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GPDs encode the correlated momentum and 
spatial structure of quarks and gluons inside 
hadrons. Each term is a complex function.


Measurable variables are Compton Form Factor:


With polarized electron beam and proton, we can 
have access to CFFs’  and .Im(ℋ) Re(ℋ)
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Way to Understand Proton’s Structure

Generalized Parton Distribution

ℱ = ∫
1

−1
dx [ 1

x − ξ − iϵ
−

1
x + ξ − iϵ ] F(x, ξ, t)

GPDCFF
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Way to Understand Proton’s Structure

Gravitational Form Factor
• Mass/energy distribution

• Angular momentum distribution

• Shear forces and pressure distributions

Burkert, V. D., Elouadrhiri, L., & Girod, F. X. 
(2018). The pressure distribution inside the 
proton. Nature, 557(7705), 396-399.

⟨p′￼|Tμν |p⟩ = ū(p′￼)[A(t) γ(μPν) + B(t)
iσ(μαΔαPν)

2M
+ D(t)

ΔμΔν − gμνΔ2

4M ] u(p)

∫
1

−1
dx x H(x, ξ, t) = A(t) + ξ2D(t) ∫

1

−1
dx x E(x, ξ, t) = B(t) − ξ2D(t)

p(r) =
1

6M
∇2 D̃ (r) s(r) = −

1
4M

r
d
dr ( 1

r
d
dr

D̃ (r))
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Physics Processes

Deeply Virtual Compton Scattering

d5σ
dxBdQ2d | t |dϕdϕS

=
α3xB

16π2Q4 1 + ϵ2
|𝒯 |2

|𝒯 |2 = 𝒯BH + 𝒯DVCS
2

= 𝒯BH
2

+ 𝒯DVCS
2

+ ℐ

ep → epγ

perturbative QED

QCD
Cross Section of BH-DVCS
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ℐ and 𝒯 are functions of CFF

BMK
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DVCS at Multiple Beam Energies 

Deeply Virtual Compton Scattering
d5σ

dxBdQ2d | t |dϕdϕS
=

α3xB

16π2Q4 1 + ϵ2
|𝒯 |2

|𝒯 |2 = 𝒯BH + 𝒯DVCS
2

= 𝒯BH
2

+ 𝒯DVCS
2

+ ℐ

ep → epγ

ℐ ∼ 1/y3

𝒯DVCS
2

∼ 1/y2

Different beam energies give different  at same y (xB, Q2, t) point

Separate DVCS and interface term!

Georges, F., Rashad, M. N. H., 
Stefanko, A., Dlamini, M., Karki, 
B., Ali, S. F., ... & Urciuoli, G. M. 
(2022). Deeply virtual compton 
scattering cross section at high 
Bjorken x B. Physical review 
letters, 128(25), 252002.

Previous Hall A 
Result
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DVCS at Multiple Beam Energies 

Deeply Virtual Compton Scattering ep → epγ
ℐ ∼ 1/y3

𝒯DVCS
2

∼ 1/y2

Different beam energies give different  at same y (xB, Q2, t) point
Separate DVCS and interface term!

CLAS12 Collaboration Meeting

Christiaens, G., et al. "First CLAS12 measurement 
of deeply virtual Compton scattering beam-spin 
asymmetries in the extended valence region." 

Physical Review Letters 130.21 (2023): 211902.
Sangbaek Lee, et al, Submitted 

to collaboration review  

prelim
inary

Joshua Artem Tan, et al, 
Submitted to collaboration review

prelim
inary

RGA Pass1 Result

RGK Pass2

6.5 GeV & 7.5 GeV Result
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Run Group K

LH2 Target
RGK Fall2018

RGK Spring2024

Beam 
Energy/GeV

Accumulated 
Charge/mC

6.4 ~90

6.5 ~10

7.5 ~10

8.5 ~80
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Analysis Method

Raw Data Skimmed

Data

Raw 
Yield

Cross 
Section

data skimming Fiducial Cut

PID 
Cut

Exclusivity Cut

QADB Cut

Normalization

Acceptance Correction

DVPi0 Background 
Subtraction

Background Merging 
Efficiency Correction

Radiation 
Correction

Bin Centering 
Correction

Kinematics 
Correction

Lepton 
Propagator Cut
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Fiducial Cut
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Electron
DC, R1
edge > 3 cm
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Fiducial Cut
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Electron
ECAL, 
deposited 
energy
v, w > 13.5 cm
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Fiducial Cut
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Electron
ECAL, EC-in 
as Example
remove bad strips
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Fiducial Cut
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Proton
CVT
edge > 0 cm
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Fiducial Cut

CLAS12 Collaboration Meeting

Proton
CVT
remove support bands
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Fiducial Cut
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Photon
FT
remove bad circles
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PID Cut
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Triangle Cut
Electron
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PID Cut
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Sampling 
Fraction Cut

Electron
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Energy Loss Correction
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Proton
FD
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Energy Loss Correction
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Proton
CD
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Energy Loss Correction
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Proton After Correction
FD CD
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Exclusivity Cut
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Exclusivity Cut
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First Selection Cut

Q2 > 1 GeV2

−t < 1 GeV2

W > 2 GeV
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Exclusivity Cut
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Exclusivity Cut 1

0.6− 0.4− 0.2− 0 0.2 0.4 0.6
]2(ep) [GeV2MM

0

0.01

0.02

0.03

0.04

0.05

0.06

C
ou

nt
s

RGK 7.5GeV mc
 = 0.09σ = 0.01, µ

RGK 7.5GeV
 = 0.12σ = 0.06, µ

1− 0.5− 0 0.5 1 1.5 2
 [GeV]missE

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

C
ou

nt
s

RGK 7.5GeV mc
 = 0.19σ = 0.02, µ

RGK 7.5GeV
 = 0.24σ = 0.25, µ

0.1− 0.05− 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
 [GeV/c]miss

TP
0

0.01

0.02

0.03

0.04

0.05

0.06

C
ou

nt
s

RGK 7.5GeV mc
 = 0.04σ = 0.06, µ

RGK 7.5GeV
 = 0.06σ = 0.10, µ

2− 1− 0 1 2 3 4
 [deg]'γγθ

0

0.02

0.04

0.06

0.08

0.1

C
ou

nt
s

RGK 7.5GeV mc
 = 0.49σ = 0.51, µ

RGK 7.5GeV
 = 0.70σ = 1.03, µ

0 2 4 6 8 10 12 14 16 18 20
 [deg]φ∆

0
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08

C
ou

nt
s

RGK 7.5GeV mc
 = 2.95σ = 2.56, µ

RGK 7.5GeV
 = 3.54σ = 3.71, µ

0.05− 0.04− 0.03− 0.02− 0.01− 0 0.010.020.030.04 0.05
]2) [GeVγ(ep2MM

0
0.02
0.04
0.06
0.08

0.1
0.12
0.14
0.16
0.18
0.2

C
ou

nt
s

RGK 7.5GeV mc
 = 0.01σ = -0.00, µ

RGK 7.5GeV
 = 0.01σ = 0.00, µ

0.5− 0 0.5 1 1.5 2 2.5 3
]2) [GeVγ(e2M

0

0.01

0.02

0.03

0.04

0.05

0.06

C
ou

nt
s

RGK 7.5GeV mc
 = 0.26σ = 0.89, µ

RGK 7.5GeV
 = 0.33σ = 1.21, µ

0 10 20 30 40 50 60
) [deg]γ(e, θ

0
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09

C
ou

nt
s

RGK 7.5GeV mc
 = 2.57σ = 36.90, µ

RGK 7.5GeV
 = 2.73σ = 37.80, µ

1− 0.5− 0 0.5 1 1.5 2
E [GeV]∆

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

C
ou

nt
s

RGK 7.5GeV mc
 = 0.19σ = 0.02, µ

RGK 7.5GeV
 = 0.24σ = 0.25, µ

MM2(ep) cut
MM2(epγ) cut



Yijie Wang 23

Exclusivity Cut
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Exclusivity Cut 2
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Exclusivity Cut 3
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After Exclusivity Cut
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Exclusivity Cut
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Boundary 
from the 
minimum 
electron 
energy cut

Boundary from 
the minimum 
W cut

Boundary 
from the 
minimum 
electron 
angle cut
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Bπ0 =
NDVCS,rec

DVπ0P,sim(xB, Q2, t, ϕ)

NDVπ0P,rec
DVπ0P,sim(xB, Q2, t, ϕ)

⋅
NDVπ0P,rec

exp (xB, Q2, t, ϕ)
NDVCS,rec

exp (xB, Q2, t, ϕ)
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Acorr
LU,DVCS =

ALU,DVCS − Aπ0 ⋅ ALU,DVπ0P

1 − Aπ0

RGK Fall18 Pass2 7.5GeV BSA

Beam 
Energy/GeV

Accumulated 
Charge/mC

6.4 ~90

6.5 ~10

7.5 ~10

8.5 ~80
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rgk_v2.cnf

rgk_v4.cnf

Integrated Charge

Thus, the effective charge is: 


.


Not  !

Q = Qv2 + Qv4 ⋅
1
2

= 9.14996 mC

13.69730 mC

Trigger Config:


1) electron in ECAL 

or electron in FT & 1 forward hadron


2) electron in ECAL, pre-scale by 2

or electron in FT & 1 forward hadron
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Acceptance Correction

CLAS12 Collaboration Meeting

Aacc =
Nrec(xB, Q2, t, ϕ)
Ngen(xB, Q2, t, ϕ)
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Background Merging Efficiency Correction

CLAS12 Collaboration Meeting

Aeff = 1 +
I

45nA
(−1 +

Nbkg(xB, Q2, t, ϕ)
Nno bkg(xB, Q2, t, ϕ)

)
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Radiation Correction
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Arad =
Nrad(xB, Q2, t, ϕ)

Nno rad(xB, Q2, t, ϕ)
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Bin Centering Correction
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Abcc =
dσ

< dσ >

Evenly distributed grid in 
 4D space


Size : 

xB, Q2, t, ϕ

n × n × n × n

Final Choice: n = 20
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Lepton Propagator Cut
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Can reach 0 at collinear limit —> Diverge

dvcsgen require |P1 | > Pc
1 default Pc

1 = 0.005 set another Pc
1 = 0.00005

When  is far away from 0, P1 dσ( |P1 | > 0.005)/dσ( |P1 | > 0.00005) = 1

When , P1 ∼ 0 dσ( |P1 | > 0.005)/dσ( |P1 | > 0.00005) < 1
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Lepton Propagator Cut
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Thus, define CP1
= dσ( |P1 | > 0.005)/dσ( |P1 | > 0.00005)

When Certain Value, we reject that data point.CP1
<
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Cross Section Extraction
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dσ =
N

ℒ ΔV
⋅

1 − Bπ0

Aacc Aeff Arad
⋅ Abcc

RGK Fall18 Pass2 7.5GeV Unpolarized Cross Section

Beam 
Energy/GeV

Accumulated 
Charge/mC

6.4 ~90

6.5 ~10

7.5 ~10

8.5 ~80
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Cross Section Extraction
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dσ =
N

ℒ ΔV
⋅

1 − Bπ0

Aacc Aeff Arad
⋅ Abcc

RGK Fall18 Pass2 7.5GeV Unpolarized Cross Section 0.4 GeV2 < | t | < 0.5 GeV2

Beam 
Energy/GeV

Accumulated 
Charge/mC

6.4 ~90

6.5 ~10

7.5 ~10

8.5 ~80
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Cross Section Extraction
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dσ =
N

ℒ ΔV
⋅

1 − Bπ0

Aacc Aeff Arad
⋅ Abcc

RGK Fall18 Pass2 7.5GeV Polarized Cross Section

Beam 
Energy/GeV

Accumulated 
Charge/mC

6.4 ~90

6.5 ~10

7.5 ~10

8.5 ~80
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Cross Section Extraction
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dσ =
N

ℒ ΔV
⋅

1 − Bπ0

Aacc Aeff Arad
⋅ Abcc

RGK Fall18 Pass2 7.5GeV Polarized Cross Section 0.4 GeV2 < | t | < 0.5 GeV2

Beam 
Energy/GeV

Accumulated 
Charge/mC

6.4 ~90

6.5 ~10

7.5 ~10

8.5 ~80
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Cross Section Extraction
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Δσ = dσ→ − dσ←

RGK Fall18 Pass2 7.5GeV Cross Section Difference
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Cross Section Extraction
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RGK Fall18 Pass2 7.5GeV Cross Section Difference 0.4 GeV2 < | t | < 0.5 GeV2

Beam 
Energy/GeV

Accumulated 
Charge/mC

6.4 ~90

6.5 ~10

7.5 ~10

8.5 ~80

Δσ = dσ→ − dσ←
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d5σ
dxBdQ2d | t |dϕdϕS

=
α3xB

16π2Q4 1 + ϵ2
|𝒯 |2

|𝒯 |2 = 𝒯BH + 𝒯DVCS
2

= 𝒯BH
2

+ 𝒯DVCS
2

+ ℐ

ℐ ∼ 1/y3

𝒯DVCS
2

∼ 1/y2

Different beam energies give different  at same y (xB, Q2, t) point

Separate DVCS and interface term!

CLAS12 Collaboration Meeting

Rosenbluth Separation

(bUU

bLU) = (A0(y) A1(y, ϕ) A2(y, ϕ) A3(y, ϕ) 0
0 0 0 0 y(2 − y)KΓI(ϕ)sin(ϕ))

CDVCS

ReCINT

ReCINT,V

ReCINT,A

FΔ

Fitting Formular:

ALU Degree of Freedom : 1

Beam 
Energy/GeV

Accumulated 
Charge/mC

6.4 ~90

6.5 ~10

7.5 ~10

8.5 ~80

Too close, 
consider as 
one beam 
energy.

+
RGA: 10.6 GeV

All beam energies from RGK are crucial!

σ Degree of Freedom : 4
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Rosenbluth Separation
Pseudo Data Test ( ~ 20% uncertainty)

Twist-2 DVCS Amplitude separated!


Agree with true(generated) value
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Rosenbluth Separation

σ = σ2
fit + σ2

sys

Conservative Systematic Uncertainty


σsys = (σfit,0ℱ − σfit,ℱ)

Estimated Experiment Test — CFF Extraction
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Rosenbluth Separation

σ = σ2
fit + σ2

sys

Estimated Experiment Test — CFF Extraction

Conservative Systematic Uncertainty


σsys = (σfit,0ℱ − σfit,ℱ)
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Status & Summary

CLAS12 Collaboration Meeting

We have successfully extracted the beam spin asymmetry (BSA) as well as 
the unpolarized and polarized cross sections from the RGK 7.5 GeV data. 
The Rosenbluth separation procedure is currently being refined using 
simulations. 

Next Steps:
• Evaluate full systematic uncertainties.
• Analyze the full RGK data set as soon as it becomes available.
• Perform Rosenbluth separation to disentangle the various contributions, 

combining results across all RGK beam energies (6.4, 6.5, 7.5, and 8.4 GeV) 
and RGA data sets (10.2 and 10.6 GeV) to improve coverage, statistical 
precision, and control of systematics of extracted physics quantities.


Building on the previous studies of the proton’s gravitational structure with 
CLAS data, this work using CLAS12 data with multiple beam energies will 
enable high-resolution imaging to map the proton’s internal pressure and force 
distributions.
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Thank you for your listening!
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Run Group K
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Backup: Way to Understand Proton’s Structure

Generalized Parton Distribution

Jq/g = lim
t,ξ→0

1
2 ∫ xdx [Hq/g(x, ξ, t) + Eq/g(x, ξ, t)]

Spin & Angular Momentum
1
2

=
1
2

ΔΣ + Lq + Jg

3D Imaging of proton

longitudinal 
momentum 

transverse 
position 

Lin, H. W. (2021). Nucleon tomography and generalized 
parton distribution at physical pion mass from lattice 
QCD. Physical Review Letters, 127(18), 182001.

CLAS12 Collaboration Meeting
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Backup: Fiducial Cut

CLAS12 Collaboration Meeting

Electron
DC, R2
edge > 3 cm
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Backup: Fiducial Cut

CLAS12 Collaboration Meeting

Electron
DC, R3
edge > 10 cm
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Backup: Fiducial Cut

CLAS12 Collaboration Meeting

Proton
DC, R1
edge > 3 cm
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Fiducial Cut

CLAS12 Collaboration Meeting

Proton
DC, R2
edge > 3 cm
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Fiducial Cut

CLAS12 Collaboration Meeting

Proton
DC, R3
edge > 5 cm
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Backup: Fiducial Cut

CLAS12 Collaboration Meeting

Proton
CVT
edge > 5 cm
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Backup: Fiducial Cut

CLAS12 Collaboration Meeting

Photon
ECAL, 
deposited 
energy
v, w > 13.5 cm
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Backup: Fiducial Cut

CLAS12 Collaboration Meeting

Photon
ECAL, EC-in 
as  an 
Example
remove bad strips
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Backup: Data Skimming

CLAS12 Collaboration Meeting
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Backup: Data Kinematics Coverage Constrained by Proton

CLAS12 Collaboration Meeting

Boundary From Proton: 
1. Strong boundary in FD, due to bending 

of low momentum protons

2. Boundary depends on  and p θ

Proton momentum is equivalent to t
For Example: 


 <=> t = 0.25 GeV2 p = 0.51 GeV
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Backup: Data Kinematics Coverage Constrained by Proton

CLAS12 Collaboration Meeting

Read from the left plot: only  
proton is within boundary

θ > 40∘

For Example: 

 <=> t = 0.25 GeV2 p = 0.51 GeV

ϕBMK = 45∘ ϕBMK = 90∘ ϕBMK = 135∘ ϕBMK = 180∘

This boundary depends on ϕBMK
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Backup: Data Kinematics Coverage Constrained by Proton

CLAS12 Collaboration Meeting
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Backup: RGA — DVCS @ 12GeV

Sangbaek Lee


