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NN interaction from QCD & QCD in nucleiUm cheeps

NN interactions and 
QCD in nuclei High-density systems Nuclear processes
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SRCs required to fully describe nuclear 
systems and processes



SRCs Relevant Across Scales 

Many-Body Systems

NN Interaction 

Nucleon Substructure
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SRCs Relevant Across Scales 

Many-Body Systems

NN Interaction 

Nucleon Substructure
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This talk 
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D

Today: Electron Scattering at JLab (Hall B)
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Today: Two Main Regimes
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Exclusive Quasielastic Scattering 

Tagged Deep Inelastic Scattering

- Recent RGM results 
- Development of neutron 
detection algorithm

- TDIS with BAND
- Comparison to inclusive datasets



NN Interaction via Quasielastic Scattering 
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A(e,e’pp) / A(e,e’p) sensitive to isospin structure

O. Hen et al., Science 364 (2014) 614

NP pair dominance  SRCs predominately in S = 1 state
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A(e,e’pp) / A(e,e’p) sensitive to isospin structure

O. Hen et al., Science 364 (2014) 614

NP pair dominance  SRCs predominately in S = 1 state
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Can use exclusive measurements to map the tensor to scalar transition



…which varies with interaction strength

I. Korover et al, PRL 113 (2014) 022501Schmidt, Nature (2020) z
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…which varies with interaction strength

I. Korover et al, PRL 113 (2014) 022501 Schmidt, Nature (2020)
z

What I’d like to address: 

1. High statistics for model comparison 

I. Korover et al, PRL 113 (2014) 022501
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…which varies with interaction strength

I. Korover et al, PRL 113 (2014) 022501 Schmidt, Nature (2020)
z

What I’d like to address: 

1. High statistics for model comparison 

2. Interpretability of results 

(scale dependence)

15



RGM for Exclusive SRC Studies 

Ran Nov 2021-Feb 2022
2, 4, 6 GeV beam energies 

Targets: 

LH2, LD2 
40Ar,40 Ca,48 Ca,120 Sn Scale, A-dependence, 

asymmetries
4He,12 C 3N SRC search
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RGM for Exclusive SRC Studies 

Reproduce 2N results with high precision 
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Test SRC scale independence 
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Model 3N SRC phase space
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RGM for Exclusive SRC Studies 

Reproduce 2N results with high precision 

Test SRC scale independence 

O. Hen et al., Science 364 (2014) 614

SRCs are mostly pn pairs…these are all proton 
measurements?
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RGM for Exclusive SRC Studies 

Reproduce 2N results with high precision 

Test SRC scale independence 

O. Hen et al., Science 364 (2014) 614

SRCs are mostly pn pairs…these are all proton 
measurements?

CD neutrons are tricky, but we need them to move forward!
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Model 3N SRC phase space



For neutrons, must reject charged particles 

How CD particles are ID’d:


Hit in Central Vertex Tracker? 

Yes No

Charged PID 
via trajectory

Neutral PID 
via ToF

22



For neutrons, must reject charged particles 

How CD particles are ID’d:


Hit in Central Vertex Tracker? 

Yes No

Charged PID 
via trajectory

Neutral PID 
via Tof

CVT inefficiency   Protons masquerade as neutrons⟹

23



For neutrons, must reject charged particles 

How CD particles are ID’d:


Hit in Central Vertex Tracker? 

Yes No

Charged PID 
via trajectory

Neutral PID 
via Tof

CVT inefficiency   Protons masquerade as neutrons⟹

(This is BAD for A(e,e’pN(N)) measurements)
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ML algorithm to veto charged particles

Multilayer ANN classifier architecture: 
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Data-driven training samples 
Exclusive topologies from 2 GeV deuterium data 

Signal: Correctly ID’d neutrons

Background: Protons ID’d as neutrons

d(e, e′ pn)

d(e, e′ pπ−n)

ΔθΔp/pmiss 2σ2σ

Protons ID’d as protons d(e, e′ pπ−p)

QE Selection: 

Mmiss < 1.02

Neutron Momentum

Predicted Momentum
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Features relative to detector segments

Neutrons
Protons
MisID’d Protons

Total CND+CTOF Hits in < 3 Steps 

 Define primary hit in CND based on highest Edep 

If multiple hits attributed to particle: 

Calculate features (nearby energy, hits, etc) 
relative to number of ‘steps’ away  

Minimize reliance on particle reconstruction software

1 Step 
2 Step 

Primary
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Top features 
Feature importances determined via Random Forest 

CND Hit Layer / Number of CND hits

Neutrons
Protons
MisID’d Protons

Neutrons
Protons
MisID’d Protons

Total CND+CTOF Edep in < 3 Steps 
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Initial results show good separation

… and ANN results are (days) away!𝒪
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Quasielastic Mini Summary: 
Recent RGM 2p analyses:

Expand on existing 2N SRC results 
for model comparison

Demonstrate SRC scale universality
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Quasielastic Mini Summary: 
Recent RGM 2p analyses:

ML algorithm to address CVT inefficiency

Expand on existing 2N SRC results 
for model comparison

Demonstrate SRC scale universality

Need neutrons to go further!
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Quasielastic Mini Summary: 
Recent RGM 2p analyses:

ML algorithm to address CVT inefficiency

Next Steps: 
Validate ANN performance (add charged )π
Precision studies of pn SRCs 
3N SRCs 👀

I. Korover et al, PRL 113 (2014) 022501

Expand on existing 2N SRC results 
for model comparison

Demonstrate SRC scale universality

Need neutrons to go further!
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Deep Inelastic 

Tagged DIS MeasurementsExclusive Measurements

Quasielastic 
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Deep Inelastic 

Tagged DIS MeasurementsExclusive Measurements

Quasielastic 
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Quark momentum suppressed in bound 
nucleons (EMC Effect) 

Schmookler et al., Nature (2019)

Quark Momentum Fraction 
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Inclusive DIS shows EMC-SRC correlation

SRC Pair Fraction (A/d)

EM
C

 S
lo

pe
 (A

/d
)

Weinstein et al., PRL 106, 052301 (2011),

Schmookler et al., Nature (2019)
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FA
2 = ZFp

2 + NFn
2 + nA

SRC(ΔFp
2 + ΔFn

2)



But lacks info on nuclear state

???

Standing nucleon target: 

p0 = (mn , 0)

W2 = (p0 + q)2

xB =
Q2

2mnω

e
e′ 

Measure Parton Information

Fragments 
of struck 
nucleon
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Add initial nuclear state via tagging!

e
e′ 

Recoil 
nucleon

pμ = (E, − ps )

(W′ )2 = (pμ + q)2

αS =
Es − pscos θsq

mn

x′ =
Q2

(W′ )2 − m2
n + Q2

Moving nucleon target: 

Measure Parton + Nucleon Information

Fragments 
of struck 
nucleon
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Tagged DIS with BAND

CLAS12 + Backward Angle Neutron Detector (BAND)

Beam

BAND

CLAS12
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Backward Angle Neutron Detector 

140 scintillator bars

5 layers (+ 1cm thick veto) 

Segarra et al., NIM A978 (2020)

The detector: 

3 meters upstream of target 

Lead wall downstream 
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Backward Angle Neutron Detector 

140 scintillator bars

5 layers (+ 1cm thick veto) 

The detector: 

3 meters upstream of target 

Lead wall downstream 

The neutrons: 

Time resolution < 250 ps
θ ∼ 155-175∘

p ∼ 200 − 600 MeV/c

Segarra et al., NIM A978 (2020)
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W′ 2 > 1.8 GeV2

.1 < pn < .6 GeV/c
Edep > 5 MeVee

Tagged DIS with BAND

e- beam

BANDBAND

RGB:  at 10.2-10.6 GeVd(e, e′ n)

Event mixing to subtract random 
coincidence background 

Q2 > 2 GeV2

W > 2 GeV2

pe > 3 GeV/c

Electron: Neutron:
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Constructing an observable

PWIA Tagged DIS Cross Section:

Kinetic term Spectral function Tagged structure function

dσtag

dxdQ2dαdp⊥
= K(x, Q2) ⋅ S(α, p⊥) ⋅ Fp*

2 (x, Q2, α, p⊥)
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Constructing an observable

PWIA Tagged DIS Cross Section:

dσtag

dxdQ2dαdp⊥
= K(x, Q2) ⋅ S(α, p⊥) ⋅ Fp*

2 (x, Q2, α, p⊥)

Kinetic term Spectral function Tagged structure function

We want sensitivity to  
Fp*

2

Fp
2
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Tagged double ratio

ℛ =
σmeas.

tag (x′ , Q2, α, p⊥)
σmeas.

tag (.3,Q2, α, p⊥) / σtheory
tag (x′ , Q2, α, p⊥)

σtheory
tag (.3,Q2, α, p⊥)

We want sensitivity to  
Fp*

2

Fp
2

=
Ymeas.

tag (x′ )
Ymeas.

tag (.3) / Ytheory
tag (x′ )

Ytheory
tag (.3)

where theory cross section is proportional to free proton structure function  
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Tagged double ratio

ℛ =
σmeas.

tag (x′ , Q2, α, p⊥)
σmeas.

tag (.3,Q2, α, p⊥) / σtheory
tag (x′ , Q2, α, p⊥)

σtheory
tag (.3,Q2, α, p⊥)

We want sensitivity to  
Fp*

2

Fp
2

=
Ymeas.

tag (x′ )
Ymeas.

tag (.3) / Ytheory
tag (x′ )

Ytheory
tag (.3)

Theory prediction generated with radiation in CLAS12-GEANT4 (GEMC)  
 Systematics cancel in the data/sim ratio →

Normalization of each sample at x’ = .3 
 Nuclear effects cancel in each  bin→ α

47



Tagged double ratio

ℛ =
σmeas.

tag (x′ , Q2, α, p⊥)
σmeas.

tag (.3,Q2, α, p⊥) / σtheory
tag (x′ , Q2, α, p⊥)

σtheory
tag (.3,Q2, α, p⊥)

We want sensitivity to  
Fp*

2

Fp
2

=
Ymeas.

tag (x′ )
Ymeas.

tag (.3) / Ytheory
tag (x′ )

Ytheory
tag (.3)

ℛ ≈ Fp*
2 (x′ )

Fp
2 (.3)

Fp
2 (x′ )/

/Fp*
2 (.3)

Measured bound proton structure function

Simulated free proton structure function
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Tagged double ratio

ℛ =
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Tagged double ratio

ℛ =
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2

Fp
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!

!Now, what happens with increasing virtuality?
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Strong modification with virtuality!

Preliminary
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Measurement compatible with inclusive data
Convolution formalism: 

FA
2 (x) =

1
A ∫

A

x

dα
α ∫

0

−∞
dν Fp

2 (x̃)[Z
Fp*

2 (x̃)
Fp

2(x̃)
ρA

p (α, ν) + N
Fn*

2 (x̃)
Fp

2(x̃)
ρA

n (α, ν)]

ν = Virtuality
f off(x) = Flavor-dept off-shell modification function

Fp
2 (x) =

4
9

u(x) +
1
9

d(x)

F*p
2 (x) =

4
9

u(x)(1 + νf off
u (x)) +

1
9

d(x)(1 + νf off
d (x))
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Preliminary

Jason Phelan



Measurement compatible with inclusive data
Data used for fitting: 

             (Global re-analysis, Arrington et al., J. Phys. G 36, 025005 (2009))


          (Hall C, Seely et al., Phys. Rev. Lett. 103, 202301 (2009))


 (BoNuS, Tkachenko et al., Phys. Rev. C 89, 045206 (2014))


         (Marathon, D. Abrams et al., Phys. Rev. Lett. 128, 132003 (2022))


Fd
2 /Fp

2

F3He
2 /Fd

2

Fd
2 /(Fp

2 + Fn
2)

F3He
2 /F3H

2

 (BAND)Fp,tagged
2 /Fp

2

“Inclusive”

+Tagged:
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Measurement compatible with inclusive data
Inclusive simultaneous 
fit results: 
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Measurement compatible with inclusive data
BAND tagged  
simulataneous fit results: 
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Summary and Outlook

Tagged DIS with BANDQE Measurements with RGM

-Analysis note in review  

-Bound nucleon modification is 
virtuality-dependent!

-Results compatible with global 
fits to inclusive data + BoNuS

-Tagged SIDIS in the works!

-Successful A(e,e’pp) studies

 ML to separate neutrons/
charged particles looks promising
→

-Next: Validate ML with 2N analyses, 
then exclusive 3N searches!

-Need neutrons to go further 
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Thank you!
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Gory Details of ML
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Gory Details of ML
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Bins of pmiss
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QE (3.1 GeV) d(e,e’p)n and d(e,e’pn)
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QE (2 GeV) d(e,e’pn) M(d + q − p) M(d + q − n)

From RGM LD2
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QE (2 GeV) d(e,e’pn)

From RGM LD2
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From BAND DIS LD2
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Inclusive Analysis 
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Tagged Analysis 



77


