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Introduction

• A key system to investigate the 
core of the NN interaction

• Prime nucleus to test NN models
• Basis for SRC (structure) studies
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Ideal method: ‘measure’ the 
momentum distribution ⇒ study the  
d(e,e’p) reaction

Very small          very large ~r ) ~p
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D(e,e’p) in PWIA

Experimental 
Momentum distributions:

Plane Wave IA:
• Hit nucleon does not interact with 

the recoiling system
• Described by a plane wave 
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also called reduced cross sections
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History of Missing Momentum Dependences
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Low Q2:
Q2 < 0.33 (GeV/c)2

Energy/Momentum

Limit:
Duty factor < 1%

Limit:
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Ulmer et al. PRL89 (2002) 062301-1 Egyian et al. PRL 98 (2007) 

Cross sections integrated over full CLAS acceptance, all recoil angles and wide 
range of kinematic settings

PW
IA

FSI n-p
domninate

NΔ dominate

PWIA
PWIA+FSI

PWIA+FSI+N

Q2 = 4± 0.5(GeV/c)2

Q2 = 5± 0.5(GeV/c)2

Paris Bonn

Q2 = 0.67(GeV/c)2

CLAS Hall A

Large FSI

Large FSI

Large FSI



Introduction: D(e,e’p) Reaction Mechanisms

expected to be 
small at large Q2

supressed for 
x>1

reduced at certain
kinematics ?
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At High Q2 FSI Anisotropic
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TotalScattering Amplitude: A = AI + iAR
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mostly imaginary

Ratio to PWIA 

Glauber: spectator nucleons frozen
GEA: spectator nucleon moving

GlauberGEA

M.Sargsian, PRC 82, 014612 (2010)



Modern Calculations
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JML: diagrammatic approach
MS: effective Feynman diagrams
JVO: Bethe-Salpeter based
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WB et al. PRL 107 (2011) 262501 Hall A
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R =
�EXP

�PWIA

Q2 = 0.8 Q2 = 2.1 Q2 = 3.5

Q2 = 2 Q2 = 3 Q2 = 4 Q2 = 5

0.1 GeV/c

0.2 GeV/c
0.4 GeV/c
0.5 GeV/c

3/22/21 2021 SRC EMC Workshop 11

~ pm independent, small FSI



‘Experimental’ Momentum Distributions
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Q2 = 0.8 (GeV/c)2

• Large FSI for pm >0.25 GeV/c
• Little sensitivity to W.F.
• Eikonal regime not yet reached
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Q2 = 2.1 (GeV/c)2

Small FSI

Large FSI

Small FSI, Resonances ?

Experimental data are scaled for display purposes
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Q2 = 3.5 (GeV/c)2

Small FSI

Large FSI

Small FSI, Resonances ?

Experimental data are scaled for display purposes
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Experimental data are scaled for display purposes



Approaching the Core

• Hall A and Hall B experiments established validity of
GEA based calculations
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• Determine cross sections at missing momenta
up to 1 GeV/c

• Measure at well defined kinematic settings
• Selected kinematics to minimize contributions from FSI
• Selected kinematics to minimize effects of delta 
excitation 
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• Beam: 10.6 GeV, ~40 - 50µA
• Electron Detector: SHMS at pcen = 8.534GeV/c

• qe = 12.19o, Q2 = 4.25 (GeV/c)2, x = 1.35
• Proton Detector: HMS 2.1 ≤ pcen ≤ 2.8 GeV/c

• pm = 0.08, 0.58, 0.75 GeV/c
• Angles: 58.5o ≥ qp ≥ 38.8

• Target: 10 cm LHD
• First data as part of series of Hall C Commissioning Experiments 

Parameters



New Results
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• Thesis C. Yero
• PRL 125, 262501 (2020) 

https://doi.org/10.1103/PhysRevLett.125.262501

• Dashed lines: PWIA
• Solid lines: FSI

Hall A data Q2 = 3.5

CD Bonn based calculations
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�exp/�calc

<latexit sha1_base64="DL6dqaxWkiHCMffDeyHVBM9chzE="></latexit>
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WJC2 FSI

AV18 FSI

CD FSI

Hall A Data 

JVO



High pm Fall-Off
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• Fit:

• 0.6 < pm < 1.0 GeV/c
• Fit exp. data
• Fit model calculations
• Z-score:

• P-value: probability for Z as
a statistical fluctuation

<latexit sha1_base64="jI9y40GmCTOnuq0FgQQRatkKbPE="></latexit>

Z =
µexp � µcalc

�µexp

<latexit sha1_base64="xeQX6ww1Kfv9YrG+2tAhu/jtG/I="></latexit>

�red(pm) = Ae�µpm
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Theoretical 
Model

PWIA 
(35 deg)
Z-score

p-value
PWIA 

(45 deg)
Z-score

p-value
FSI 

(35 deg)
Z-score

p-value
FSI 

(45 deg)
Z-score

p-value

Paris (Galster) 4.929 4.1E-07 6.541 3.0E-11 4.791 8.2E-07 5.355 4.2E-08

AV18 (JJK) 4.373 6.1E-06 5.632 8.9E-09 5.184 1.0E-07 4.721 1.1E-06

AV18 (GKex05) 4.623 1.9E-06 6.079 6.0E-10 5.616 9.7E-09 5.889 1.9E-09

AV18 (AMT) 4.598 2.1E-06 6.066 6.5E-10 5.597 1.0E-08 5.976 1.1E-09

CD-Bonn (JJK) 7.321 1.2E-13 9.423 2.1E-21 6.648 1.4E-11 4.564 2.5E-06

CD-Bonn 
(GKex05) 7.611 1.3E-14 9.895 2.1E-23 7.484 3.6E-14 5.383 3.6E-08

CD-Bonn (AMT) 7.586 1.6E-14 9.882 2.4E-23 7.460 4.3E-14 5.516 1.7E-08

WJC2 (GKex05) 4.241 1.1E-05 5.575 1.2E-08 5.133 1.4E-07 5.519 1.7E-08

WJC2 (AMT) 4.217 1.2E-05 5.561 1.3E-08 5.110 1.6E-07 5.598 1.0E-08

Systematically different pm dependence
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Light Cone Calculation

M. Sargsian and F. Vera
in progress

Z35 = 3.8e-4   p-value = 1.

Z45 = 3.9   p-value = 9e-5 

LC shape closer than other
calculations for pm > 0.6 GeV/c
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Off-shell effects: 
included in calculations

Charge Exchange Effects:
NOT included 
qµ

~pm 6= �~pi

~pf

~pip

<latexit sha1_base64="K38l6kWA+PcqjDXjP/M8GZOAMzQ="></latexit>

n

<latexit sha1_base64="ObWevOMCO/1OuxYv8Fxex73RR9k=">AAACF3icbVDLSgMxFL1T3/VVdekmWAqupjNSrboS3bhUsA9oS8mkmTY0kxmSO2Ip/QK3uvBr3Ilbl/6N6VjE14HA4Zx7LycnSKQw6HnvTm5ufmFxaXklv7q2vrFZ2NqumzjVjNdYLGPdDKjhUiheQ4GSNxPNaRRI3giGF1O/ccu1EbG6wVHCOxHtKxEKRtFK16pbKHqul4F47qHnnxz55EvxZ6QIM1x1txxo92KWRlwhk9SYlu8l2BlTjYJJPsm3U8MTyoa0z1uWKhpx0xlnSSekZJUeCWNtn0KSqd83xjQyZhQFdjKiODC/van4r3cXasomJTJATE7LZYZUubHul5Nhv5x5P3NheNwZC5WkyBX7jBWmkmBMpiWRntCcoRxZQpkW9meEDai9grbKvO3M/93QX1I/cP2KW72uFM/OZ+0twy7swT74UIUzuIQrqAEDDvfwAI/Ok/PsvDivn6M5Z7azAz/gvH0AG+SeJQ==</latexit>

n

<latexit sha1_base64="ObWevOMCO/1OuxYv8Fxex73RR9k=">AAACF3icbVDLSgMxFL1T3/VVdekmWAqupjNSrboS3bhUsA9oS8mkmTY0kxmSO2Ip/QK3uvBr3Ilbl/6N6VjE14HA4Zx7LycnSKQw6HnvTm5ufmFxaXklv7q2vrFZ2NqumzjVjNdYLGPdDKjhUiheQ4GSNxPNaRRI3giGF1O/ccu1EbG6wVHCOxHtKxEKRtFK16pbKHqul4F47qHnnxz55EvxZ6QIM1x1txxo92KWRlwhk9SYlu8l2BlTjYJJPsm3U8MTyoa0z1uWKhpx0xlnSSekZJUeCWNtn0KSqd83xjQyZhQFdjKiODC/van4r3cXasomJTJATE7LZYZUubHul5Nhv5x5P3NheNwZC5WkyBX7jBWmkmBMpiWRntCcoRxZQpkW9meEDai9grbKvO3M/93QX1I/cP2KW72uFM/OZ+0twy7swT74UIUzuIQrqAEDDvfwAI/Ok/PsvDivn6M5Z7azAz/gvH0AG+SeJQ==</latexit>

p

<latexit sha1_base64="K38l6kWA+PcqjDXjP/M8GZOAMzQ="></latexit>

qµ

~pm 6= �~pi

~pf

p

<latexit sha1_base64="K38l6kWA+PcqjDXjP/M8GZOAMzQ="></latexit>

n

<latexit sha1_base64="ObWevOMCO/1OuxYv8Fxex73RR9k=">AAACF3icbVDLSgMxFL1T3/VVdekmWAqupjNSrboS3bhUsA9oS8mkmTY0kxmSO2Ip/QK3uvBr3Ilbl/6N6VjE14HA4Zx7LycnSKQw6HnvTm5ufmFxaXklv7q2vrFZ2NqumzjVjNdYLGPdDKjhUiheQ4GSNxPNaRRI3giGF1O/ccu1EbG6wVHCOxHtKxEKRtFK16pbKHqul4F47qHnnxz55EvxZ6QIM1x1txxo92KWRlwhk9SYlu8l2BlTjYJJPsm3U8MTyoa0z1uWKhpx0xlnSSekZJUeCWNtn0KSqd83xjQyZhQFdjKiODC/van4r3cXasomJTJATE7LZYZUubHul5Nhv5x5P3NheNwZC5WkyBX7jBWmkmBMpiWRntCcoRxZQpkW9meEDai9grbKvO3M/93QX1I/cP2KW72uFM/OZ+0twy7swT74UIUzuIQrqAEDDvfwAI/Ok/PsvDivn6M5Z7azAz/gvH0AG+SeJQ==</latexit>

n

<latexit sha1_base64="ObWevOMCO/1OuxYv8Fxex73RR9k=">AAACF3icbVDLSgMxFL1T3/VVdekmWAqupjNSrboS3bhUsA9oS8mkmTY0kxmSO2Ip/QK3uvBr3Ilbl/6N6VjE14HA4Zx7LycnSKQw6HnvTm5ufmFxaXklv7q2vrFZ2NqumzjVjNdYLGPdDKjhUiheQ4GSNxPNaRRI3giGF1O/ccu1EbG6wVHCOxHtKxEKRtFK16pbKHqul4F47qHnnxz55EvxZ6QIM1x1txxo92KWRlwhk9SYlu8l2BlTjYJJPsm3U8MTyoa0z1uWKhpx0xlnSSekZJUeCWNtn0KSqd83xjQyZhQFdjKiODC/van4r3cXasomJTJATE7LZYZUubHul5Nhv5x5P3NheNwZC5WkyBX7jBWmkmBMpiWRntCcoRxZQpkW9meEDai9grbKvO3M/93QX1I/cP2KW72uFM/OZ+0twy7swT74UIUzuIQrqAEDDvfwAI/Ok/PsvDivn6M5Z7azAz/gvH0AG+SeJQ==</latexit>

p

<latexit sha1_base64="K38l6kWA+PcqjDXjP/M8GZOAMzQ="></latexit>

~pi

<latexit sha1_base64="I0ss8o7LwUofZ6OHOUqTfH6beto="></latexit>

Too small to explain
differences



Outlook: More statistics and explore NN 
interaction core using inelastic channels: 

Jlab, EIC
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qµ

~pi

~pf
~p⇡

�

N⇤

N

�

X

~pm = �~pi

• Backwards D or N*
• Large momentum ~ 1GeV/c



Summary
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• High Q2 d(e,e’p)n best described by generalized
eikonal approximation for Q2 > 2 GeV/c

• FSI can be controlled
• First new data on very high missing momenta obtained

in Hall C at JLAB for Q2> 4 (GeV/c)2 up to 
pm = 0.98 GeV/c

• Reduced cross section behavior at pm > 0.6 GeV/c
cannot be reproduced by current calculations.

• Off-shell & Charge exchange not enough to explain
difference

• Better statistics is needed
• Future : inelastic channels should be studied

Supported by the Department of Energy, contract DESC0013620



Backup
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49. P lots of cross sections and related quantities 12
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Figure 49.9D12: Total and elastic cross sections for pd (total only), np, pd (total only), and
pn collisions as a function of laboratory beam momentum and total center-of-mass energy. Corre-
sponding data files may be found at http://pdg.lbl.gov/xsect/contents.html (Courtesy of the
COMPAS Group, IHEP, Protvino, September 2013.)
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Calculation: M.Sargsian

Estimated Angular Distributions up to pm = 
1GeV/c
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FSI depend weakly on pm
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FSI Reduction

• b determined by nucleon size
• cancellation due to imaginary rescattering amplitude
• valid only for high energy (GEA)

3/22/21 292021 SRC EMC Workshop

Reduction of FSI: σ : AI
2 - 2 AI AR + AR

2

both terms are equal ⇒ interference and rescattering cancel

σ R = AR
2

σ int = -2 AI AR

Rescattering determined by
slope factor:

kt = pm sin(θ pm q
)

b : 6(GeV / c)-2

relatively flat up to kt ≈ 0.5(GeV / c)
⇒ pm ≈ 0.8(GeV / c)

fs

fs = e
- b2kt

2
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