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3-Dimensional Imaging of Quarks and Gluons
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Generalized Parton Distributions (GPDs)

S. Liuti et al., Phys. Rev. D 84, 034007
(2011) (GGL)

P. Kroll et al., Eur. Phys. J. A 47, 112
(2011) (GK)
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Study GPDs: Deeply Exclusive Processes

Deeply Virtual Compton
Scattering (DVCS)

electron

quark out
of nucleon

quark back
in nucleon

proton proton

momentum transfer

Deeply Virtual Compton scattering:
real photon is produced

Deeply Virtual Meson
Production (DVMP)

gluon out gluon back
of nucleon / in nucleon

proton T & proton

momentum transfer

Deeply Virtual Meson production:
quark-antiquark bound state is produced

=» Access to Generalized Parton Distributions (GPDs)
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Physics Content of GPDs: From GPDs and CFFs to the D-term

» GPDs can not be directly measured with the DVCS and DVMP processes

DVCS Process: Observables are the Compton-FFs (CFF)
— Complex integrals over the x-dependence of the GPDs

. 1 1
ReH(&,t)+i ImH(E,£) = qeé/dx[é_x_ie_ §+x—ie:|\Hq(fr’§’t2
CFF CFF GPD

GPD, Compton-FFs and the pressure within the nucleon:

» GPDs provide indirect access to mechanical properties f _ 4 .
of the nucleon =» gravitational form factors xH(x, €, t)dx = M,(t) + 55 d,(t)

X. D. Ji, PRD 88, 7114-7125 (1997)
M. Polyakov, PLB 8588, 57-62 (2016)

» Real- and imaginary part of the Compton-FF %€ follow the dispersion relation:

2 X[ImH(x, t
ReH(é,t)I X |D(t)|+ = P/ dx |§2 _(Xz ) e

7/29/2025 5



Deeply Virtual Meson Production in the GPD regime

Meson Flavor (TI'&HSV. dlSt < Rhad
- aiF Au — Ad l
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—— z- —
 DVMP enables Flavour decomposition of GPDs.

« The small-size regime: the production of qq pair with sizes << hadronic size dominates.
% QCD factorization and GPD extraction assume that this regime is attained.
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CEBAF Large Acceptance Spectrometer (CLAS12) in Hall B

https://www.jlab.org/Hall-B/clas12-web/

Overview

Beamline

V. Burkert et al., Nucl. Instrum. Meth. A 959 (2020) 163419

CLAS12: 10 cmsec™" luminosity, nearly 41 acceptance, 0.05 GeV? < Q?< 10.0 GeV?
coverage over photon virtuality.

Began data taking in Spring 2018 — many “run periods” now available

Data from Fall 2018 - 10.6 GeV electron beam, longitudinally polarized beam,
liquid H, target.
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Inclusive Electron Scattering Kinematic Coverage with CLAS12
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Preliminary Cross Sections vs. W (GeV)
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Observables of the DVCS process

How can we measure the CFFs in the DVCS process?

1. Cross-section (o epy(x’ i q§) X |Re{ H }

lepton scattering plane z

\p'

2. Beam-Spin Asymmetry
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V.D. Burkert, L. Elouadrhiri, F X. Girod, Nature 557, 396 (2018)
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The pressure distribution: p(l‘) = 6

From the D-term to the pressure distribution

ReH(&,t)| X

D(t)

ImH(x,t)

+%P/dxx

£2_ 2

Ll |

D(t) = D(0)[1 - t/M?]

Systematic uncertainties

|

l e T il ol [ ol

V.D. Burkert, L. Elouadrhiri,
F.X. Girod, Nature 557,
396 (2018)
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r’p(r) (x102 GeV fm™)

Pressure inside the proton

- Uncertainties:
15} I prior to CLAS data
s from CLAS @ 6 GeV data
= B expected for JLab @ 12 GeV
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V.D. Burkert, L. Elouadrhiri, F.X. Girod, Nature 557, 396 (2018)

» Positive maximal pressure of 103> Pa
in the center at r =0 fm

=» Highest known pressure in the universe

=» Resulting forces away from the center
avoid a collaps of the quark matter

* Negative pressure in the outer areas
of the proton, for r > 0,6 fm

=» Forces towards the center stabilize
the proton

Interplay of the two regions
leads to the stability
of the proton

7/29/2025

12



DVMP (=°) Differential Cross Section
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Pseudoscalar meson electroproduction with CLAS12
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E. is related to the proton's
anomalous tensor magnetic moment.

JML model

H_is related to the proton's tensor charge.
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Transverse densities for u and d quarks in the proton (after global fit)

e Et is related to the distortion of the polarized quark
distribution in the transverse plane for an unpolarized
nucleon

1
08
0.6
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02
u quarks 0

-0.2
-4
-0.6

dquarks o

Polarized Quarks in Unpolarized Proton

V. Kubarovsky et al.

il o 2l 4 Eis similar to Boer Mulders
EE:E TMD function in SIDIS.
- s ..1 " ‘t‘”’": fm“’ The fit results agree with the
os large-N_limit analysis by P.
. ?.:g " Schweitzer and C. Weiss
02 Phys.Rev.C 94 (2016) 4, 045202
X=0.5 X=0.6 )

GPD parameterization used in GK model can be improved
through global fits using existing Hall A and Hall B data
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Exclusive vector meson ¢° production with CLAS12

Exclusive vector meson p’

production is sensitive to phon
scattering plane e
o ¢
d40. ¢ production plane |
=1(Q? zp, E 457
dQ? dzp dt dD (@25, B) :
1 dO‘T dUL
o {E T
| dorr (2®) + /2 (e + 1)dULT (@)
COS COS
7 ; ‘ dt
+A/2e(1— ) ZT’ sin(®) }
where A is the helicity state of the incident electron beam
U+ — 0 8 * oo\ %
BSA=———— ~ou~ iy~ Im [(Hr)"(E) + (Br)"(H)]
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Exclusive o’ production with CLAS12: fitting

simultaneous fit of both helicities
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Exclusive p° production with CLAS12: 1-D binning

Q% [GeV?
)

-t bins
12000 \ PREL”MHNARY DIS cuts: Q* > 2 GeV2and W > 2 GeV
100001 ’\1\4 ‘OE
80005 CIQS’ o 5{—t} bins
st * 9 equidistant {@} bins in each {—t} bin
40002 In total: 45 {—t, #} bins
2000
% 05 & 04
bh 0.32—
Q°vs Xg . 02;_ +
+PRELIMINARY | e +
B I “h o °F $a i
8: C OS’ o _0'1;_ * Statistical uncertainties only
o2 T PRELIMINARY
~ -0.3 4»,
- Clasy
—[ IIIIIIIII T R AT ST S
0 0.1 0.2 03 0.4 0.5 0.6 0.7 X?; it [GeV2]

7/29/2025 18



Exclusive p° production with CLAS12: 3-D binning
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SDMEs from Exclusive p production with CLAS12

* 23 SDME elements are extract using the MLM:

Y X
N lepton (4
—InL(R) = — E In WU+L('R'E:I)1‘, $i, cos O;) scattering plane <o
i=1 N(R)

15 unpolarized SDMEs
WY (®, ¢, cos(0©)) = %(%(1 —rig) + %(3r8;,‘ —1) cos*(0)
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s, /@[ A0

N ,/n
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From the ground state nucleon to resonances

‘{ ' | |

- /V

How does the excitation affect the 3D structure of the Nucleon?

] Pressure distributions, tensor charge, ... of resonances?

Traditional way: Study of transition form factors (2D picture of transv. position)

3D picture of the exitation process: Encoded in transition GPDs

Simplest case: N—A transition = 16 transition GPDs

* 8 helicity non-flip transition GPDs (twist 2)

- Related to the Jones-Scardon and Adler
EM FF for the N — A transition

» 8 helicity flip transition GPDs (transversity)
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Non-diagonal DVCS / DVMP

non-diagonal DVCS non-diagonal DVMP

% ¢ N—N*DVCS Q> . N>N*DVMP

‘—

v €

W2 Qj+£u "x-g W2 [L’+€ m_f
trans. GPD trans. GPD
N : N* m N N* m
t N’ t N
Access to the helicity + Access to the helicity
non-flip transition GPDs flip transition GPDs
W>2Gev .........................
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ep >eAN" T —>epnm

Factorization expected for:

-t/ Q%<< 1, x, fixed, and Q%> MA2

[ Provides access to p-A transition GPDs
ep >eN'n >epnn”
| = +3/2

[ The pTT* final state can only be populated by
A-resonances -> Large gap between A(1232)
and higher resonances

7/29/2025
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ep —>eN "

—>eprn'r’

S. Diehl et al. (CLAS collab.),
Phys. Rev. Lett. 131, 021901 (2023) ©
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S. Diehl et al. (CLAS collab.)
Phys. Lett. B 839, 137761 (2023)
A. Kim et al. (CLAS collab.)

Phys. Lett. B 849, 138459 (2024)
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Non-diagonal DVCS / DVMP

non-diagonal DVCS non-diagonal DVMP

W2 x"'gu vaj-f W2 ZU+€

£S

X
trans. GPD trans. GPD
N N* m N N m
t N' t N'

factorization expected for: -t/Q? small, Q> MZN* x, fixed

N->A(1232) transition GPDs: 8 twist-2 GPDs: 4 unpolarized, 4 polarized.
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N - N DVCS Processes: ep—e’Ny—e’nn'y
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Experiment: S. Diehl
(JLU GieBen + UConn)

— Total
12 === Py +Dy3+8y
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Theroy:
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i M. Vanderhaeghen,
Phys. Rev. D 108,
034021 (2023)

dol dQ? dxg dtdb dM g (pb/GeVS raxd)
Ao/ UQF dxp dedd dM o (pbiGeV* rad)

11 12 13 14 15 16
M {GeV)

M(nz*) (GeV) M(n7') (GeV)

T
11 12 13 14 1.5 16

7/29/2025 26



From JLab 11 GeV to JLab 22 GeV to COMPASS to EIC

‘%i; phése‘spac'e ] . _“
S, 18; simulation ',HG‘V—T
T 15 :
14— =
12E- hE 13 GeV -
10- :
8 - 2

6- © 10.6 GeV |

)

2- =

% e oz osoaos os

B
103;-'

EIC: Extending the 107k

. . . > E
kinematic regime to the 8 |
sea-quark and gluon °10£
sector. i

| A
FAIAA | L o | |
10" 10° 10 10" 1

7/29/2025



Conclusion and Outlook

1. Deeply virtual exclusive processes (DVEP) will help us to map the
spatial distributions of quarks and gluons in the nucleon and
potentially also in baryon resonances.

2. JLab CLAS12 has a comprehensive program in deeply virtual
exclusive processes.

3.  One essential point concerns the approach to the small-size regime,
where the production of qq pair with sizes << hadronic size
dominates. QCD factorization and GPD extraction assume that this
regime is attained (!).

4. At present 12 GeV kinematics, whether we attain this regime is under
investigation.

5. EIC science program will profoundly impact our understanding of the
most fundamental inner structure of the matter that builds us all.

UCONN | connecricur
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