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Hadrons: a world of unsolved mysteries

Hadrons are bound states of quarks and
gluons, governed by Quantum ChromoDynamics
(QCD).

Yet their internal structure hides three unsolved
mysteries:

1. Confinement: quarks are never observed
free.

2. Mass: hadrons mass cannot be explained
by the sum of their quark masses.

3. Spin & structure: how do quarks and
gluons build up the proton spin ?

The mass of a proton (938 MeV) is
100× the sum of its quark masses.

Where does it come from?
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Accessing hadron structure: from PDFs and FFs to GPDs

To probe hadron structure, we need lepton–hadron or
hadron–hadron scattering at high energy,

realized in particle accelerators and colliders.

PDFs — longitudinal
q(x): momentum fraction

distribution of quarks.

1D portrait

+

Form Factors —
transverse

F (t): transverse spatial
distribution of charge.

2D portrait

=

GPDs — full picture
H(x , ξ, t) encodes both:

H(x , 0, 0) → q(x)∫
dx H = F (t)

3D tomography of the
hadron.
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The Pion: lightest hadron, deepest mysteries

What is the pion?
Lightest hadron: qq̄ bound state,
yet mπ ≈ 140 MeV ≪ ΛQCD.
Pseudo-Goldstone boson of
spontaneous chiral symmetry
breaking.
Carrier of the nuclear force at long
range → central role in hadronic
physics.

Why is the pion special to probe?
Spin-0 ⇒ only 2 GPDs at leading
twist versus 8 for the nucleon.
Ideal benchmark to test
non-perturbative QCD calculations.

What do we already know?
Form factor Fπ(Q2): measured at
JLab and DESY.
PDFs qπ(x): extracted from
Drell–Yan.
3D structure: essentially unknown.
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Accessing pion GPDs: DVCS and the Sullivan process

Deeply Virtual Compton
Scattering

Hard exclusive: eπ+ → eγπ+.
Large Q2 ⇒ collinear factorisation:
A = Chard ⊗ Hπ(x , ξ, t).

The Sullivan process [1]
No free π+ target → use p → π++ n
fluctuation.
Small |t|: virtual π+ is quasi-real.
Validated for Fπ at JLab [2].

Virtual meson cloud as an effective pion target.
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Sullivan DVCS: cross section

Sullivan DVCS
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Sullivan cross section: dσ = |TBH|2 + |TDVCS|2 + Iunpol + λe Ipol [3]

The beam spin asymmetry (BSA): ALU(ϕ) = 1
Pb

N+(ϕ)−N−(ϕ)
N+(ϕ)+N−(ϕ)

⇒ Direct access to the pion GPDs.
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A non-trivial background: baryon resonance transitions

Resonance contribution
The final state eγnπ+ can also arise
from:

ep → eγ ∆/N∗ → eγ nπ+

Both DVCS and BH topologies
contribute.
Irreducible at JLab energies: cannot
be removed by kinematics alone.

Impact on the analysis
Contaminates the Sullivan signal.
Must be estimated and subtracted
to extract pion GPDs reliably.

e−(l)

e−(l′)

γ(q′)

p(p)

n(pn)

π+(p′π)
γ∗(q)

∆/N∗

t

tπ

Cross section BSA

Semenov-Tian-Shansky & Vanderhaeghen [4]

Resonances included: ∆+(1232), N∗(1440), N∗(1520), N∗(1535) — non-zero Asin ϕ
LU

predicted for all of them. =⇒ Estimating these contributions is crucial to extract pion
GPDs from the data.
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Jefferson Lab & the CEBAF accelerator

Aerial view of Jefferson Lab, Newport
News, Virginia, USA CEBAF: two superconducting linacs

connected by recirculating arcs

CEBAF (Continuous Electron Beam Accelerator Facility).
Delivers a continuous-wave, highly polarized electron beam at up to 12 GeV.
Beam simultaneously distributed to Halls A, B, C and D: fixed-target
experiments.

Elouan Ferrand (CEA Saclay) Pheniics Fest 2026 June 09, 2026 8 / 14



CLAS12: large-acceptance spectrometer in Hall B

CEBAF Large Acceptance Spectrometer (CLAS12)

Fixed liquid-hydrogen target (lH2).
Polarized e− beam at 10.6 GeV.

Large acceptance: ideal for
exclusive reactions.
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Sullivan DVCS event topology in CLAS12

2◦

5◦

35◦

135◦

beam
FT

FD

CD

γ

e−

π+

target

e− (FD only) γ (FT or FD) π+ (FD or CD)

Forward Tagger (2◦–5◦) Forward Detector (5◦–35◦) Central Detector (35◦–135◦)
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Exclusivity check: neutron missing mass

Neutron missing mass calculated as MX =
√

(p + l − l ′ − q′ − p′
π)2.
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Baryon resonance background
Signal lies in the π+n invariant-mass region characteristic of baryon resonances.
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The contribution from the baryon resonances is significant and must be properly
estimated to extract the pion GPDs.
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Preliminary results for Asin ϕ
LU

1.0 1.2 1.4 1.6 1.8 2.0 2.2
Q2 [GeV2]

0.1

0.0

0.1

0.2

A
sin LU

CLAS12 Preliminary  ep en +

PRELIMINARY

CLAS12 Data
Sullivan DVCS th. (local )
Sullivan DVCS th. (global )
Stat. uncert. only

Asin ϕ
LU vs. Q2

0.1 0.2 0.3 0.4 0.5
t [GeV2]

0.1

0.0

0.1

0.2

A
sin LU

CLAS12 Preliminary  ep en +

PRELIMINARY

CLAS12 Data
Sullivan DVCS th. (local )
Sullivan DVCS th. (global )
Stat. uncert. only

Asin ϕ
LU vs. −tπ

The total amplitude can be expressed as a weighted sum of the individual contributions:

Asin ϕ
LU, Total =

∑
i

wi Asin ϕ
LU,i =⇒ Asin ϕ

LU, Sulli = 1
wSulli

(
Asin ϕ, data

LU, Total −
∑

i ̸=Sulli

wi Asin ϕ
LU,i

)
where i runs over the different contributions and wi are the corresponding yield fractions.

⇓
Predictions of Asin ϕ

LU for each resonance contribution are required to isolate the pion GPD signal.
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Summary and Outlook

Summary
First measurement of Asin ϕ

LU for ep → enγπ+ in Sullivan region at CLAS12.
Comparison of results with Sullivan DVCS predictions [5] as a function of Q2, and −tπ .
Baryon resonance contributions (for the ∆) are non-negligible and must be disentangled
before extracting pion GPDs.

Next steps
Obtain Asin ϕ

LU predictions for each resonant channel.
Evaluate systematic uncertainties.
⇒ Extract pion GPDs via the yield decomposition: Atot

LU =
∑

i wi Asin ϕ
LU,i

Long-term outlook: the EIC
The future Electron-Ion Collider (EIC) will reach kinematics well beyond the resonance
region, providing a clean Sullivan window with negligible resonance contamination.
This will enable a model-independent extraction of the pion GPDs [6].
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Main cuts applied to the data

Virtuality of the photon Q2

Q2 > 1 GeV2 with Q2 = −(l − l ′)2 to ensure the hard scattering regime.

Inelasticity W 2

W 2 > 4 GeV2 with W 2 = (p + l − l ′)2 to guarantee the deeply inelastic
regime of the reaction.

Momentum transfer to the recoil pion tπ

−tπ < 0.55 GeV2 with tπ = (pπ − p′
π)2 = (p − pn − p′

π)2 to select the
dominant (leading-twist) contribution.

Neutron missing mass Mep→eγπ+X

Mep→eγπ+X ∈ [0.6, 1.3] GeV, the missing mass of the ep → eγπ+X system,
to select events consistent with a neutron in the final state.
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Kinematic distributions after sπ and −t selection cuts

1000

2000

C
ou

nt
s : 30162 eventsCLAS12 data

: 17855 eventsSullivan signal

: 12442 events(1232)∆BH 

: 1220 eventsBH N*(1520)

: 1124 events background0π

 Sullivan DVCS−CLAS12 

PRELIMINARY

2 4 6

]2 [GeVπs

0.6
0.8

1
1.2

D
at

a 
/ M

C MC stat. uncert.

Distribution of sπ .

500

1000

C
ou

nt
s : 30162 eventsCLAS12 data

: 17855 eventsSullivan signal

: 12442 events(1232)∆BH 

: 1220 eventsBH N*(1520)

: 1124 events background0π

 Sullivan DVCS−CLAS12 

PRELIMINARY

0 0.1 0.2 0.3

]2-t [GeV

0.6
0.8

1
1.2

D
at

a 
/ M

C MC stat. uncert.

Distribution of −t.

Elouan Ferrand (CEA Saclay) Pheniics Fest 2026 June 09, 2026 14 / 14



Overview of the reconstructed kinematic variables
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Trento azimuthal angle ϕ and BSA as a function of ϕ
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Unbinned extraction of Asin ϕ
LU — Method

Due to limited statistics and a non-uniform event distribution in ϕ, a
binned extraction of ALU can introduce statistical fluctuations and
bin-width–dependent biases.
To avoid this, an unbinned maximum likelihood fit is performed.

Event probability density function

f (hi , ϕi ; A) = 1 + hi PB A sin ϕi

where hi = ±1 is the beam helicity and PB the effective beam polarization.

Log-likelihood function

ln L(A) =
N∑

i=1
ln f (hi , ϕi ; A)

The best-fit amplitude Afit minimizes:

χ2 = −2 ln L(A)
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Demonstration of the event probability density function

Event probability density function
For each event i with helicity hi = ±1, the event probability is:

f (ϕi , hi ; A) = 1 + hiPBA sin ϕi

Definition of asymmetry
The beam-spin asymmetry is defined as:

ALU(ϕ) = Prob(h = +1|ϕ) − Prob(h = −1|ϕ)
Prob(h = +1|ϕ) + Prob(h = −1|ϕ)

Conditional probabilities from f (ϕi , hi ; A)

Prob(h = ±1|ϕ) = 1 ± PBA sin ϕ

2
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Demonstration of the event probability density function

Analytic expression for the asymmetry

ALU(ϕ) = (1 + PBA sin ϕ) − (1 − PBA sin ϕ)
(1 + PBA sin ϕ) + (1 − PBA sin ϕ) = PBA sin ϕ

Normalized by the beam polarization PB:

ALU(ϕ) = A sin ϕ

Uncertainty on Asin ϕ
LU

The statistical uncertainty is obtained from the curvature of the
log-likelihood at its minimum:

σA =
(

∂2(− ln L)
∂A2

∣∣∣∣
A=Afit

)−1/2
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