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* Nucleon structure studies: QCD at low energies, a non-perturbative regime

GPDs quantify correlations of transverse position and longitudinal momentum of partons in a hadron

M. A. HOBALLAH

Generalized Parton Distributions - GPDs

Belitsky, Radyushkin, Physics Reports, 2005

* Need structure functions to describe the nucleon

For the nucleon, there are 8 GPDs at leading-twist that describe the various
combinations between nucleon/quark helicity states

At leading order QCD, chiral-even (quark helicity is conserved), quark sector: 4
GPDs for each quark flavor H, H,E and E

GPDs can be accessed through exclusive leptoproduction reactions
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” Properties of GPDs and Why they are i

* GPDs are well-constrained functions: Fourier transforms of non-local, non-diagonal QCD operators
* They are universal: The same GPDs parametrize different processes: DVCS, DVMP, DDVCS, TCS (PRL 127, 262501, 2021 )

Nucleon tomography

M. Burkardt PRD 62, 71503 (2000)
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Quark angular momentum
X. Ji, Phy.Rev.Lett.78,610(1997)

%flxdx(]—[(x,é‘,t=0)+E(x,§,t=0))=J=%AE+@

1 1
Nucleon spin: 5= EAZ + AL + AG

* The intrinsic spin of the quarks

can not explain the origin of the
spin of the nucleon (nucleon
Spin Crisis)

* Intrinsic spin of the gluons

 GPDs: quantify the contribution

of orbital angular momentum of
quarks to the nucleon spin

The

pressure distribution inside proton

V. Burkert, L. Elouadrhiri, F.X. Girod, Nature 557, 396-399

(2018)

Gravitational form factor

r2p(r) (102 GeV fm)

[ xH(x,§, 0dx = Mp(6) +2£2d, (1)
0,(0) o f 20D p(ryar

Repulsive
pressure

Confining
pressure

RN NN NN
0 02 04 06 08 10 12 14 16 18 20

r (fm)

EINN 2025



* DVCS allows access to 4 complex GPDs-related
guantities (only helicity-conserved terms are
considered):

* Compton Form Factors (x, &,t) (CFFs)

H=Y & dinlHo(e 60 - H(-660) + P [, dbi(x6,0) [

q

* xcannot be accessed experimentally by DVCS:
Models needed to map the x dependence

M. A. HOBALLAH

Deeply Virtual Compton Scattering of lepton

DVCS

Bethe-Heitler (BH)

] LT L

BH is purely electromagnetic and parametrised by FFs

* The DVCS-BH interference term (linear in CFFs)

* Access the phase of the DVCS amplitude: isolate imaginary
and real parts of CFFs.

» Experimentally measured observables: Access to a combinations
of CFFs

» Separation of CFFs: measurement of several observables
» Proton or Neutron: different sensitivity to the CFFs (GPDs)

» Flavor separation of GPDs: need measurements on both nucleons

E), (&)
E), (& &1)]

E),(&,&1)—(H,
E).(&E0)-(H,

(H.E)(&.8.0) = %5 [a(H,
(H.E)a(&.&0) = 9 [a(H,
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¢
” Deeply Virtual Compton Scattering: physics o

Different contributions from F; and F, for the different nucleons

Belitsky, Miller, Kirner, Nuc. Phys. B 629 (2002)

IPolarized beam, unpolarized taget Observable mm

Aoy~ sin(¢p) S{FH + E(Fy + F)H —k RE + ...} Aoyy N(Hy Ay B} S{Hy o Ea)
A S{H,, H S{Hy, E
[Unpolarized beam, polarized target UL S{Hp, Hy} S{Hy, En}
5 x ~ A R{H,, E,
Aoy~ sin(¢) 3 {Fl H+&(F +F) (H + 7”15) — &k FZE} 911 R{Hp, Hy} {Hy En}
Aayr S{H,. Ep} S{H,}

polarized beam, longitudinal polarized target

Aoy, ~(A + B cos(¢)) R{F, H + E(F, + F,) (H + %bE) + )
_ | e.g. (in experiment):

unpolarized beam, transverse polarized target

Aoyt~ cos(¢) sin(¢ps — @) I{k(F, H— FLE) + ...}

Vi

1 Nt —N~
X
Pol. N*+ N-

AO—LU -

Computed as a function of the angle ¢

M. A. HOBALLAH

EINN 2025 5



” The GPD E: a missing piece in the puzzle

* GPD E, one of the least constrained GPD
e DVCS with an unpolarized deuterium target :

» Scattering off neutron (nDVCS): GPD E

* The unpolarized cross section is sensitive mainly to the
real part of CFF E

 Beam Spin Asymmetry (and the polarized cross-section
difference) is sensitive to the imaginary part of CFF E

e Determination of Ji sum rule
* To get a clear understanding of the GPD E: the BSA for nDVCS
is

* Complementary to the TTSA for pDVCS on transverse
target, aiming at £

* Depends strongly on the kinematics - wide coverage
needed

* Smaller than for pDVCS - more beam time needed to
achieve reasonable statistics

M. A. HOBALLAH EINN 2025

Different contributions from F; and F, for the different nucleons
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t The GPD E: previous experiments

* HERMES measured DVCS off a transversely polarized proton target A. Airapetian et al., JHEP 06 (2008) 066

Observables sensitive to the GPD E: Transverse Target Spin Asymmetry

Unpolarized beam, Transverse polarized target
Aoyr~ cos(p) sin(¢ps — ¢) I{k(F, H— F,E) + ..}

> 0 - 8.1% scale uncertainty 1

JLab Hall A
n-DVCS

04

0.2

e AHLT GPDs
.Latllce QCDSF (quenched)
-0.2[- dLattice QCDSF (unquenched)
| [JLHPC Lattice (connected tetms)

-0.4
| GPDs from:

Goeke et al., Prog. Part. Nucl. Phys 47 (2001), 401.
—0.6[- Code VGG (Vanderhaeghen Guichor; and Guidal)

e HERMES Preli 04F — F— +— I
- i p-DVCS L | . M |
108 06 04 02 0 02 04 06 08 1 0 02 04 00 20 0.1 02 03 0
du overall -t (GeV") Xg
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t The GPD E: previous experiments

* Previous pioneering measurement of nDVCS (Jlab Hall A @ 6 GeV)
« Beam-energy « Rosenbluth » separation of nDVCS CS using an LD?2 target and two different beam energies
» First observation of non-zero nDVCS CS

* No neutron detection

+data from: Mazouz, M. et al. Phys. Rev. Lett. 99, 242501 (2007).
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-0.4-
|l GPDs from : H

Goeke et al., Prog. Part. Nucl. Phys. 47 (2001), 401.
—0.6[- Code VGG (Vanderhaeghen, Guichon and Guidal)
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-50| -® dquark (HT)

0.8 HERMES Preli o)
3 p-DVCS & dquark (NLO)
| Y U R U N
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Q2=1.9 GeV2 and XB:0.36 Benali, M., Desnault, C., Mazouz, M. et al. Nat. Phys. 16, 191-198 (2020)
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The GPD E: previous experiments

L

* Use of Neural Networks (NN) to perform a model-independent
CFF evaluations

* Input are measurements of spin-dependent observables and cross
section values
* Proton and neutron data from Jlab (clasé and Hall A)

* The presence of CLAS6 neutron data allows a flavor separation
* Up and down contributions to CFF H separated

* CFF E flavors are not separated, a significant sign ambiguity
remains

M. A. HOBALLAH EINN 2025

M. Cui¢ K. Kumericki et al. PhysRevLett.125.232005
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The CEBAF and CLAS at Jefferson Laboratory

Continuos Electron Beam Accelerator Facility
Up to 12 GeV electrons

Two anti-parallel linacs, with
recirculating arcs on both ends
4 experimental halls

EINN 2025
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” CLAS12: DVCS with an unpolarized

A 10.6/10.4/10.2 GeV electron beam
*  With an average polarization of 86%
*  Scattering off an unpolarized Liquid Deuterium target of 5 cm length

*  The exclusivity of the event is insured by:
. Electron detection: Cerenkov detector, drift chambers and electromagnetic calorimeter
*  Photon detection: sampling calorimeter or a small PbWO4-calorimeter close to the beamline
*  Proton detection: Silicon and Micromegas detector OR Neutron detection: Central Neutron Detector

. For Neutron Detection:
*  Machine Learning techniques are applied to improve the Identification and reduce charged particle contamination

« -« Forward Tagger Calorimeter

M. A. HOBALLAH EINN 2025



M CLAS12: DVCS with an unpolarized deut
S LA IR A LR B B LA L L B
=Rl e ol . ;
[ AR 1T ., :
« The nDVCS (pDVCS) final state is selected with the following 3[ ot " 1 * ":_L j
L * - 4t J
exclusivity criteria: (N:nucleon) : es * e s . PR
061 ot ot me o | R poS )
* Missing mass . . o, F _~ * “ve
s e = . . | i t..._.'.
« ed >eNy X 0.4 oo st 1F - .
e eN->eN y X 02_ - . :p . - : _‘:_‘*“m-ﬁmﬁnmﬂ:: .
e e N 9 e N X : .0..:;_**4¥ ***=l ... 11 : ey ]
0'....#*’."|....|....|r-:m..'lt...|.. I
* Missing momentum 0 0.5 1 1.5 2.0 0.2 0.4 0.6
. edSeNyX MM3 ed— e'ny (X) (GeV?) Py ed— e'ny (X) (GeV)
. 80, 81, 6(4) LT oo
 Difference between two ways of calculating ® and t ‘ 5 Sl

* Cone angle between measured and reconstructed .
photor ) o conaminain

% background contamination is estimated using simulations
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t n® background subtraction

* Subtraction using simulations of the background channel * 1% background subtraction is also performed by statistical unfolding of

*  Monte Carlo simulations:

* GPD-based event generator for DVCS/pi0 on deuterium 120

Signal from simulations

* DVCS amplitude calculated according to the BKM formalism 120
* Fermi-motion distribution evaluated according to Paris
potential

1.  Estimate the ratio of partially reconstructed eN n°(1 photon) decay to
fully reconstructed eN nt® decays in MC

2.  Thisis done for each kinematic bin to minimize MC model dependence

3. Multiply this ratio by the number of reconstructed eN n® in data to get the

number of eN n°(1 photon) in data

contribution to the missing mass spectrum
M. Pivk and F.R.

120

100

Le Diberder, NIMA 555 1 2005

80|

60

4.  Subtract this number from DVCS reconstructed decays in data per each
kinematical bin

N(eNn,)

N(eNm©?)
Data: N(eNn{,) = R * N(eNn°)

Simulations: R =

N(DVCS) = N(DVCS,econ) — N(eNn{’y)

The difference between the estimations of background from both methods is considered as a systematic

M. A. HOBALLAH EINN 2025

13




” CLAS12: nDVCS with an unpolarized deute
First-time measurement of nDVCS with detection of the active neutron
(\/1\10: L
- > 9F 77580 events
[ D - " -
0'15 ; O gE afterallcuts "
U N E e T N ‘o 7E 107
—0.1F<->=0.21 Ge <->=0.39 GeV’ <-t-0.83 GeV . 6 E
F<x,>=0.15 <x>=0.19 <x>=0.27 : 3
—0.2F<Q’>=22 GeV* <Q’>=2.5 GeV" <Q2>=I 28GeV: ] SE
AF b ] 2 10
Q:AO - ] 3F
O B ek = 2 z—
—0.1F<-t>=031 GeV* <t=037 GeV> <-t>=0.63 Ge s 1E
F <xp>=0.11 <x>=0.16 <xp>=0.30 ] e e —— 1
~0.2}<Q*>= 1.7 GeV? <Q>=23 GeV’ <Q>=33 GeV’ ] 0.2 0.4 0.6 X0-8
_ : : e T R B
0.1k 2bll’]S * Compared to the previous experiment, CLAS12 provides :
| P ~ * The possibility to scan the BSA of nDVCS on a wide phase space
: * The possibility to reach the high Q2 high x,, region of the phase
—0.1f <-t>=0.37 GeV? <-t>=0.43 GeV? <-t>=0.58 Ge ] S acf; Y gh Q" high x; reg g
x> 0.13 <x>=0.19 <x>= 0.30 P
—0.2r<Q >=1.6 GeV2 | Q2>— 2.3 Ge:V2 | <Q2>— 3.8 Ge:V2 e * Exclusive measurement with the detection of the active neutron
100 200 300 100 2g0 300 100 200 300 Hall A @ JLAB: one measured kinematical point at

Q%=1.9 GeV? and x;=0.36

M. A. HOBALLAH EINN 2025 14




(3
” CLAS12: nDVCS with an unpolarized deu

Ay ~S{FiH+&(Fy + F,)H —k FE + ..}

* Observation of positive BSA for
nDVCS 01—
e Systematic errors include:

* Error due to beam
polarization

* Error due to selection cuts

* Error due to residual proton
contamination

e Error due to merging of data ob

sets with different energies 2 3 401 02 03 02 04 06 08
Q* (GeV?) Xpg -t (GeV?)

 Statistics is expected to double

with remaining schedualed beam ~0.35 J.200
. . : VGG model predictions Ju=035 J4=0.05
time and improvements with e Y J,=-0.2 J,=0.15
i giving the smallest y 1 =2-045J.=002
reconstruction software w=-0.45J4=0.

M. Vanderhaeghen, P.A.M. Guichon, and M. Guidal, PRD 60, 094017 (1999)

M. A. HOBALLAH EINN 2025 15




(4
t Impact of nDVCS BSA data from CLAS

* Model-dependant extraction of J, and J

e Use VGG model (PRD 60, 094017 (1999)) and generate a
set of values for J, and J

* Look for the 1 standard deviation error ellipse: defined as
XZ Xmm <1

* Compatible with limits set before by pioneering Hall A

measurement 021

 Compatible with Lattice QCD predictions

e Shortcomings:

* none of the considered sets of J, and J reproduce

correctly the distributions 09

* VGG has problems in reproducing proton data |

-1

* Closest-to-truth model-dependent representation of -

data.

M. A. HOBALLAH EINN 2025

CLAS12 nDVCS

(model dependent)

JLab Hall A

e AHLT GPDs

| @ Lattice QCDSF (quenched)
- [JLattice QCDSF (ungquenched)
| [JLHPC Lattice (connected terms)

Goekeetal Prog. Part. Nucl. Phys. 47 (2001), 401.
— Code VGG (Vanderhaeghen Gulchon and Guidal)

HERMES Preli

Ll : L
-08 06 04 —0.2

0.4 06 08 1

dy
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(3
” CFF extraction and flavor separation!

* Global fits of CFF using neural networks

(model-independent) without CLASI2 iDVCS || with CLAS12 nDVCS with CLAS12 nDVCS
* K. Kumericki et al., JHEP 07, 073531 (2011); ol wquark || '
M. Cuic, K. Kumericki, et al., Phys. Rev. Lett. 20} B d quark |f
533 125, 232005 (2020)). E - \\\\ .,
* Data used: i, ////////////////}//
e CLAS6 and HERMES pDVCS observables ° . . . ‘ .
e CLAS12 pDVCS BSA and nDVCS BSA 201 _ _
e Same extraction method applied to nDVCS w b e N |
Hall-A data, only separation for ImH g’ | e —_
_20- [ L
Clear quark-flavor separation of =015 =015 t=-02GeV?
0.0 0.2 0.4 0.0 0.2 0.4 0.1 0.2
both ImH and ImE thanks to 4 G G ¢
CLAS12 nDVCS data
M. A. HOBALLAH EINN 2025 17




(3
” CFF extraction and flavor separation!

* Global fits of CFF using neural networks Results extrapolated to t=0 GeV?
(model-independent)

e K. Kumericki et al., JHEP 07, 073531 (2011); 40-
M. Cuic, K. Kumericki, et al., Phys. Rev. Lett.

E=3 CLAS6+HERMES+CLAS12 p+n (u)
EZZZ] CLAS6+HERMES+CLAS12 p+n (d)

30+
533 125, 232005 (2020)). .
201 | 1
* Data used: & —
* CLAS6 and HERMES pDVCS observables o |
* CLAS12 pDVCS BSA and nDVCS BSA 42_ t=-00Gev: A | xa=010

e Same extraction method applied to nDVCS

Hall-A data, only separation for ImH 20- \\ : m
E o N\ \ _
RS

Clear quark-flavor separation of m_zo_ _ W 722
both ImMH and ImE thanks to
CLAS12 nDVCS data ~40 005 010 015 020 025 01 02 03 04 05

3 —t [GeV?]
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Cross-Section [pb/Ge V] Cross-Section [pb/GeV'*]

Cross-Section [pb/GeV'*]

CLASI2 Bin 0: <Q*>=1.48, <X ,>=0.106, <~r>=0.184

10°F T T T
F —+ Daa
—— Bethe-Heitler
10'E 3
10°F -
EStat. uncertainty only .
0 100 200 300
¢ [°]
CLASI12 Bin 3: <Q™>=1.47, <X ,»=0.106, <~r>=0.354
1o* _ —+ Data E
Ay —— Bethe-Heitler N
10°g E
10°F 3
10 ’ E
FStat. uncertainty only . ]
0 100 200 300
¢ [°]
CLASI2 Bin 6: <Q*>=1.47, <X ,>=0.105, <~r>=0.712
10° _ —+ Daa E
E —— Bethe-Heitler
10° 3 =
TEstat. uncertainty only . 3

0 100 200
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Unpolarized nDVCS cross section

Cross-Section [pb/GeV*] Cross-Section [pb/GeV?]

Cross-Section [pb/GeV?]
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2

—
=
T

CLAS12 Bin 1: <Q%>=1.88, <X ;>=0.153, <~1>=0.186 CLASI2 Bin 2: <Q">=2.63, <X ,>=0.235, <~r>=0.189
E —+ Data E ‘% 107 3 —+ Daa 3
—— Bethe-Heitler ] N —— Bethe-Heitler

K=
El" L]
E = +
£
g 10F E
2 F E
»
g @
= - @
3 =
t Stat. uncertainty only . ] o Stat. uncertainty only .
0 100 200 300 0 100 200 300
o o
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CLAS12 Bin 4: <Q%>=1.80, <X y»=0.154, <-1>=0.358 CLASI2 Bin 5: <Q">=2.63, <X ,»=0.246, <~1>=0.363
C T T T - 10 E T T T -
—+ Data E % F —+ Data
—— Bethe-Heitler ] —— Bethe-Heitler
=)
K=
=
(=]
=
¥
L
»
g 't ?
[ 2 F ]
| Stat. uncertainty only , ©  [Stat. uncertainty only , ]
0 100 200 300 0 100 200 300
¢ 1°] ¢ [°]
CLASI12 Bin 7: <Q2>=].76, <X>=0.154, <—1>=0.701 CLASI2 Bin 8: <Q’>=2.54, <X >=0.255, <—1>=0.717
T T T - 102 3 T T T E
—+ Data % —+ Daa
—— Bethe-Heitler ] [ —— Bethe-Heitler
K=
E 3 e 10F
= 3
o L
S r
E 5 ¥
3 E g L
©w E
i 2 F
3 1 & f
£ Stat. uncertainty only . ] o 10~ EStat. uncertainty only ) .
0 100 200 300 0 100 200 300
¢ 1°] ¢ [°]
> Increase xg
EINN 2025

, Increase —t

o =

N en—eny

_L-eaCC-V

Linked mainly to
the real CFF of E

Only the
statistical
uncertainty is
presented

The measured
results are at the
same level with
the BH
calculations
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” Polarized cross-section difference

|
L
TTrTT

|

o | r VGG model with

CLASI2 Bin 0 <(”>=1.48, <X >=0.106, <—r>=0.184 CLASI12 Bin 1 <(>=1.88, <X »=0.153, <—r>=0.186 CLASI12 Bin 2: <(>=2.63, <X >=0.235, <—1>=0.189 N N
g 100 ; I + Data I I 7: g 20 E_ I + Data I I _f g 6 E_ I + Data I I _: A _ + o —_—
Q 50 N — nDVCS (VGG model) Q - — nDVCS (VGG model) Q 4 E — nDVCS (VGG model) 3 O- — L P V
3 % 2 10f SN } } 5 .P.¢ .
= = = 2F 3 +(— acc
x . PP A : =)
(=} a F A ] . . .
. 5l I 87 ’ ; * Linked to the imaginary
53 53 3 5 —4r e
L L - ] o ]
2'_100 [Stat. uncertainty only . ] wgl-zo ?Stat. uncertainty only . 7 ‘g -6 rStat. uncertainty only . E CFF Of E
0"—3 0 100 200 300 el 0"—3 0 100 200 300 el 0"—3 0 100 200 300 el
¢ ¢ ¢ * Only the statistical
CLAS12 Bin 3: <(>=1.47, <X >=0.106, <-r>=0.354 CLASI2 Bin 4: <(>=1.80, <X 3 »=0.154, <—r>=0.358 CLASI2 Bin 5: <(>=2.65, <X >=0.246, <—1>=0.363 . .
80F T T T 3 20F T T T = - T T T -
60:— —+ Data E 155_ —+ Data 3 3; —+ Data ] uncertalnty IS
0 — nDVCS (VGG model) _ 10 — nDVCS (VGG model) 3 2 - /_j — nDVCS (VGG model' — p re S e n te d
: . sk 1F =
3 g Eo] ) . 3 . .
] 0F 0F ] .
; N | | ;  nDVCS predictions:

Cross-Section Diff. [pblGeV‘]
Cross-Section Diff. [pblGeV‘]
Cross-Section Diff. [pblGeV‘]

— -15F o 3]
oo EStat. uncertainty only . E _,gEStat. uncertainty only . 3 _3fStat. uncertainty only . = 1
800 100 200 00 200 100 200 00 0 100 200 00 partICUIar parameters
) or ) or ) or J,=03and]; = 0.1
CLASI2 Bin 6: <(">=1.47, <X >=0.105, <-1>=0.712 CLASI2 Bin 7: <(">=1.76, <X 3 >=0.154, <-r>=0.701 CLASI2 Bin 8: <(°>=2.54, <X >=0.255, <-1>=0.717 I
o) T T T Il F T T T B Il T T T ncrease _t
vb- 30;_ —+ Data E vb- -_ —+ Data = vb- 25— —+ Data —i
§ 20F — nDVCS (VGG model) 3 § 10: — nDVCS (VGG model) ‘ § 1L5E ’ — DVCS (VGG model) 3 ¢ The measu red FESU|tS
Yy N { R N RGN are consistent with the
£ of ' i I E of i £ of : P .
5 e ] e 30t T predictions given the
- ERCI S 1 g -iE 3 < .-
% \ } 15 | g large statistical
w o 3 v - - - w E E
« -30Stat. uncertainty only . E @  [Stat. uncertainty only ] @ ~2EStat. uncertainty only . E 1 1
2 0 100 200 300 2 o0 100 200 300 2 o 100 200 300 uncertalntles
“ or) _© 01 7 ¢[°]
> Increase xg;
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” Coming on CLAS12: Transversely polarizec Proposal: C12-24-RGH

NH3: Viable solution to prioritize physics (2-3 yr)
* Consolidated dynamically polarized technology

5T dipole
* Designed based on already successful RECEpEES
realizations + 250 vertical
* Hall-A G2p-Gep target (replica optimized

for HTCC)

* Hall-CE12-15-005 magnet (replica
optimized for recoil detection)

+ 70° horizontal

Proton Proton

&

Target ladder details

o0
5

Modified CLAS12 Standard CLAS12

(%)
W

Mqmenturp (GeV),

[ )

2]

Mamentury (GeV),

N

40

® Polg? ang]go (deg'f0
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t Coming on CLAS12: Transversely polari Proposal: C12-24-RGH
 Unpolarized beam, transverse polarized target 1:_ —0— PARTONs B
* Aoyr~cos(¢p) sin(¢ps — ¢) I{k(F, H—F,E) + ...} - % T ; * .
! | RN :
e High impact expected on the extraction of the GPD E 53 -] il, l l to )
* 1 year to get unprecedented access to elusive quark angular momenta E . X ! ' ! :
* Supersede the only other AUT measurement from HERMES collaboration a - ;{t f({))1627€ GeV? .
[ Xy =Y ]
* Superior discrimination power between various OAM model hypotheses LE Q= 1.759 GeV? o
¢ Reduce by 2/3 the uncertainty on imaginary part of CFF E 100 200 30%) (®)
J,= 05 J,= 0.1
" Bz a1 J,=-05 Jy=-0.1 —————
J,= 02 J4= 0.0 P
& x , &1 £ 4 | Black points: HERMES collaboration et al JHEP06(2008)066 [ ]
it —-‘;.‘;-'-AV‘\-;j;"—_:[ig» 04 0.5 06 0.7 ’ 0.1 - 0'.’"!:!: 04 0.5 06 0.7 0 3
—t —t 01
N ‘ | e S 005 010 015 020 025 030 , , , . . . , . .
0.1 02 03 _’Ul 0.5 06 0.7 01 02 03 _;“ 03 0.6 0.7 5 = _,L,B/(2 o 'TB) 0.5 _tl 1.5 ) 0.5 _t] [ ) 0.5 _11 [
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@
M More on GPD E: AFTER@LHC

* Conservation of total angular momentum: off-diagonal TMDs vanish in absence of orbital angular momentum

’ ’
AA:(A _A)_()\ _7\) #0 A : initial target light-front helicity
A': final target light-front helicity
A :initial parton light-front helicity
A': final parton light-front helicity

* Some of these off-diagonal TMDs appear to be experimentally sizeable

Hermes  Phys. Rev. Lett. 94 (2005) 012002
COMPASS Phys. Rev. Lett. 94 (2005) 202002
PHENIX  Phys. Rev. D 82 (2010) 112008

* The quark Sivers TMD fl#q(x,ki ) and the quark GPD E9(x, &, t) could be related by a chromodynamic lensing

mechanism M. Burkardt Phys. Rev. D 66 (2002) 114005 and Nuclear Phys. A 735 (2004)

[ @ Eegio iy o [ . fiba)Sspe . £ b (b)) = [ LA e DAL E(x, 0, - A)

Lensing function Proton transverse spin

* The Sivers function could then be used to constrain the GPD E%and hence the kinetic OAM via the Ji sum rule.

» Performed previously by Bacchetta and Radici in Phys. Rev. Lett. 107, 212001 using proton data from

HERMES, neutron and deuteron data from Jlab hall A and COMPAS
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t More on DVCS at CLAS12

* The second half of Run Group B will run providing extra statistics.
e The combination of all neutron and proton DVCS data will allow quark-flavor separation of all CFFs in the valence region

e The lJi’s sum rule is the ultimate, ambitious goal of this program

M. A. HOBALLAH EINN 2025 24
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Conclusions

The beam -spin asymmetry for nDVCS is a precious tool
to constrain the GPD E and for quark -flavor separation
of GPDs

CLAS12 measured the BSA for nDVCS with detected
neutron for the first time

The first ¥43% of the experiment ran in 2019 -2020 at
Jlab

A small but clear BSA was extracted

Comparison with a model allows to put model-
dependent constraints on J

The data, together with the proton DVCS data, allow the
quark -flavor separation of ImH and ImE

PHYSICAL REVIEW LETTERS 133, 211903 (2024)
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t Backups
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(3
t Multi-dimensional mapping of nucleon

Longitudinal
Transverse momentum

momentum DVCS et al.

El + + s
kt =2zP =~ k=
d ’ / a2k, -
Impact .

parameter
O =
/dzb_;_ ‘ :

xag,ki’i‘:’l'ﬁlat \ ki

For a multi-dimensional mapping of - ok
the nucleon all these distributions
need to be measured

Elastic
Scattering

SIDIS
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” Summary

GPDs are powerful tool to explore the structure of the nucleons and nuclei
* Nucleon tomography, quark angular momentum, distribution of forces in the nucleon

Exclusive reactions can provide important information on nucleon structure
* DVCS via the extraction of GPDs

CLAS12 offers a wide kinematical reach over which the GPDs dependence on different
kinematical variables can be scanned

* Data to add constraints on GPDs in unexplored regions of the phase space

* Possibilities to measure new observables using different experimental configurations
* Flavor separation of GPDs

Promising results from incoherent DVCS on deuteron (n and p channels) from CLAS12 data
e First BSA measurement from neutron-DVCS with tagged neutron

* First measurement of BSA for proton-DVCS with deuterium target

* To be compared to free-proton DVCS BSA measured by CLAS12
G. Christiaens, M. Defurne, D. Sokhan V.Ziegler et al., Phys. Rev. Lett. 130 (21) 211902 (2023)
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” Improving the neutron selection with ML te

* The tracking of the CVT is neither 100% efficient nor uniform
* Inthe dead regions of the CVT protons have no associated track and thus can be misidentified as neutrons

* Protons roughly account for more than >40% contamination in the “nDVCS” signal sample Current approach, based on Machine Learning
& Multi-Variate Algorithms:
* We reconstruct nDVCS from DVCS experiment on proton requiring neutron PID : selected neutron are misidentified protons
* We use this sample to determine the characteristics of fake neutrons in low- and high-level reconstructed variables
* Based on those characteristics we subtract the fake neutrons contamination from nDVCS
* Asa «signal » sample in the training of the ML we use ep — enm Tevents from I%).(CS experiment on proton

= 200
a, = 1400 o
o C - #
2 150 008 A
! - 1200 | #
-%‘ w0oF ~| nDVCS from DVCS on proton ' #
= | . . 4
! - e n+pDVCS simulations ¥ A
= 1000 -
50 C
= 002
c 800 C
oF C
= oo "V
50 C
c 001—
~100 : 400 C
~150 : 200 0005
_ :I I 1 1 | 1 I L 1 1 1 | L 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 L | L 1 1 | | 1 0 T
20073 15 A 05 0 0.5 1 15 2 0
_delta_Phi
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Input variable: _strip_Nuc_CND_energy

{(1/N} AN/ 5.14 MeV

nput variable: _strip_Nuc_CTOF_energy

{1/N} dN / 3.33 MeV

MRLRALE RLRR RALE RER T |

Background

o0 20 40 60 80 100 120 140 160 180 200

_strip_Nuc_CND_energy [MeV]

EE AR AAER R AR SR R

TR T [T PO Lo PR IhTT
WO fiow (S,8): {0.0, .01% 1 {0.0, 0.01%

© 20 40 60 80 100 120
strip Nuc CTOF eneray [MeV]

Using detector variables (CTOF and CND) and one
exclusivity variable (A®)

Directly trained on data
Better optimization of signal to background ratio than

straight cuts

Few percent irreducible contamination corrected for in

the final BSA

M. A. HOBALLAH

WO fiow (S,8): {0.0, 0.00% / {0.0, 0.00%

nput variable: _strip_Nuc_CND_size

Improving the neutron selection with M

Input variable: _strip_Nuc_CND_layermult

TMVA overtraining check for classifier: BDT

Background rejection versus Signal efficiency
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t CLAS12: pDVCS with an unpolarized deuteriu

First-time measurement of incoherent pDVCS on deuteron

Dinzy)

!N | Dilgu — 11 .
= Entries 803996 s Entries 808397

® [

(O] 10 ) ) Meanx 02514 (] 10 . . Mean x 0.189
o Preliminary Meany 2588 a Preliminary Meany  2assf
o StdDevx 0.1073 =4 9 B Jsapevx 007266

] =5
C StdDevy 1.139

Sid Devy 0.8827

* Complementary to previous experiment on proton target:
* Quantify medium effects on GPDs
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Media Coverage of News Release Nov 2024

SE7EN.ws

|IE PRO wiw NEWSLETTERS

SCIENCE

© EurekAlert! | nvanss

PeBONIOLUNOHHbIV AETEKTOP OTKPbIBaeT HOBbIE

BO3MOXHOCTW U3y4YeHUs1 BHYTPEHHEW CTPYKTYpPbl A rea Ction that on Iy

HeﬁTpoHa quE3 nepBble MaMQPEHMﬂ rﬂYﬁOKoro measured protons HOME MEWS RELEASES MULTIMEDIA MEETINGS

BUPTYanbHOro KOMNTOHOBCKOrO pacceqaHund

detected neutrons for the
first time

NEWS RELEASE 22-NOV-2024

Accessing the lesser known nucleon

For the last 10 years, scientists have been working on a neutron An inaugural measurement of the neutron will help physicists learn about nucleon structure
detector. Finally, they tested it, and it worked like magic. and spin
Updated: Nov 24, 2024 07:40 AM EST Peer-Reviewed Publication

DOE/THOMAS JEFFERSON NATIONAL ACCELERATOR FACILITY

ﬂ Rupendra Brahambhatt

ther Sciences Protons and neutrons-known collectively as

SCiTEChDailu Biology Chemisy nucleons-are beth the building blocks of

matter, but one of these particles has

received a bit more attention in certain

types of nuclear physics experiments,

L Accessing the lesser known — r
Q nucleon: New neutron Inside the Neutron: Scientists Discover
0 - measurement can help physicists Hidden Layers of Matter
_— learn about nucleon structure and TS ST AL ACTLITA LT - KNG B OGO O i e
spin
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Foreign Media Coverage of News Release

Germanic Visao inédita dos néutrons ajuda a
entender ainda mais a composicao da
materia

HAFT Pesquisa revela detalhes sobre a distribuicdo dos quarks nos néutrons

Wissenschaftler entdecken verborgene Ronnie Mancuzo | ooz ianos

Materieschichten

Nipponese LOS CIENTIFICOS DESCUBREN CAPAS OCULTAS DE MATERIA
daily geek Q =
4 Ny i . . ) .
RFEVNHEOIENTBERR Des scientifiques dévoilent la
structure interne d’'un neutron
avec une précision effarante
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Follow-up in Physics News 17 Dec 2024

physicsworld

PARTICLE AND NUCLEAR RESEARCH UPDATE
Inner workings of the neutron illuminated by Jefferson Lab experiment

17 Dec 2024

Glimpse of The Neutron (Al Generated?)

Huge Experiment Gives First Glimpse of The Internal
Structure of a Neutron

PHYSICS 07 December 2024 By MIKE MCRAE
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M CLAS12: pDVCS with an unpolarized deu
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H _+i 1 @ E  Variation of sin(®) amplitude
* First-time measurement of incoherent pDVCS on deuteron 035E To be compared 10 fleeproton DVCS BSA
* Quantify medium effects on GPDs 03f measured by CLAS12 Phys. Rev. Lett. 130, 211902
* Systematic errors include: e S
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CLAS12:
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Variation of sin(®) amplitude
To be compared to free-proton DVCS BSA measured by CLAS12
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G. Christiaens, M. Defurne, D. Sokhan V.Ziegler et al., Phys. Rev. Lett. 130, 211902
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