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Precision studies of the DVCS process at JLab

Julie Roche

 Generalized Parton Distributions (GPD) are accessible through many exclusive
processes. So far, the most studied channels are Deeply Virtual Compton
Scattering (DVCS) and Deep Virtual Meson production (DVMP).

e Qur JLab Hall A/C collaboration measures DVCS and DVMP-n0 absolute cross-
section using a “simple” dedicated apparatus since 2006.

* Qur precise (5%) measurements are essential to interpret the data.

 We just completed a new set of measurements in Hall C/JLab using a new
PbWOQO, calorimeter and expanding our kinematic reach.
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DIS Parton Distribution Functions Elastic Form Factors

No information about
the underlying
dynamics of the
system

No information on
the spatial location
of the constituents

”

Generalized Parton Distribution Function :
3-D imaging of the nucleon with access to correlations between
transverse spatial distribution and longitudinal momentum distributions.
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LU EAL, Exclusive reactions: handbag diagram

» DVCS : golden channel

Y or ﬂ:,p (I),J/\p,...

|
DVMP

Definition of variables:

X: average long. momentum
¢: long. mom. difference = xg/(2 — Xg)

t: four-momentum transfer
related to b, via Fourier transform
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OHIO GPDs and factorization
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In the Bjorken limit: @ = —¢° - oo } vp= L fixed

v

Hard process
LO: QED
NLO: QCD perturbative

D. Mueller et al, Fortsch. Phys. 42 (1994)
________________________ X.D. Ji, PRL 78 (1997), PRD 55 (1997)
A. V. Radyushkin, PLB 385 (1996), PRD 56 (1997)

Soft process
Non perturbative QCD
described by GPD(x,&,t)

X is not accessible, one measures CFF(&,t)=CFF(xg,t)

H = jjll dxH(X'E'T) = P jll dx

X—E+ie

—

H(x.£.1)
X

-1 TMH(x=¢£,E,1)
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OHIO Generalized Parton Distributions

Nucleon Helicity
0 conserving | non-conserving
- I .\\ — & unpolarized GPD H E
H,E(z,¢& t) polarized GPD H E
/C H,E(x,¢,t) &
N(p t = A2 N(p+ A
(») i=at (p+ )
lim(GPD) - PDF GPD first moments — Form Factors
t—0
DIS Elastic 0]
@ €T €T
ate) M
% Ag(x) & N(p) s A2 N(p —+ A)
N(P) N(p) —
Hq(x,o,()) = q(x),_ q(_x) .[1 ‘leq(xsgst) = Eq(t) _[1 dxﬁ"(x,f,t) = gg{(t)
H(x,0,0) = Ag(x),A7(~x) [ dxE (x 80 = Fi(t) [ axE(x,8,0 = (2)

5 G
No relation for the GPD E and E

RPP 76(2013) 066202
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Nucleon tomography

R. Dupré et al. PRD95 (2017)

Local fits from Hermes, CLAS & Hall A data
Assume H contribution only

Model dependent assumptions for xg dependence

Data before CLAS
CLAS
@GanS12 proj.
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r?p(r) (GeV fm)

V. Burkert,

L. Elouadrhiri,

F.X. Girod

Nature 557

(2018, 7705, 396-399)
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GPDs and hadronic physics issues

Contribution of the angular momentum of quark
to the proton spin (Ji's sum rule: PRL 78(4):610-613, 1997)

1 1 1 /!
LI N T R f dxx[H(x,€,0) + E%(x,€,0)]
2 2 2/,
Jq
Spin of all Spin of Angular Momentum Angular Momentum
Quarks Gluons of all Quarks of Gluons
~30%

Access to the mechanical properties/gravitational form factors of the proton
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Tables by C. Munoz-Camacho

Measurement __Hall ____

DVCS Polarized beam and/or target A,B,C

Deuterium/He3

nDVCS
DVCS w/ e+
TCS

Excl. 0
Excl. T
Excl. ¢, n
L/T separation (K, m+)
WACS (y, =)
Backwards n°
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JLab Exclusive reactions for GPDs program

" |li-HLzEUS S
: % C.f?‘; /-\}_(,?‘q
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. 06@
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» oy &
B,C, A(Solid) : Caa
B: C \\“\\\ &
A (Solid), B, C
A,B,C 0 Oi1 0.2 Ol3 Oi4 01.5 016 fCB
A (Solid), (B) In the valence region (JLab 6 and JLab 12)
B Partially complimentary, overlapping
C * Hall A/C: Test the validity of the formalism
* high accuracy (~“5%)

A, C * limited kinematic

C e Hall B: Map the GPDS

* limited accuracy (15+%)
* wide kinematic range
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2L, JLab Exclusive reactions for GPDs program

This talk focuses on
recent
DVCS and DVMP- = using the Hall A/C scheme
and the future of this niche technique.

xperment | PAc_ | Goal | Rets

1st dedicated DVCS PRL97 (2006), PRC83 (2011), PRC92
A AT experiment at JLab (2015)

1st neutron DVCS

~ E03-106  PAC24 : PRLY9 (2007)

quJ experiment

© EQ7-007  PAC31 DVCS Rosenbluth-like oo, 147 2016). Nature Commun. 8 (2017)
separation (proton)

E08-025  PAC33 DVCS Rosenbluth-like 0 145 9017) Nature Physics 16 (2020)

separation (neutron)

> E1206-114 PAC30+38+41+47 112 GeV experiment PRL127 (2021), PRL128 (2022)

@)

N E12-13-010 PAC40 DVCS Rosenbluth-ike ™ | op . e 2023-2024

separation (proton)
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Precision studies of the DVCS process at JLab

Julie Roche

e GPDs are accessible through many exclusive processes. So far, the most studied
channels are Deeply Virtual Compton Scattering (DVCS) and Deep Virtual Meson
production (DVMP).

e Qur JLab Hall A/C collaboration measures DVCS and DVMP-t0 absolute cross-
section using a “simple” dedicated apparatus since 2006.

* Qur precise (5%) measurements are essential to interpret the data.

 We just completed a new set of measurements in Hall C/JLab using a new
PbWO, calorimeter and expanding our kinematic reach.

PacificSpin2024 (Nov 2024)
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M. Nycz,'? O.F. Obretch,”” L. Ou,'' C. Palatchi,'® B. Pandey,” S. Park,” K. Park,” C. Peng,** R. Pomatsalyuk,”’
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S. Wood,” X. Yan,” L. Ye,*’ Z. Ye,'® C. Yero,” J. Zhang,'® Y. Zhao,” and P. Zhu** ol 3

Students/Postdocs Spoke-persons

Author’s list from our most recent DVCS paper (June 2022)

The Jefferson Lab Hall A/C technical staff
The Jefferson Lab Accelerator staff
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2L, Dedicated apparatus e.g. the Hall A scheme
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AL, Exclusivity : the DVCS@Hall A scheme

Coincidence time (e-y)
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Precision studies of the DVCS process at JLab

Julie Roche

e GPDs are accessible through many exclusive processes. So far, the most studied
channels are Deeply Virtual Compton Scattering (DVCS) and Deep Virtual Meson
production (DVMP).

e Qur JLab Hall A/C collaboration measures DVCS and DVMP-rt0 absolute cross-
section using a “simple” dedicated apparatus since 2006.

e Qur precise (5%) measurements are essential to interpret the data.

 We just completed a new set of measurements in Hall C/JLab using a new
PbWO, calorimeter and expanding our kinematic reach.

PacificSpin2024 (Nov 2024)
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e Measuring DVCS to access GPDs information

k electron
proton p’
ep—epy D/CS Bethe-Heitler

d40(lp — Ipv) — d,BH
dxpdQ?d|t|d¢

+doyS® + P dop©® + e (Re(I) + Py Im(I))

\ J
Y \ Y J

! !

Known if
Nucleon FFs are
known

Linear combinations
of GPD/CFFs and FFs

v

Bilinear combinations P, : polarization target or beam
of GPD/CFFs

e, : charge of the lepton beam
PacificSpin2024 (Nov 2024) o



OHIO DVCS in Hall A: 12 GeV result

F. Georges et al., Phys.Rev.Lett. 128 (2022) 25, 252002

d*o(lp — lpv) BH DVCS DVCS
=d d P, d Re(I) + PiIm(I
dxgdQ2d|t|d¢ ‘_0'_’ +‘ Ounpol 1 £1 O pol :—|—|el< e( )‘j’ 1 Im( )>|

BH DVCS?2 Interference

/
"“ Z 2z F) "‘~ p) Z Z T F Z Z z
3 Q°=3.67 GeV* t=-0.33 GeV *l'> Q°=5.36 GeV” t=-0.51 GeV 3 04k Q°=8.45 GeV* t=-0.91 GeV
© 25 — Totar fit o o "UF
Q —— pvcs? Q Q e
c c c leptonic plane
5 20 — Interference ] & 03 Z
o F 3 BH a o F
2 5k == KM15 a g r
o - 'o ol 02F
< [ < < -
o| 10 © © [
+lev E +ev +|No 1
+ + + -
| sF b ol E
o o o of
:....I....I....I....I....I....I....I _01-....I....I....I....I....I....I....I
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& (deg) @ (deg) & (deg)
"“ Z 2z F) "“ Z Z Z T Z Z Z
3 6 Q°=3.67 GeV* t=-0.33 GeV *l'> Q°=5.36 GeV” t=-0.51 GeV 3 0.1 Q°=8.45 GeV* t=-0.91 GeV
8 + 8 1.5 8
€ ELE € 1 €08 [KM15] K. Kumericki and D. Mueller,
T~ i
8, R 3 3 EPJ Web Conf 112 (2016) 01012
[} o 05 o [
Ll o <l of Ll o
o ~ o [ . . .
SR N K %_5 S Braun-Manashov-Miiller-Pirnay formalism,
L . & < o.0sF Phys. Rev. D 89, 074022 (2014).
ol b ol 4 ©
_ xg = 0.36
| . -1.5 - FOREVER
IFEPIFEP IR EFEPEPIPE EFEPEPE EPEPIEP IR B L P T P PR T P BT DH'D
50 100 150 200 250 300 350 50 100 150 200 250 300 350 50 100 150 200 250 300 350 v

& (deg) @ (deg) & (deg)



16 . .
QLLIO How to parametrize the DVCS cross-sections?

d4o(1 1
o(lp—1py) doBH + doPVCS 4 P, doPVCS 4 ¢ (Re(1) + PiIm(I))

dxpdQ2d|t|d¢ 7unpol pol
do® o« g™ + P cos ¢+ 5 cos 2¢
dopiey o cé” S+ PSS cosp+ T cos2¢
dc . J;CS o ? "CS sin ¢

Re/ « Co + c{ cos ¢ + cé cos 2¢ + ¢ cos 3¢

Im/ « 5{ sin ¢ + sé sin 2¢

////

sl= F\H + E(FyL + B)H + kFyE

World-wide GPDs analysis include more or less terms:
both in terms of harmonics (¢;'s and s;'s) and

in term of GPD /CFFs.
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1st Generation (2004)
Q? dependence study (of red terms)

2nd Generation (2010)

Beam energy dependence study at fixed xg

and Q2

« Separate CyPVCS from C,!

« Separate HT and NLO from LT/LO
coefficients

3rd Generation (2014-2016)

Multiple xg and Q2 measurements

« Experimental extraction of the CFFs as a
function of xg

« Importance of considering all CFFs when
extracting CFFs

Results:
off LH2 and LD2 (neutron)
on DVCS and DVMP- =°

PacificSpin2024 (Nov 2024)

DVCS in Hall A@Jlab program

doB? o B + P cos ¢ + 5 cos 2¢
ves DVES | DVES ...
d(rgrpo/ = = + COS ¢ + « 5 cos 2¢
vCs DVCS ;
dcrfo ; o 5 sin ¢

Rel o« cl+clcosg+chcos2¢+ ¢ cos3p

Im/ o« s sing+ s)sin2¢

/

si= VH + E(FL + Fo)H + kFSE

hadronic plane ‘é (I)

e
leptonic plane




BoHTO

UNIVERSITY

| =~ Previous data [19]

- -@- This work

Jao —~
17
| 1w
Jo E
1

The average t values are —0.281 GeV? for [19] and
—-0.345, —-0.702, —1.050 GeV2 at xB=0.36, 0.48, 0.60, respectively for this work..

DVCS in Hall A: 12 GeV results

[This work] F. Georges, Phys.Rev.Lett. 128 (2022) 25, 252002
Error bars: statistical
Error boxes: systematic

[19] M. Defurne et al., Phys. Rev. C92, 055202 (2015)
[KM15] K. Kumericki and D. Mueller, ER] Web Conf 112 (2016) 01012

The precise measurement of cross-sections at the same
Xg-Q? bin but multiple beam energies is essential for this

extraction.

Also demonstrated in
M. Defurne et al., Nat. Commun. 8, 1408 (2017).
B. Kriesten et al., Phys. Rev. D 101, 054021 (2020).

M. Cui¢ et al., Phys. Rev. Lett. 125, 232005 (2020).

CFF,,. A : polarization state of virtual photon (0,+,-)
M\_1: polarization state of outgoing real photon (+,-)

Fit has 24 CFF

(H,H E,E)®(Re, IM)Q(+ +, 0+,+ —)
but only the results from the LO ones (++) are shown.
Fits performed at constant xz and t over Q? and ¢ bins.
No Q? evolution of the CFFs.
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At DVCS@Hall A neutron data

A combined neutron and proton targets data allows for flavor separation of the GPDs.

Neutron data are uniquely sensitive to the elusive GPD E (nho connection to PDFs).

Below the two pions threshold: D(e, e'n?) X = d(e, e'7°)d+n(e, e 7°)n+p(e, e'm°)p.

o | D2
o LH2
0 LD2-LH2

Bl d(eenf%)d
mm n(een)n
separated by BN
0 0 02 04 06 08 1 12 14 16 18 2
AMx = t(1 - M/Mqg) ~ t/2 My (GeV")  Computed for n(e,en?)X | grever
Figure from M. Mazouz PRL 118 (2017) 22, 222002 Y




OHIO DVCS2@Hall A neutron data

UNIVERSITY

Flavor separation of Compton Form Factors

il

Cross section measurements from E08-205

¥, 600f -
8 : : ~d’c, (exp) =d’g, (exp) d4o
S 500 = o -
.g& : [ --BH, BH,
: [ —VGG — Cano-Pi ]
S 400F - 4 1°
°l[C ]
™ ° R i ""'-:
© . 3001 e N - o T’ T N S S | O | S l-I--—-n 'z
T ' ?: &
200 ]
_ i -0
100F = 3
A (et T°
O_I 11 IIIIIII rl-11PTT-I'I'IIIIIIIIIIIII 1
04 -035 03 -025 -02 -0.13 04 035 03 025 -02 -0.15 1~
2 i
t(GeV') t(GeV) Y [ euquark(HT) ¢ } ______________ [— B
&850 -e-d quark (HT) ? s 1 &
| -&u quark (NLO) ]
Q?=1.9 GeV?, x3=0.36 [ +dauark(NLO) '
_ S 7 R '-o'.a'z' —o2 04 03 02 %
Benali et al, Nature Phys. 16, 191 (2020) £(GeV?) t (GeV?)

EJREVER
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OHIO L/T pion production separation: EQ7-007
M. Defurne et al. PRL 117, 26 (2015)

4 chiral-even GPDs
4 chiral-odd GPDS (not seen in DVCS)

Leading twist , leading order factorization is only proven for
do/dt (Collins et al. 1997)

d*c 2 doT do,
dtdpdQ?dxg _ 21 5T (@xs E)| T gt
d dCT‘rT
2¢(1+¢€) 5t L cos(4) + € 7 cos(2d>)]
&;2.8
Setting E (GeV) Q? (GeV?) xp € $
2010-Kinl (3.355;5.55) 15 036 (0.52;0.84) 324~ Q?=1.5 GeV?
2010-Kin2 (4.455 ; 5.55) 175 036 (0.65;0.79) BE |
2010-Kin3  (4.455 ; 5.55) 2 0.36 (0.53;0.72) LI I I 2 e e S
1.6— %
Dominance of dot/dt observed (directly or not) also at 12| 1 75 GeV?2
« Hermes & Hall C * | o
« Hall B, Hall A =° -
| | | | 2\ GeVS FOREVER
% 60 120 180 240 300 360 OHIO
PacificSpin2024 (Nov 2024) © (deg) ¢
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GPDs through DVMP-1t°
q, Factorization is only exact for longitudinal photons
(Collins et al., 1997).
q
; | At large Q?, QCD predicts that o — Q% oy

Effective transverse factorization schemes exploit and explain the observed GT > o, for existing
high x data. ] o383 Gev

S. Goloskokov and P. Kroll (Eur.Phys.J A47, 112(2011)) Bz TN Q'=3.44 GeV’
S. Liuti and G. Golstein (Phys.Rev.D79, 054014 (2009))

N
o

Twist 3 Distribution Amplitudes (DA) couple with transversity GPDs.

doldt (=°) [nb/GeV))]

-
o

The dominant contribution is not the
leading twist contribution ’

[GeV?]

FOREVER
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OHIO E07-007: nt° fully separated contributions

UNIVERSITY

M. Defurne et al. PRL 117, 26 (2015)

e Q@°=1.5 GeV* IF Q%=1.75 GeV? [ Q=2 GeV*
P + ; o
EE 0.5
3

0.5 I

[=]
=

0.05)

B

do_ /dt (ubarn/GeV?)
o
= [=]

-0.15]

&
[2*]

=]
T

do,/dt (jbarn/Gev?)
& 5
£ (%]
| ' I
I 1

0.02 0.04 0.06 :m"-znc'l'\:rﬁf— 002 o004 o068 o008 oi "tmg.jaz.w:]‘ T T T 1;-1 {Gl:.ﬁ}:
Models with doy factorization scheme We observed:
— — - G-H-L ( JPG:NPP39 '12) e Small dcs_L, large do+: models ok with these
i \ « Wrong sign and t dependence for doq and doqt
G-K (EPJA47 '11) _ _
« sizeable do;, => do is small but not null
PacificSpin2024 (Nov 2024)
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Precision studies of the DVCS process at JLab

Julie Roche

e GPDs are accessible through many exclusive processes. So far, the most studied
channels are Deeply Virtual Compton Scattering (DVCS) and Deep Virtual Meson
production (DVMP).

e Qur JLab Hall A/C collaboration measures DVCS and DVMP-rt0 absolute cross-
section using a “simple” dedicated apparatus since 2006.

* Qur precise (5%) measurements are essential to interpret the data.

 We just completed a new set of measurements in Hall C/JLab using a new
PbWO0, calorimeter and expanding our kinematic reach.

PacificSpin2024 (Nov 2024)



L Neutral Particle Spectrometer (Hall C/JLab)

E12-13-010 DVCS measurements follow up

on measurements in Hall A:
» Scaling of the Compton Form Factor

» Rosenbluth-like separation of DVCS:

o =|BH[' +Rd DVCS* BH|+|DVCS

beam ~ Lpeam

« The NPS calorimeter consists of 1080 PbWOQO, crystals, the
preferred material for high-resolution calorimetry, also at EIC
— NPS has the largest set of PbWO4 crystals in an operating
calorimeter in the US

2

« The NPS Science Program consists of ten approved
experiments. 4 experiments have been running in parallel
from Sept ‘23 to May ‘24.

» L/T separation of ° production

Q? vs x5 coverage in Halls A and C

ey -~ -~ —
/

<% Hall C 11 GeV 7
O

_Hall C 8.8 GeV /
&10Hall C 6.6 Gev

- Hall A 8.
8 Hall A

6.
‘Hall A 5.

0.7 0.8 0.9
Xg

FOREVER
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*“OHIO Neutral Particle Spectrometer (Hall C/JLab)

Elastic NPS Energy Resolution n® Resolution
2 L 2 1800
c H =
|_?>j 5000 L waveform fit + non-linearity correction " 1400 :—
B waveform fit and no correction 1200 E_
[~ no waveform fit and no correction -
4000 1000 [~
7 B s00—
y - - o _ I
sweepmg B 0=93 MeV, E =1.3% - :_
3000/~ o=110 MeV, Z=1.5% =
magnet FTE o~
. [ o=160 MeV, Z=2.2% =
N E 200f—
electroma netiC 2000*_ ok o 008 0.1 NP e 0.16 0.18 0
» g — - nvariant mass (GeV)
calorimeter -
1000 — g
B S 1000
L el J et . =TT 1111 ‘ 1| Ll | I
—02.5 -2 -1.5 -1 -0.5 0 0.5 1 1.4 800

measured energy - predicted energy (GeV)

o
o
S

1080 PbWO, crystals
0.6 Tm sweeping magnet
F250ADC sampling electronics

-3
=)
3

LIIIilII[IIlIIIIIIIIIIII

L]
[
o

o

missing mass (GeV’)

All channels perform well at very high luminosity on LH2 and LD2(= 8x1037 cm?/s).

The expected resolution energy resolution was achieved (1.3% at 7.3 GeV).

FOREVER
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Precision studies of the DVCS process at JLab

e Qur JLab Hall A/C collaboration measures DVCS and DVMP-rt® absolute cross-
section using a “simple” dedicated apparatus since 2006.

e Qur precise (5%) measurements are essential to interpret the data.
e proton, neutron and exclusive pi-zero absolute cross section measurement
e total and beam helicity correlated cross section measurement
* cover the valence region (xz=0.2 to 0.6) with Q? in the 1-10 GeV? range
* repeated (xg-Q?) measurement at different beam energies

* We just completed a new set of measurements in Hall C/JLab using a new PbWO,
calorimeter and expanding our kinematic reach.

Thank you for your attention!

FOREVER
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Thank you for your attention!
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Slide from N. d'Hose, APS-April meeting 2019.

PacificSpin2024 (Nov 2024)

Toward a more complete description of the nucleon

Quantum
tomography
of the nucleon A
—-— P
Ji, PRL91 (2003)
Belitsky, Ji, Yuan, PRD69 (2004)
Lorcé et al, JHEP1105 (2011)
‘: St !

Transverse momentum Transverse position
f(a, &L) qlx, b)) Jda
L
8 TMDs 8 GPDs —= Form Factors
accessible [dR, [dé, accessible in exclusive reactions
in SIDIS and Drell-Yan DVCS: Deeply Virtual Compton Scattering
PDFs (a:) HEMP: Hard Exclusive Meson Production
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2L, Universality of GPDs

(TCS), DDVCS

DVMP

7 4 > _
] FOREVER
OHIO
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DVCS/DVMP : same GPDs??

Chiral even GPDs:
(helicity of the parton is
conserved)

L H

|

conserve nucleon spin L. .
parton helicity sensitive

flip nucleon spin 24)

L .{}‘/f

Chiral even GPDs
+

Chiral-odd GPDs:
(helicity of the parton can flip)
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Ao=dF -d°F Sl //'%W.gﬁ"ﬁ

leptonic plane

hadronic ‘4
plane

Polarized beam, unpolarized pmton target:

Ao, ; ~ sing Im{F,H + §(F, +F2)H +kF ,E}do

K]IIEIJ‘IIHHCEI]]}F suppressed - HP’ H‘P E
Unpolarized beam, lnngltudmal proton target:
AGy, ~ singIm {F F+EF AF)(H + ... }dp  mmmmmpy H H
Unpolarized beam, transverse proton target:
Ay, ~sinpIm {k(F,H ~F,E) + .....}dp S H,E,

Polarized beam, unpolarized neutron target:

AG, , ~ sind Im {F,H + E(F +F,)H - kF,E}d¢ ‘ H, Hn, E,
— T

Suppressed because F,(t) is small

Slide from M. Vanderhaeghen

Suppressed because of cancellation Hp(x, Et)=49H (x,& t)+1/9H (x, E, t)
between PPD’s of u and d quarks H (x, é’ t)=19H (x, é’ t)+4/9 Hd(xﬂ g;! t)

n u
FOREVER
OHIO
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The DVCS program worldwide

Experimental timeline

« Pioneering results from non-dedicated experiments (Hall B and Hermes): ~2001
« First round of dedicated experiments (Hall A/B, Hermes, H1&ZEUS): ~ 2005

« Second round of dedicated experiments (Halls A/B): ~2010

« Compelling DVCS program at JLab-12 GeV and Compass: 2015 and later

« EIC program...

In the valence region (JLab 6 and JLab 12) g
68
Partially complimentary, overlapping I @--"}»
I
* Hall A/C: Test the validity of the formalism ! | 100‘1
* high accuracy (~5%) | “@‘\
L
* limited kinematic il » oV &
| ) G
e Hall B: Map the GPDS : ?‘g, y‘”
. >
 limited accuracy (15+%) : . ol B
* wide kinematic range I
1

PacificSpin2024 (Nov 2024) 0.1 02 03 04 05 O'GZUB
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DVCS Hall A@Jlab 1rst generation PRC C92, Nov ‘15
rp =037, Q?=236 GeV?, —t=0.32 GeV?

BH BH , .BH BH
0.09 dor x ¢, +c] cosd+cy cos2d

Ves DVCS Ves DVCS
~. === Total , /->d e ¢ + CD Cos ¢ + ¢, cos 2
N = DVCS-Twiste_ —— | unpol 0 1 ¢ 2 o

e Int.-Twist2 Ves DVCS :

— 008 = Int.-Twist3 } d pol £ N s ¢

% — - Bethe-Heitle 7 7 7

S Rel o« c¢,+c cosd+c,cos2¢p+c,cos3p
L2 003 . .

=) Im/ o s}sing+ s)sin2¢

o - .
L '

0 e = LT/LO HT NLO

0.08 ! | | | | N
3
S, !
0.021— = Total ' ) )
} ------ Int.-Twist2 ¥ '
= Int-Twistd 2~

-0.02f— 14 16 18 2

A's [nb/GeV?

o
2

24

Q? [éfav?]

003 | | | | |

PacificSpin2024 (Nov
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Hall A EO0-110: cross section Q? dependence

PRC C92, Nov

CPVeS(F, F*) Re[CZ(F) | RelCT (Fepp) 151
- | I 2f —
1.4 16 1.8 Q22 [ézevz] 24 14 1.6 1.8 Q; [ézvz] 24 1.4 1.6 1.8 QE2 [ézevz] 2.4
Sm[CE(F) | Smlc(Fugy)
! ; ; 2|~
2| i 1

PacificSpin2024 (Nov 20

Q  [GeV?)
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2 E8LY, Hall A EO0-110 cross sections: higher twist corrections
o PRC C92, Nov ‘15

L

—t=0.17 GeV? —t=0.23 GeV? —t = 0.28 GeV?

0.09

0.06

0.03

=
[<b] 1 1 1 1 1 1 | 1 1 1 1 | 1 | 1
U 0 60 120 180 240 300 0 60 120 180 240 300 0 60 120 180 240 300 360
= ¢ [deg]
-EL 012
. —t = 0.32 GeV? —t=10.37 GeV?
= o0l | Kin2
rp = 0.34 — 0.38
0.061 Q% =1.8—2.0 GeV?
0.03 - Bethe-Heitler
0 —— KMI10a + TMC*

FOREVER
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doBH

Ves
d unpol

Ves
d(rf o]

Re /
Im/

Hall A E0O7-007 (JLab 6 GeV)

Goal: To separate the BH.DVCS interference contribution from the DVCS2 contribution.
Nature Commun. 8 (2017) no.1, 1408

BH BH
€ : = q
Cg)I(.S + C?I(‘S

7 .
s? VCS sin 0

cos¢+ ¢’

cos ¢ + cfH Ccos 2¢

cos 2¢

o cf.) +c{ cosd)+cé cos2¢ + ¢, cos 3¢

o s sing + s} sin2¢

01

nb/GeV*

o d4s >

A Adg

\ ]

== Fit LT/LO

w KM15

| I | 1 | [ | (YR | 1 | S
0 100 200 300 0 100 200 300
D (°) D (°)

PacificSpin2024 (Nov 2024)

E,...=4.455 GeV

Eyeurn=5.55 GeV

0.1

0.05

nb/GeV*

0.04
i 40.01
y
£
£
H +0.005
001 [ 7 {
[ 4 i
........ i
0f——— 0
ii
-001 [ if
! i
ii i 4-0.005
J:
-002Fs: L NLO-DVCS?
i — HT-DVCS?
—003F¢ Ll NLO-interference ‘\‘,’- 4-0.01
wwe HT-interference
-004F a b
|\III|IIII‘IIII|I)I ‘IIIIlII\(lIIIII\II
0 100 200 300 0 100 200 300
(%) D ()

nb/GeV*
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OHIO  jgrmm=e _ DVCS in Hall A: 12 GeV results
[This work] F. Georges,
Phys.Rev.Lett. 128 (2022) 25, 252002
Error bars: statistical
Error boxes: systematic

CFF,,, A: polarization state of virtual photon (0,+,-)
AJ: polarization state of outgoing real photon (+,-)

Fit has 24 CFF
(H,H E,E)®(Re, IM)Q(+ +, 0+,+ —)
but only the results from the LO ones (++) are shown.
Fits performed at constant xz and t over Q? and ¢ bins.
No Q? evolution of the CFFs.

[19] M. Defurne et al., Phys. Rev. C92, 055202 (2015)
[KM15] K. Kumericki and D. Mueller, EAJ Web

i Conf 112 (2016) 01012
~o- o~
' [ % 1w’
@ 20 20 £ . - -
&1 $ $ 1@ The precise measurement of cross-sections at multiple
O -=meeoe $ """""" L e e - values of center-of-mass energy (v/s) but same Q2 and it is
C . . . essential for this extraction.
0.2 0.4 0.6 0.2 0.4 0.6 0.8 .
Xg Xg Also demonstrated in
M. Defurne et al., Nat. Commun. 8, 1408 (2017).
B. Kriesten et al., Phys. Rev. D 101, 054021 (2020).
PacificSpin2024 (Nov 2024) M. Cuic et al., Phys. Rev. Lett. 125, 232005 (2020).
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2L, e -1 DVCSin Hall A: 12 GeV results

- o , |~ F. Georges, Phys.Rev.Lett. 128 (2022) 25, 252002
z TP
& 1 &

“L . . . . . - _ i Results shown at xz;=0.60

] Fits performed at constant xz and t over Q? and ¢ bins.

oF ' No Q? evolution of the CFFs.
<
& o

_ M Fit has 24 CFF

T T . (H HE E)®(Re, Im)Q(+ +,0+,+ —)
I ] but only the results from the LO ones (++) are

T i shown.
!Z'.J.»i o ey &1
g | T E
&0 1@ @ Fit has only 8 CFF_

201~ = (H,H E, E)@(me, Sm)®(+ +)
> i Fitting all CFFs is essential
2 & to get realistic estimates

1, of their uncertainties.

e e - b R R -0; . 3;;;3
PacificSpin2024 (Nov 2024) t (GeV?) t (GeV?)




OHIO  w?DVCS2n results: fully separated contributions
| M. Mazouz PRL 118 (2017) 22, 222002

Q2=1.75 GeV2 and XB=O.36 (‘% o_sf_
< f . S o4
(3 0.5F - e 0.2;— [}J [}l
S oab 3 gﬂ*ﬁ =
0.3 - = I
°H1|L‘~6025— —=— n(e,e'n%)n - 0.6/ = d(e,e'n°)d
1 R —=— d(e,e'n%)d g < = : : : '
0.1F - o 06
3 S o4
O f---+5 e OO et P gmT S o02f
050501 015 __ 05 01 013 sle e
t' (GeV?) t(GeV?) 025
0.4
0.6
“% 0.05F-
Goloskokov and Kroll g %
2 005
Eur Phys J A47 (2012) He 01
© -0.155—
-0.2F
dUT 2 t’ = 2 0.255
— =AM |(1-&) (Hn)[" - [KED)[| € oot
2 > 0.06f
dt 8M % 0.04F
CIL A\ i B
— T . 518 5ol
2 0.02
dt 8M sPomp
-0.06F

PacificSpin2024 (Nov 2024)

E+r=9H E 002 004 006 008 01 012 014 046 0.8 g
T T + £ t -t(GeV?) OHID



OHIO ¥ DVCS2n results: flavor separation
M. Mazouz PRL 118 (2017) 22, 222002

n 112 u,d 1 d,u ’
(HE)I = §'§<HT’ )+ {Hr)

Q?=1.75 GeV?2 x3=0.36

account for the unknown T e =I(H")
phase variation between uand ~ ¥ | + 1—{” (HY)
the d amplitude y*q -> q'n® 10
convoluted with (H,E); 5
Oi_ [ ORI | Sl "'%"'""'""""‘%""""""""
sE
=00 . . 'I —
= BD;— I l | I(Eg)
Goloskokov and Kroll U i g CWED
Eur Phys J A47 (2012) A0 et
20:— ¢ % ct:
------------ d quark 208
A0 FOREVER
I 0.15 0.2 0.25 0.3 0.35 OHIO
PacificSpin2024 (Nov 2024) -1 (GBVZ)



12 GeV result

doy=do+ ¢ do,

FOREVER
v

M. Dlamini et al, Phys. Rev. Lett 127, 152301

ep — epm’in Hall A

=0.60

Q2=8.31 GeV?, t'=0.15 GeV?, Xg

42
OHIOQ

s g
e
s 55
[{e] c O
© o
S =5
0 .=
n 2%
g EN
© = —
c — 8 -
> &80 a
() = O o9
a T©Y* P 3
3 c O T b |= R=
2 o0 = Z
— c_.D SIS \FM/ e — m )
= O . —_ N
S v . " =) ~3
..a ._O.. N O ] = w
a E %o HEEx
= C + Q = =
C c O — == - =
o mw c 2 - ™ w <
o= -~ € i R S [« S
mm © n X 9 o = . +
" = S—"
Dcip 5 5 O —& |3
85N Y T
ogR 2 £ I
X Q.
cSNSQ ~ RSS gl
=) 5 < o 0o Nej += —
=90t O S RANES
Lz B S & I ol & _d !
— O © o @Y Ay w
O =
C C oy L o O 3 ~= + <
S - o 0 B T > _,T
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E 20 >
2008 2
L I o & BN | <C
o
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]
A H5
p 1
."“"m" ——] 7
2045 bty s o
b . H5
— N
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“oHIO ep — epm'in Hall A : 12 GeV result

UNIVERSITY

* Dotted (dashed) curves: P. Kroll, private communications A dGTT [] dGTL * dGTL'
’ ¥ 50 Q? = 6.56

< _ ¥ _ _ P ﬁ (Y Y — x5 = 0.48

g el o —50:_ ‘... s l 02—267 : )

€ wf 0 Tt ~100 - i %p =048 : + """""""""""""

Lls e?=311 4 : ] et ~10 F
 xp = 0.36 b |os0 3 i 0.05 0.1 0.15 0.2 0.25

L
=)
o
e
I

*‘- % | % | 4'-"5 + + 105—,} % Q2—5-49 2

% 0 - - . — 20 :— ,} + N Xp = 0._60 ]
g s Pl N ST '
S o ke 2o f 4 ? """ ? ........ 1Y S
85 fer=3s7 * ] Wb orzaos 1T : :
_60 _xB — ?-36 1 1 E " xB _. l\]-q.‘B 1 1 P T Y _20 __. PP R .I‘....-.'PJ .*. P | P | | ]
10 | 10 | ‘F i‘ QZ =831
< 0—3—4 i ¥ 0?.. i X _ {‘ 2—+ - : xp = 0.60
5 10 F - S ' + 0 f— - . —
5 L oF { e -2 T I ¢
S ok 5 el E T e . Y O
35 Q2 = 4.44 % 20 F 02=516 } % oy %
e _x8=?36 L L L L 1 —30: xBA=.qA..8. N N PP Bt -6 — L L A} ----- L L [
0 0.05 0.1 0.15 0.2 0.25 0.3 0 0.05 0.1 0.15 0.2 0.25 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
t (GeV2 t' (GeV?) t' (GeV?)
t = tmin 1 M. Dlamini et al, Phys. Rev. Lett 127, 152301
* o7 larger than o7 and GTL’ hint of dominance of the transverse amplitude as suggested by the GK

model
* o7 and o underestimated by the GK model: larger contribution of the longitudinal amplitude than the
one expected by GK

. gn difference between GK and o, (Hall B& COMPASS results agree with GK)
PacificSpin2024 (Nov 2024)
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*“oH1o <t’> = 0.1 GeV? ep — epm'in Hall A : 12 GeV result

B M. Dlamini et al, Phys. Rev. Lett 127, 152301

W This work; x,=0.36 |
* Data of [5]; x,=0.36

% Dataof[7]; x3=0.36
A This work; x,=0.48 |
[T @ This work; x5=0.60 [

10

dashed lines: P. Kroll private communication

S = — | —— Fit of data; x,=0.36 |
S < Fit of data; x,=0.48 |
o Fit of data; x_=0.60 |- .
[j— % - --- GK model; x:=0.3§ - This WOI’k, Xg = 0.36
SEES = - === GK model; x,=0.48 | . -
= | = L GEmodal. x:=0.60 A This work, x;=0.48
& L = i @ This work, x;=0.60
ST v E. Fuchey et al, Phys. Rev. C 83, 025201 (2011)

f M. Defurne et al, Phys. Rev. Lett. 117, 262001 (2016)

» C(Q2)*exp(-Bt’) fit to experimental results of

day in different xg = solid curves
xg =036 »A=-33+0.1
X =048 - A=-29+0.1
xp =060 »A4=-31+0.1

» Q2 dependence closer to Q, rather than Q2 as
expected for o; at high Q?

-do, /dt (nb/GeV?)
=)

el
[=

FOREVER
OHIO
v
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M. Dlamini et al, Phys. Rev. Lett 127, 152301

xg=0.36
e °=311GeV?
m Q?=357 GeV?

o _ A Q=444 GeV?
2 L .
< ‘. ’ v
3 ------------- B _—
. L - o
E 10° :
.8=|§ i A S A —
a 4
03 1 1 Ll | | i i 1 I:bhlal 1
W0 E I Xg=0.
g e Q=267 GeV?
g (e = . . m Q=406 GeV?
A Q%=5.16 GeV?
& ¥ Q=656 GeV?
8 32 e e
E.plL"™ . u L
- — T
.§|‘|‘J A A a
% ¥ ¥ .
1 | 1 | 1
107 I
< i ——— &
PR
& X.=060
< ® Q°=549 GeV*
— m Q*=831GeV?
gE [ .
| W——— .
.......... ]
R EEEEE EEEEE EEEEE e S R
0 01 02 03 04 05 06 07
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t' (GeV?)

t' = bmin — T

do, doy N dop,
dt  dt < dt

dashed lines: P. Kroll private communication
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"E12-13-010: precision DVCS/n° cross sections fﬁf |

Simplest process: e +p > e’ + p +y (DVCS)

E12-13-010 DVCS measurements follow up

on measurements in Hall A:
» Scaling of the Compton Form Factor

» Rosenbluth-like separation of DVCS:

DVCS ‘ '

e e

s N

=|BH[' +Rd DVCS* BH |+|DVCS]

» L/T separation of n° production J

Q?* vs xg coverage in Halls A and C

<'?[Hall C 11 GeV
8 [Hall C 8.8 GeV
&10Hall C 6.6 GeV

3.5

2.5

ImC’

—z:x:Efa:LE“r_-i:
% 0.1 02 03 0.4 0.5 0.6 0.7 0.8 0.9
Xp

Hall A data for Compton form
factor (over limited Q? range)
agree with hard-scattering

12 GeV projections: confirm formalism

6 GeV 12 GeV

P N
et ey xe0m

- . . x5=0.50
x,=0.60
. & +* L *
) PRI [T SR S NN WO S N TR S T N S SO T SN S N
0 2 4 & 10 12
QF (GeV?)

Extracting the real part of CFFs from DVCS requ

at multiple beam energies (DVCS2-Interference separation)

ires measuring the cross section

@ wf‘

@ Exclusive Cross Sectiuns\

=  Relative L/T contribution to n°
cross section important in
probing transversity

®*  Results from Hall A at 6 GeV
llab suggest that the
longitudinal cross section in 7t°

production is non-zero up to

Q2=2 GeV?
12 GeV projections: confirm Q/t

..... E nd_g;:ce“m
20 | o ey

S nmup

| na‘qm:
200 - ey G H8)

3 - ¥. | 4 4. 55 1] 8.5
r:nt [Ga\l'il

E12-13-010 provides also data on G

and o, at higher Q? for reliable
werpretation of 12 GeV GPD dy/
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E12-22-006: DVCS off the Neutron

Probe flavor dependence of GPDs with precision nDVCS cross sections

Measurement of the N — e’y X reaction (N=p, n, d) using an LD, target in Hall C

With NPS and HMS in Hall C reach ~x2-
12 better nDVCS & dDVCS separation
than previous 6 GeV experiment

PacificSpin2024 (Nov 2024)

NI

Projected Impact on flavor dependence of CFFs
» Simultaneous fit of E12-13-010 (p) and E12-22-006 (n)
* Real and imaginary parts of CFFs Hand H and E (u & d)

as free parameters (nDVCS not sensitive to E)

ugquark d quark | 0.3<xb<0.4
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