Carlos Mufoz Camacho

Laboratoire Iréne Joliot-Curie, CNRS/IN2P3 (France)

Opportunities with JLab Energy and Luminosity Upgrade
Trento, Sep 26-30 (2022)



Introduction

Outline

© Introduction

@ Deeply Virtual Compton Scattering (DVCS): ep — epry

e Results on both proton and neutron = flavor separation
o (Q?—dependence

© Exclusive 7 electroproduction (DVMP): eN — eNr?

e Also proton + neutron = flavor separation
o (Q?—dependence

Q@ Summary
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Introduction

Deeply Virtual Compton Scattering (DVCS): v* p — v p

k_q/ e, )

High Q?
x+& / \x—§ Perturbative QCD
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> A, 80 E, (0 GPDs

t=(p-p)
Handbag diagram
Bjorken limit :
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U & oo g = s fixed
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Introduction

DVCS experimentally: interference with Bethe-Heitler

DVCS
d5 - d5 oy —_ Im (TBH X TDVCS)
— —
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TDVCS — /+ dx H(‘L7§t) 4=
1 Tz —&+ e
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H(x, &t
P/ 5 ) — imH(x=¢&¢6,1)  +...
Access in helicity-independent cross section Access in helicity-dependent cross-section
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Recents results on DVCS

DVCS cross sections: azimuthal analysis
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Recents results on DVCS

DVCS cross sections: ()>~dependance
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No @Q?-dependance within limited range = leading twist dominance J
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Recents results on DVCS

DVCS cross sections: kinematical power corrections

[2* —t=0.17 GeV?2
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@ KM10a: global fit to HERA x-sec & HERMES + CLAS spin asymmetries
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Recents results on DVCS

DVCS cross sections: kinematical power corrections

¥
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Kin2
zp=0.34—0.38
Q% =1.8—2.0 GeV?

---- Bethe-Heitler

<<<<<<<<<<<< KM10a
—— KM10a + TMC*
Braun et al.,
L L I I | L 1 | L L Phys. Rev. D89, 074022
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@ KM10a: global fit to HERA x-sec & HERMES + CLAS spin asymmetries

Kumericki and Mueller (2010)
@ Target-mass corrections (TMC): ~ O(M?/Q?) and ~ O(t/Q?)

Braun, Manashov, Mueller and Pirnay (2014)
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Recents results on DVCS  p—DVCS

Rosenbluth-like separation of the DVCS cross section

2

olep—epy)= |BH|> + ZI(BH-DVCS) + \DVCS
S—— —_— —

Known to ~ 1%  Linear combination of GPDs Bilinear combination of GPDs

I 1/y° = (k/v)?,
}TDV(}SFX 1/!}2 _ (11‘/7/)2

BKM-2010 — at leading twist — 7 independent GPD terms:
{Re,Sm [T, cEV,cEA] (F)},  and  CPVOS(F, Fx).
-dependence provides 5 independent observables:
~1, ~ cos, ~ sinp, ~ cos(2p), ~ sin(2¢p)

The measurement of the cross section at for exactly
the , provides the additional information in order to

extract all leading twist observables independently.
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Recents results on DVCS  p—DVCS

DVCS process: leading twist ambiguity

@ DVCS defines a preferred axis: light-cone axis
@ At finite Q% and non-zero t, there is an ambiguity:

@ Belitsky et al. (“BKM", 2002-2010): light-cone axis in plane (¢,P)

@ Braun et al. ("BMP", 2014): light-cone axis in plane (¢,¢)
easier to account for kin. corrections ~ O(M?/Q?), ~ O(t/Q?)

For= Fip +3[Fiqp +F_ 1] — xoFo+ F_, =0 Fir =01+ 5)F g
Foy= F_ o+ X[Fiy +F_4]— xoFost T —o Foy =3Fi4
For = —(1+x)Fos+ + xo0 [Fy +F_4] T For = XoF4

(eg. o =0.25, x = 0.06 for Q? =2 GeV?, zp = 0.36, t = —0.24 GeV?)
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Recents results on DVCS  p—DVCS

E07-007: DVCS beam-energy dependence

@ Cross section measured at 2 beam energies and constant Q2, =g, t

E =45 GeV E =56 GeV
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@ Leading-twist and LO simultaneous fit of both beam energies (dashed line)
does not reproduce the data

Light-cone axis in the (¢,¢') plane (Braun et al.): H,,, Hy, E,.,, E
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@

Recents results on DVCS  p—DVCS

Beyond Leading Order (LO) and Leading Twist (LT)

Two fit-scenarios:

Light-cone axis in
the (¢,¢') plane (Braun et al.)

Perturbative

Non-Perturbative
x-& x+&

LO/LT + HT
Hyy, Hyt, Hoy, Hoy

q(+-) q'(+)

LO/LT + NLO Perturbative
H++, IFH-H—: H_+, ﬁ[__;,_ Z?g-perturb;:ée
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Recents results on DVCS  p—DVCS

E07-007: DVCS beam-energy dependence

@ Cross section measured at 2 beam energies and constant Q2, =g, t

- = Fit LT/LO :
| — FitHT v
Y 01

KM15

nb/GeV'
)
nb/GeV*

—0.05

3
@ (deg) ® (deg)

@ Leading-twist and LO simultaneous fit of both beam energies (dashed line)
does not reproduce the data

@ Including either NLO or higher-twist effects (dark solid line) satisfactorily
reproduce the angular dependence
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Recents results on DVCS

p—DVCS

DVCS? and Z (DVCS-BH) separation

DVCS? and Z (DVCS-BH) separated in NLO and higher-twist scenarios
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DVCS & DVMP Q2 —dependence

DVCS? & T significantly
different in each scenario

Sizeable DVCS?
contribution in the
higher-twist scenario in
the helicity-dependent
cross section

Nature Commun. 8, 1408 (2017)
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Recents results on DVCS ~ n—DVCS

E08-025: DVCS off the neutron at different beam energies

@ LD as a target (Q? = 1.75 GeV?, x5 = 0.36)
® Quasi-free p evts subtracted using the (normalized) data from E07-007

@ Concurrent running: switching LD2/LD2 — minimize uncertainties

D(e,ev)X —p(e,e)p = n(e,ey)n + d(e,e)d

S F «Deeyx —=— [D(e.ey)X - He,ey)X] x 10
2 6 - H(e,ey)X [ n(e,e'y)n contribution x 10
g E — Total fit x 10 d(e,e'y)d contribution x 10
o 5F . . }
s F #
3 4 f ¢ m&% nDVCS & dDVCS
o 3 . .
g | * shifted by ¢/2 in M%
S 2
zZ F
1= A
ops
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Recents results on DVCS ~ n—DVCS

DVCS cross sections off the n & d

. g L -=d’o, +rd" —d’s, (exp) -=d'a, (exp)
@ Large correlations at low —¢t & © A dor () o ()
£ so- d'o, +rda, (fit) if —d‘g, (VGG) — d', (Cano-Pire)
@ Good separation at larger —t w
r - [ B ]

t

d‘o
dx,dQ*dtd ¢
S

e dDVCS very small
(compatible with theory)

e nDVCS: significant signal
(first observation of DVCS
off the nucleon)

M. Benalietal.,Nature Physics 16,191(2020) e e 0 (deg) 0 o 0 ldeg)
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Recents results on DVCS ~ n—DVCS

DVCS off the neutron: t—dependence

é; 600 F
o ~d’0, (exp) =d’, (exp)
] n d
S 500 T -~ BH, -- BH,
o
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— —VGG — Cano-Pir
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©
T| @300 -
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©
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o Firt experimental determination of the unpolarized
en — eyn Ccross section
e o(en — eyn) > o(BH,): Sizeable DVCS off the neutron

M. Benalietal.,Nature Physics 16, 191 (2020)
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Recents results on DVCS ~ n—DVCS

DVCS off the neutron: flavor-separated CFFs

Global fit of all Hall A DVCS

data off proton & neutron, with £ P{éw
CFFs of up and down quarks as 2 | L‘ | — 11 113
free parameters R o Ff T 15
e H" and H: same sign (as o+ i oy T
forward & large N, limits, o F ‘ ‘ # ‘i 1
Todels. ';) : :,Jﬁ S i [
e H" and H%: opposite sign

(as forward & large N, limit, =

De(H )

F =
e

tm(H_,)

models. . .) e

—50
e Data suggest same sign for PO ) S #} } ¢
Re(E") and Re( %) 8 I hi -
) o 5 -e-u quarl — 8 ¥
(against predictions from the st sama(m B ﬂi 5
L. -+-u quarl

large N, limit) ) +dqwrk L0 | | oty

M. Benalietal.,Nature Physics 16,191(2020) RV
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Recents results on DVCS 12 GeV

E12-06-114: DVCS at 12 GeV

Setting || Kin-36-1]Kin-36-2] Kin-36-3] Kin-48-1|Kin-48-2| Kin-48-3 Kin-48-4[| Kin-60-1] Kin-60-3

B 0.36 0.48 0.60

E;, (GeV) 7.38 8.52 10.59 1.49 8.85 8.85 10.99 8.52 10.59

Q*(GeV?) || 320 | 360 | 447 | 270 | 437 | 533 | 690 | 554 | 840

By (GeV) 4.7 5.2 6.5 2.8 4.7 5.7 7.5 46 7.1

—tmin (GeV?)| 016 | 017 | 017 || 032 | 034 | 035 | 036 || 066 | 0.70

[Qdt (©) 1.2 L7 13 2.2 2.2 3.7 5.7 6.4 18.5
# data bins 672 912 180

E12-06-114 kinematics

Q?vs X, coverage in Halls A and C

Resonance region
W< 2GeV

Inaccessible
with E <11 GeV
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Recents results on DVCS

12 GeV

E12-06-114: DVCS at 12 GeV
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DVCS & DVMP Q2 —dependence
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F. Georgesetal., Phys. Rev. Lett. 128 (2022)
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Recents results on DVCS 12 GeV

E12-06-114: CFFs extraction

-5 Previous data [19]

2 @ This work: {++,0+,-+) CFFs fit 2
—KM15

@ Extraction of all CFFs '
(++, 04+, —+) as a function of zp M ‘ ‘

e GPD H well constraint < ! \éé T
] 8

@ Sensitivity to £ and E

OeH,,)
tm(H.))

Oe(E )
iS==
-
—
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60— 60
~40- ’40/-’
w % E w'
T o o
il ¢ ¢ LI
F. Georgesetal., Phys. Rev. Lett. 128 (2022) i
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w0 electroproduction Proton target

7 electroproduction (ep — epr)

At leading twist:

dUL_ 1 L . / 2
dt —2F Z (M= (A =0, hiy, hw)|* o

1
dt Qs

A by

! 1 1 . N
ML o /1d$|:x_§ + l’—|—§:| X {FlHﬂo—f-FgEﬂo}

Different quark weights: flavor separation of GPDs

_ ~ 1 (2 ~ 1 ~
oy _ 1 L\ _ 4 1774
|7V) = 75{|uu> |dd)} H.o = \/5{3H + 3H }
4 u 1 d
Ip) = |uud) Hpves = §H + §H
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w0 electroproduction Proton target

Exclusive ¥ electroproduction cross-sections

f 0.8~ I
© C ° > E L ¢
(0] £ @ ° o [ o =
2 06 © 5] 400:{ i t } i
E- s F
G| 04e o . M . . . £ 880
- £ ook
7'l 0.2~ © @%=1.9 GeV? v F
* E ® Q%=2.3 GeV? @ | * E
L 0 © =
gl e 1 200/
HE T E
ba bd I 150:7
U |w = E
+ [+ E
& b*-osf 100
==L £ o (VGG model)
[ () 0]
L . E
0 0.05 01 045 02 B e e e 1y
[ 0.05 0.1 0.15 0.2
et (GeV?) t - (GevH

e or +epop ~Q°
(similar to o7 (ep — epr™t) measured in Hall C)

e GPDs predict o7, ~ Q6

e o7 likely to dominate at these Q?,
but L/T separation necessary (— new experiment. . .)

E. Fuchey et al., Phys. Rev. C83 (2011), 025125
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w0 electroproduction Proton target

Rosenbluth separation

d*c 1 dor doy, dor
- = T(Q%2 E[ fe—24 1+e 4 dorr
dQ2dzpdtdy ~ 2n (Q% 25, B) | teg tv2e(l+9) d 0s ¢

tmin —t = 0.025 GeV?
§2.8
3
524
Setting Q? xzg  Ebeam e |oe
(GeV?) (GeV) U(l‘-‘s 2
. 3.355 0.52
Kinl 1.50 0.36 —5855 084l 16
. 4.455 0.65
Kin2 1.75 0.36 —%855 0791 !
. 4.455 0.53
Kin3 2.00 0.36 —555 070 |
o | \ |

| |
0 60 120 180 240 300 360
@ (deg)
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w0 electroproduction Proton target

70 separated response functions

”g [ Q%15 GeV? F Q%175 GeV? Q%2 GeV?
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Goloskokov, Kroll (2011)
—_———— Goldstein, Hernandez, Liuti (2011) Phys. Rev. Lett. 117 (2016)

------ Vanderhaeghen, Guichon, Guidal (1999)
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0 electroproduction LDy target

E08-025: DVCS and 7 off quasi-free neutrons

@ LD, as a target
© Quasi-free p evts subtracted using the (normalized) data from E07-007

@ Concurrent running: switching LD2/LD2 — minimize uncertainties

D(e,em) X — p(e,en®)p = n(e,en®)n + d(e, e n°)d

» O

TITT [T T I T[T orT

N

n(e, e )n llll

?

Nb of events (1 03)

i

0 s P
8 ’ i s ++++
6 AMZ = t(1— M/M, %ﬁﬁﬁﬁmﬁ%# ?

4F 7 D(e,e n%)X

28 @] | e e
C; = L | d(e;er)d | I I

0 02 04 06 038 1 12 14 16 v21 .8

The average momentum transfer to the target is much larger
than the np relative momentum, justifying this impulse approximation
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0 electroproduction

LDy target

7V electroproduction cross section off the neutron

o F } E =5.55 GeV
Ot
. st f
@ Cross section off coherent d found e
. . . . . bl F
negligeable within uncertainties o [SF
gl bf__ n(e, e n
+
0 §_ Shaded area = fit +
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H H R L
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YT T T SN ST YT ST ST SN Y ST ST SR SN N S
700 200 B 0deq)
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Sl5osr & ! 3 7——"
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bj%o oF n(e.e'z")n L 7 GK11
© E —=—d(e,e'7%)d
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01555 o7 ois . 008 01 015,
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0 electroproduction LDy target

Separated 7 cross section off the neutron

In the modified factorization approach (KG):

N% 06
Q o 5 9 o _ 2
ENF=
o T gt o dor o (1 - &) [(Hr)* = gz | (Br)["]
© gi;: -=-n(e,e' °)n Y _ 9

ro.aé -=d(e,e' 7°)d ° dUTT 0.8 32 |<ET>|
S = o
& oie z =|H ]
2 o02E — 15 o
sts o o i)
= 02E E

-0.4?% =

0.6E- E
A GE
8 oEd L b 5
2 oosE ! [;3 ! = F
Hg 01E [ FLo0E"
SI°o1sE 80f-

E 60E-

0. 401
% 006 20
O 004 £
S oo2f of
o, oF 20
Sleoer E

0.04~ 0.15

-0.06E-

0.02 0.64 0.66 0.68 0.1 0.‘12 0.‘14 Uis O.‘lS p
L () = 4|2 () + 5 ()|

M. Mazouz et al, Phys.Rev.Lett. 118 (2017)
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0 electroproduction LDy target

7% electroproduction at 12 GeV

¥ s0 0% = 656
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e . I e ! " -
20 F -
< oE _i..____.____.___j‘__. 207,} {‘ T ¥ ¥ ¥ gszg::z ¥
S S o _ b op— o
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S ok ke -20 |- } T ? ......... JRTY S
85 fer=3s7 i I o @2=406 LTI 4
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10 F
- LSS S U 2 I 3 12 I S toemsa
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S ofF 0 P B 4 T 2 f % F
L5 02 =444 } 20F p2=516 { { iy 3 * ‘}
E i [ L I T e ST
=036 L . . L) e %5048 L L ! - L L . AN [l
0 005 01 o015 02 02 03 ) 0.05 01 o015 0z 025 o o1 02 03 04 05 06 07
t' (GeV?) t' (GeV?) t (GeV?)

@ oTT > OTLTL
@ Values well described by modified factorization approach
Phys. Rev. Lett. 127 (2021)
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0 electroproduction LDy target

7% electroproduction at 12 GeV
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Conclusion

Summary

@ Recent high precision DVCS cross sections from Hall A at JLab

@ Need of higher twist and/or NLO contributions to fully describe the
data (eg. in global GPD fits)

e First separation of DVCS? and BH-DVCS interference in the
eN — eyN cross section, off the proton and neutron

@ L/T separation of ¥ electroproduction cross section off neutron:
dominance of o7 measured

@ Flavor separation of transversity GPD convolutions within the
modified factorization approach

@ Approved program of experiments in Hall C to continue these high
precision DVCS measurements at 12 GeV
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