucleon N in the nucleus,

L 1 MvVME S, - Lo
PéVS/ Lo BPE) = 5 d)y E (P'S"|p's’, tst) N (Ds, ts¢|PS) N
’ (27) 2
St

evaluated by means of a realistic treatment based on Av18 wave functions
(w.f. from A. Kievsky et al NPA 577, 511 (1994), overlaps from A. Kievsky et. al, PRC 56, 64 (1997)).

Nucleon GPDs: initially, a simple model by Radyushkin&Musatov (PRD 61, 074027 (2000))
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The G37 calculation has the correct limits:

For H 5’, correct forward limit and x—integral (S.Scopetta PRC 70, (2004), PRC 79, (2009));

For é?w (M. R, S.Scopetta PRC 85, 062201(R) (2012); PRC 87, 035208 (2013) ):

100
1 - Forward limit: no control on E2(z,0,0) . G2, (A2)]
no possible check; 107F N
- *\§
. 107k >
2 - Magnetic F.F.: i ;\\
B 10°F \I FE==
3’ r \\ /J_E N~
Zq [ dx Gy (2,6, A%) = G5, (A?) [ [[
104 v i e

® in perfect agreement with previous IA, Av18

100
calculations ( L.E. Marcucci et al. PRC 58 (1998)) |
. . . 107k
O in good agreement with data in :
the region relevant to the coherent 1021

process, —A? < 0.15 GeV? i
103

B 1o have agreement at higher A2,

. —4-...I...I..|I.[l PRI T N T T T B R T
effects beyond IA are necessary: 107 b b Ll

not important for the coherent channel! -A2[GeV?]
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1/+ proton and neutron contributions

' 1-Forward limit, A2 =0, ¢ = 0:

0
As we hoped, the neutron contribution o
to 3He largely dominates!
—-0.2
(x3 = (Ma/M)x ~ 3x): ;
The proton contribution to 3He 0.3 4
is almost negligible! 04 |

2 - Non-forward, A? = —0.1 GeV?, ¢ = 0.1:

The neutron contribution to 3He still dominates o
The proton contribution to 3He gets sizable v
—0.05
How to get the o1 |
neutron information? 015 L %G § (<0%)
029 0.2 0.4 06y, 08
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G%?: Flavor separation

For the U flavor, the neutron ’
contribution (dashed) to 3He (full)
is less important than for —0.05
the d flavor: ;
~0.1 N d x,G 39 (x,A%)
Understandable, sketching the formula: e
0 0.2 0.4 0.6 X, 0.8

3.9~ P3 & (2P 30 QM
Gy R PG+ PG ",

where P}f’ describes the proton (neutron) dynamics in 3He.

(n)

As already explained, due to the spin structure of 3He,
P; >> P2 — neutron dominates in the forward limit.

With increasing A2, for the U flavor, G%* >> G'\;" — the proton contribution grows.
Not for d!

Besides, 1/2 of the d content of 3He comes from the neutron, only 1/5 of the « one
comes from it.

3
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Extracting the neutron - I:

The convolution formula can be written as
~ M dz ~ I3 f
Gif@s,AQ,&):Z/ gk (2, 8%, 6)G) (—,AQ,—,) ,

where g?v(z, AZ?.€) is a “light cone off-forward momentum distribution” and, since close
to the forward limit it is strongly peaked around z = 1

16
14

g3N(zl olo)

12
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Extracting the neutron - I:

The convolution formula can be written as

~ My ~ T3 &
G%q<ws,A2,£)=Z/ gk (2, 8%, 6)G) (—,AQ,—,) ,

where g3, (z, A%, €) is a “light cone off-forward momentum distribution” and, since close
to the forward limit it is strongly peaked around z = 1

~

G?\}[q(azg,AQ,ﬁ) ~ JowA? ~ Zé]\qu (ajg,A2,§) dzg?\,(z,AQ,f)
= GUPPOMHADGE (23,A%€) + GO AYGR, (25, A% €)

where, at z3 < 0.7, the magnetic point like ff has been introduced

M A
M
G NPOTE(A2) = /dE/dpPN (P, 7+ A E) = / dz g3 (2, A% €) .
0
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Extracting the neutron - li:

0.05

i
proton

! Validity of the approximated formula: 0f

full: 1A calculation, G3 2 (, AZ?,€) and 0.05H

proton and neutron contnbutlons to it, 0 E

at A2 = —0.1 GeV?, ¢ =0.1; 5

-0.15F
dashed: same quantities, with the g
approximated formula: 0.2L

Gol(x, A% ) =~ GUPPOTHADGE (x,A%€)
GO ARG, (2, A2 €)

Impressive agreement! The only Nuclear Physics ingredient in the approximated formula
is the magnetic point like ff, which is under good theoretical control:

Ottobre, 30 2013

A2 GEpwoint [ g8 ppoint [ Gimnpoint [ oS.n.point
(GeV?] Av18 Av14 Av18 Av14
0 -0.044 -0.049 0.879 0.874
-0.1 0.040 0.038 0.305 0.297
-0.2 0.036 0.035 0.125 0.119
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Extracting the neutron - lll:

The approximated relation can now be solved to extract the neutron contribution:

~ 1 ~
Gn,ext'r’ .CC,AQ,f ~ . G3 ZU,A2,€
T ) e ) { G ( )

T G?\&p’poz.nt (AQ)C%DW (x? A27 g)} )

from data for G3 , (z, A2, ¢) and G%  (z, A2, €), using as theoretical ingredients the
magnetic point like ffs only.

The procedure works nicely!

full : the neutron model for G%, (z, A2, €)
and the different flavor contributions to it
used in the IA calculation,

at A? = —0.1 GeV?, ¢ =0.1;

dashed: the neutron extracted using
the 1A calculation for G3 , (x, A2, €) [
and the model used in it for G} (z, A%, ) 06—
together with the magnetic point like ffs. Xs
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Extracting the neutron - IV:

The validity of the extraction procedure is emphasized showing the following ratio,
which would be one if the procedure were perfect:

G (@028

o (z, A2, €) = —M
rn (2, A% ¢) Gn (x,A2,8) 1.2
- /
rn(xlAZIE) ///
full: forward limit o+ —-—-—:_—_-::_—::::-:-5:(‘
- \\\‘
dashed: A? = —0.1 GeV?, ¢ = 0; I \
0.8} \
dot-dashed: A? = —0.1 GeV?, ¢ = 0.1; - \
0.6 Lttt

0 0.1 02 03 04 05 06 07 0.8
X3

at x < 0.7, in all the kinematical range relevant for coherent DVCS at JLab, the error in
the extraction is a few percents.
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Extracting the neutron - V:

The validity of the extraction procedure is emphasized showing the same ratio,
evaluated using different models for the GPDs as input in the IA calculation:

G et (@, )

(@, A%, ) = G7 (2,A2,€) 12

dashed: the model of Radyushkin, at
A2 =—-0.1GeV?, £=0;

full: a very different model

based on a constituent quark scenario I
(S.Scopetta, V. Vento EPJA 16, 527 (2003) ) at 0.8
A? =-01GeV? £=0; |

fn (XrAZIE)

crosses: another very different model, P S
the MIT bag model 0.2 0.4 0.6 0.8
(X.-D. Ji et al., PRD 56 (1997) 5511 ) at %
A2 =-0.1GeV?, £=0.

at x < 0.7, in all the kinematical range relevant for coherent DVCS at JLab, the error in
the extraction due to the use of a different nucleonic model is a few percents at most.
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The GPD H: preliminary

| H3v(x, A2 ¢) and proton and (dominant!) neutron contributions to it:

0.02 0.02

0 - 0.01 :

—0.04} —0.01F

neutron

—0.06f —0.02F

z3H3 (2, A% = 0,6 = 0)

—0_08;— — 4).03;— o (A = —0.1,¢ = 0.1)
_01- ! | ! | ! | ! | ! | ! | ! | ! _004: ! | ! | ! | ! | ! | ! | ! | !
0O 01 02 03 04 05 06 07 08 0O 01 02 03 04 05 06 07 08
Forward B Non-forward =
full: 1A calculation; dashed: approximated formula:

H3 (1w, A%, €) o g PP (AP HP (2, A2, €) 4 g 77 (AP H™ (3, A%, )

Good agreement! The only Nuclear Physics ingredient in the approximated formula is
the axial point like ff, which is under good theoretical control.

One has gi{l\f’p‘””’t(A2 = 0) = pn, nucleon effective polarizations (within AV18,
pn = 0.878, p, = —0.024), used in DIS for extracting the neutron information from 3He

(C. Ciofi, S.Scopetta, E. Pace and G. Salmé, PRC 48 R968 (1993)).
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Conclusions

What we have:
* An instant form, I.A. calculation of H3,G3 ., H3, within AV18;

* the neutron contribution dominates ijw and H3 at low AZ?;

* an extraction procedure of the neutron information, able to take into account all
the nuclear effects encoded in an IA analysis, weakly dependent on both the
nuclear potential and the nucleonic model used in the calculation;

B What we can do now: to estimate X-sections (DVCS, BH, Interference)
— a proposal of coherent DVCS off 3He at JLab@12 GeV?

B What has to be done, in case experiments are performed at higher AZ:
*To implement a RELATIVISTIC TREATMENT

* and/or to go beyond IA, including many body currents into the scheme.

D Whatis expected:
* The OAM parton structure of the neutron;
*A deeper understanding of the nuclear parton structure;

Importance of nuclear FB systems for QCD studies
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coherent vs. incoherent DVCS:

Incoherent
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A few words about P2 (7,5 + A, E):

Py (P, P+ AE) =

(27)3 % Z Z<13’M\(13 —9)Sy, (F+ A)s)

M f,s
x (P —p)Sy,ps|PM)S(E — Emin — E7) .

p,E P=p+h

g *
Pe o Eq

the two-body recoiling system can be either the deuteron or a scattering state;

9
X

when a deeply bound nucleon, with high removal energy E = E,,in + E}" leaves
the nucleus, the recoling system is left with high excitation energy E ;

the three-body bound state and the two-body bound or scattering state are
evaluated within the same (Av18) interaction: the extension of the treatment to
heavier nuclei would be extremely difficult
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