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Motivation for EIC
Imaging transverse spatial distribution of 

quarks and gluons

Exclusive reactions

DVCS DVMP



Generalized parton distributions (GPDs)
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qQCD matrix element between the p and pʹ
qNon-forward limit                  quark and gluon distributions

qsecond moment of GPDs               total angular momentum of 
quarks and gluons in the proton.

qprobe the energy-momentum tensor               nucleon mass. 

qpressure and shear forces inside hadrons               higher twist 

More information from GPDs



Inverse problems in QCD
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qFirst inverse problems

Inverse problem

qSecond inverse problem

QCD Theory

Observables
(fragmentation functions, Compton form factors, 

etc)

Experiments
(JLAB, EIC)



qWe use a “canonical” approach to perform a Bayesian 
likelihood analysis.

qThe joint likelihood of the parameters of interest is calculated 
as a simple product of Gaussians.
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qMarkov Chain Monte Carlo (MCMC) algorithms are used to 
take multidimensional probability density functions and 
generate set of representative samples.

qThese samples are used to create easy visualizations of the 
samples in the form corner plots. 
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Maximum likelihood estimate

Approach

𝑷 𝜽 𝒙 =
𝑷 𝒙 𝜽 𝑷 𝜽

𝑷 𝒙

posterior

likelihood

prior

https://doi.org/10.48550/arXiv.1008.4686
https://doi.org/10.48550/arXiv.1202.3665
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Markov Chain Monte Carlo Sampling

arXiv:1202.3665

Approach (cont.)

Metropolis-Hastings
(broadest, allows 

asymmetric proposals)
nck

Metropolis Sampling
(only symmetric 

proposals)
nck

Gibbs Sampling
(full conditionals,
100% acceptance)

nck

Main goal: sample from some kind of probability distribution p(x) 
           using some function f(x) . { p(x) = f(x)/NC }

xnxt+2 xt+3 xn-1xn-2xt xt+1

Burn-in target distribution

NC = normalization constant

https://doi.org/10.48550/arXiv.1008.4686
https://doi.org/10.48550/arXiv.1202.3665


qStep 1:
qTake some distribution
qPropose an independent candidate (xt)
qNext candidate (xt+1) centered at the mean of xt
qObtain a chain in this manner

qStep 2:

7Approach (cont.)

Sampling process

xt+1

Not definite 
yet!

xt

accept reject

𝒑 𝒂 𝑻 𝒂 → 𝒃 = 𝒑 𝒃 𝑻 𝒃 → 𝒂

A 𝑏 → 𝑎

𝐴 𝑎 → 𝑏

A 𝒂 → 𝒃 	= 	𝒂𝒄𝒄𝒆𝒑𝒕𝒂𝒏𝒄𝒆	
𝒑𝒓𝒐𝒃𝒂𝒃𝒊𝒍𝒊𝒕𝒚

= 𝑓 𝑎

𝑓 𝑏

𝑔 𝑏|𝑎

𝑔 𝑎|𝑏
x

rf rg

𝑨(𝒂 → 𝒃) 	= 	𝑴𝒊𝒏(𝟏, 𝒓𝒇	𝒓𝒈)

condition of 
detailed balance
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Markov Chain Monte Carlo Sampling

arXiv:1202.3665 Approach (cont.)

Posterior Parameter Space Exploration

https://doi.org/10.48550/arXiv.1008.4686
https://doi.org/10.48550/arXiv.1202.3665


Chiral Even CFFs Extraction

S. Liuti, G. R. Goldstein, 
et al, Phys. Rev. D 101, 

054021 (2020). 9

e  p                 eʹ pʹ 𝜸



Experimental data

Phys. Rev. Lett. 128, 
252002 (2022),

 2201.03714

Jefferson Lab 
Hall A

10
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Canonical Likelihood method 12

arXiv:2410.23469

https://arxiv.org/abs/2410.23469
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arXiv:2410.23469

https://arxiv.org/abs/2410.23469
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At twist2

𝟇 = virtual photon polarization vector’s 
phase



e  p                    eʹ pʹ 𝛑0

Liuti et. al, Phys. Rev. D 91, 
114013 (2015)

Liuti et. al, Phys. Rev. D 79, 
054014 (2009)

arxiv : 1401.0438
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Chiral Odd CFFs Extraction
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Theoretical background

hard 
process 
helicity 

amplitude

chiral-odd 
quark proton 

helicity 
amplitude



Chiral-Odd quark proton 
helicity amplitudes

total helicity amplitudes

hard process helicity 
amplitudes



e  p                    eʹ pʹ 𝛑0

Liuti et. al, Phys. Rev. D 91, 
114013 (2015)

Liuti et. al, Phys. Rev. D 79, 
054014 (2009)

arxiv : 1401.0438
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Formalism
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Experimental data
Jefferson Lab 

Hall A
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Phys. Rev. Lett. 127, 152301
Phys. Rev. C 83, 025201

Jefferson Lab Hall B

Phys. Lett. B 768 (2017) 
168–173

Cross-section

AsymmetryThanks to Prof. Garth 
& Alicia
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Finding the best kinematic bin for analysis

https://commons.wikimedia.org/w/index.php?curid=67617313

qFind the closest set of kinematic bins from all the data

qPythagorean theorem

qFind the Euclidean
 distance
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best overlapping kinematic bins
Datatype

           
             

kinematic

Q2 W xBj |t| 𝞮

𝝈’s 2.67 1.94 0.48 0.470 0.510

A
2.83 2.26 0.40 0.520 0.580

Joint 
(𝝈, A) 2.75 2.1 0.44 0.495 0.545
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What is more important for CFFs fundamentally?

In a QCD factorized scenario
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Monte Carlo samples from 
joint likelihood analysis

Final 1e4 MCMC samples
Sample count = 1e8
Walker count  = 144

arXiv:2605.18589 

https://doi.org/10.48550/arXiv.2605.18589
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Monte Carlo samples from joint 
likelihood analysis

Final 1e4 MCMC samples
Total sample count = 5e6

Walker count  = 64

arXiv:2605.18589 

https://doi.org/10.48550/arXiv.2605.18589
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Last 1e4 MCMC samples
Total sample count = 5e6

Walker count  = 144

Consistency check

arXiv:2605.18589 

https://doi.org/10.48550/arXiv.2605.18589
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Phys. Rev. Lett. 127, 152301
Phys. Rev. C 83, 025201

preliminary

preliminary



preliminary



Beam spin asymmetry

Phys. Rev. Lett. 127, 152301
Phys. Rev. C 83, 025201

preliminary
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ReET

ReHT ~
ReHT

preliminary preliminary

preliminary
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Presented by M. Boglione
4th Joint ECFA-NuPECC-APPEC Workshop “Synergies between the EIC and the LHC”

Jun 8 – 10, 2026, Cagliari, Italy

https://agenda.infn.it/event/49145/
https://agenda.infn.it/event/49145/
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qPolarized Deep Inelastic scattering (DIS) spin structure functions, asymmetries, and 
cross-section data can be used to extract the parton helicity pdfs.

qParton model picture of proton, the structure function g1
p :

                                             g1
p (x, Q2)  = !

"
 ∆Σ (x, Q2) - #𝒔

"$
 ∆G (x, Q2), 

        ∆Σ  =  net quark,  and  ∆G  = gluon helicity, contributions to the proton spin. 

qThis spin structure function can also be used to understand the controversies associated 
with the sign problem of ∆G. 

Likelihood analysis of parton helicity 
pdfs
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qParametric form
Preliminary Outcomes

x = 0.749 x = 0.031 x = 0.162 Q2= 2 (GeV)2

Q2= 5 (GeV)2

Q2= 3 (GeV)2

∆𝜮 ≈ 𝑵𝒒	𝒙𝜶 𝟏 − 𝒙 𝜷 𝟏 + 𝜸𝒙𝜿
∆𝑮 ≈ 𝑵𝒈	𝒙𝜶′ 𝟏 − 𝒙 𝜷′(𝟏 + 𝜸′𝒙𝜿′)
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E143 experiment only
Uninformed prior



Q2= 2 (GeV)2 Q2 = 3 (GeV)2 Q2 = 5 (GeV)2
Preliminary Outcomes
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preliminary



D. de Florian, R. Sassot, 
M. Stratmann, and W. 
Vogelsang, Phys. Rev. 
Lett. 113, 012001 (2014).

∆𝜮 ≈ 𝑵𝒒	𝒙⍺ 𝟏 − 𝒙 𝜷 𝟏 + 𝛅𝒙𝝆	 + 𝜸𝒙𝜿
	

∆𝑮 ≈ 𝑵𝒈	𝒙⍺ 𝟏 − 𝒙 𝜷(𝟏 + 𝛅𝒙𝝆+ 𝜸𝒙𝜿)

Priors motivated from 
DSSV group results

dict_ranges
g_N: [0, 2000] 
q_N: [0, 2000] 
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Uninformed 
prior



g1
p with the best-fit 
parameters

g1p with the Monte Carlo 
samples

∆𝜮 ≈ 𝑵𝒒	𝒙⍺ 𝟏 − 𝒙 𝜷 𝟏 + 𝛅 𝒙	+ 𝜸𝒙𝜿
	

∆𝑮 ≈ 𝑵𝒈	𝒙⍺’ 𝟏 − 𝒙 𝜷′(𝟏 + 𝛅′ 𝒙 + 𝜸′𝒙𝜿′)

Prior Domain of all parameters
[0.0001, 5]
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Before MCMC sampling

After MCMC sampling

𝝌2/ndf = 4.37

preliminary
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xΔg(x)

xΔ𝚺(x)

preliminary

preliminary



Lesson learned/ Conclusion
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qAttempt to have a possible extraction of Compton form 
factors from 𝛑0 cross-section and asymmetry data.

qNeed of more different kinds data for any particular 
kinematic bin! 
qLike more Φ dependent observables

qMore kind of polarization observables.

qBroader range of x and Q2 EIC
!



qCareful analysis of polarized DIS data to study helicity pdfs. 

qNeed of more robust data for wide range of kinematics (x, 
Q2).

qWe want to figure out what new experiment (set up) can 
help to solve our parametric degeneracy.
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Lesson learned/ Conclusion

Approach (cont.)



What next can be done!
qPossibility to improve the Analysis More Observables
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Model comparison with data at HALL A
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Phys. Rev. Lett. 127, 
152301

GGL, Phys. Rev. D 91, 
114013 (2015)

q    Analysis on more kinematic bins

What next can be done!
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GGL, Phys. Rev. D 91, 114013 (2015)
GGL, Phys. Rev. D 79, 054014 (2009)

arxiv : 1401.0438

FUU,T + 𝞮FUU,L

Fcos 𝝓
UU Fcos 2𝝓

UU

FUU,T + 𝞮FUU,L

Fcos 𝝓
UU

Fcos 2𝝓
UU

GPDs??

Second Inverse 
problem



Thank you
Any Questions?
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Backup slides
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data error scaled by 0.1

Beam spin asymmetry

Phys. Rev. Lett. 127, 152301
Phys. Rev. C 83, 025201

ALU from the mean of 
the cross-sections 

samples



∆𝜮 ≈ 𝑵𝒒	𝒙⍺ 𝟏 − 𝒙 𝜷 𝟏 + 𝛅 𝒙	+ 𝜸𝒙𝜿
	

∆𝑮 ≈ 𝑵𝒈	𝒙⍺’ 𝟏 − 𝒙 𝜷′(𝟏 + 𝛅′ 𝒙 + 𝜸′𝒙𝜿′)

Experiment Datatype

E143, E154, E155 DIS

CLAS DIS

COMPASS DIS, SIDIS

EMC, SMC DIS

SMC SIDIS

HERMES DIS, SIDIS
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Next / Future Steps
qIncorporate more data and try to obtain more concrete 

results.

qLook into much lower x region

More Data to 
be used

Datatype

PHENIX
62.4 GeV (pp, 𝛑0)
200 GeV (pp, 𝛑0)
510 GeV (pp, 𝛑0)

STAR 200 GeV (pp, jet)

LATTICE HadStruc 𝕸(p)
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