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From 2003 to 2019 Volker has made CLAS physics possible 
We are all deeply grateful! 



Spectator Protons
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Final State Interactions
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•several groups have 
calculated FSIs

•Θpq > 110o minimizes FSIs
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Palli et al, PRC80(09)054610
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•struck neutron can interact with the 
spectator proton

•proton momentum is enhanced

•FSIs are small at low ps and large Θpq

Θpq
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•plane-wave impulse approximation

•backward-emitted p is spectator

•struck neutron is off-shell

•momenta are equal and opposite

•Lorentz invariants are corrected for 
initial neutron 4-momentum
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Modification of Bound Neutrons in thD(e,e’ps)

• Experiment 94-102 at Jefferson 
Lab

• Run period “E6” in Hall B 
(CLAS)

• 5.75 GeV / 7 nA Electrons on a 5 
cm long LD2 target => L=1034/
cm2s

• 8 calendar weeks in spring of 
2002;  4.5 billion triggers

• CLAS-Collaboration and 2 Ph.D. 
students:  
Dr. Alexei Klimenko and Dr. 
Cornel Butuceanu

• Detected backward proton



Results: Momentum Distribution
Vertical axis: Number of events

Horizontal axis: Proton momenta from 250 
to 700 MeV/c

Left: Angular range > 107.5O 

Right: Angular range 72.5O - 107.5O

3 different ranges in the final state mass W 
of the unobserved struck neutrons

PWIA model with “light cone”-wave 
function for deuterium

700 MeV/c

250 MeV/c

W = 0.94 GeV

1 GeV < W < 2 GeV

W > 2 GeV
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BoNuS Experiment
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•Bound Nucleon Structure Experiment 

•Hall B, JLab, CLAS

•d(e,e’ps)X with 0.07 < ps < 0.15 GeV/c

•Ebeam=1.1, 2.1, 4.2, 5.3 GeV

•Radial time projection chamber for ps

•Data taking in 2005
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BoNuS RTPC Performance

12

σ=8mm

σ=1.4º σ=4

ΔΘ

Δz

ΔΦ

zBoNuS vs zCLAS

•upper left: dE/dx vs. p/Z for He target

• lower left: dE/dx vs. p for deuterium target

•below RTPC+CLAS resolution for 
common e- events

o
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BoNuS Kinematic Correction
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BoNuS

Region

VIPs

ps distribution

70, 100, 200 MeV/c

• Very Important Protons 70<ps<100 MeV/c

• Corrections make resonances stand out

• F2
n/F2

p can be measured at high x*
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Accidental Backgrounds

• Z is the position along the 
beam direction  

• Tracking of the electron gives 
Z(CLAS)

• Tracking of the spectator 
proton gives Z(BoNuS)

• ΔZ=Z(CLAS)-Z(BoNuS) 
shows a coincidence peak 
and a triangular background

• Fits to the triangular 
background allows us to 
measure backgrounds 
underneath the peak

• Blue area = Rbg x Pink area

• Rbg is independent of 
kinematics
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BoNuS F2
n/F2

p 

• F2
n/F2

n vs. x

• Curves are 
CETQ error 
bands

• CETQ cuts off at 
low x because 
Q2 is too low

• Lower cuts in W* 
imply higher x 
but the inclusion 
of resonance 
contributions.

• Results are 
consistent with 
CETQ trends at 
high x.
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BoNuS F2
n
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4 of 16 spectra: 0.8 < Q2 < 4.5; Ebeam = 4.2 & 5.3 GeV; Bosted/Christy world fits

Q2=0.84 GeV2 Q2=1.20 GeV2

Q2=1.71 GeV2 Q2=2.44 GeV2
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Final Data

Various data 
compared to a 
state of the art 
nuclear physics 
extraction of 
neutron 
structure 
functions from 
deuterium (red 
points, Malace, 
et al.)



Deuteron EMC Effect
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Spin Structure Functions 

Dynamic Nuclear 
Polarization: 
•Freeze ammonia 
•Make it paramagnetic 
through irradiation 
•Put it into a 5 T 
magnetic field 
•Drive transitions with 
microwaves 
•Protons will 
accumulate into a 
single hyperfine state 
with spins aligned

Polarized Target
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Asymmetries and g1/F1

Beam polarization

small

Dilution factor: 
ratio of scattering 
from protons to 
everything else in 
the target

Target polarization

tiny
small

Depolarization factor (photons 
are not in the beam direction)
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Polarized Structure Functions
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g1(x,Q2)
DOI: 10.1103/PhysRevC.96.065208 

https://doi.org/10.1103/PhysRevC.96.065208
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Moments
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Higher Twist Moments
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Hyperfine Splittings

Δ
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& TMDs
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• Any confined quark must have transverse momentum 
• Therefore, colinear PDFs cannot give the whole story 
• Transverse momentum is related to Lz 
• There has been much recent work trying to understand 

transverse momentum distributions (TMDs)
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& Semi-Inclusive DIS
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& SIDIS Cross Section
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 Bacchetta, et al., JHEP 2(2007)093

 Leading Twist

Sub-Leading Twist 
(extra factor of 1/Q)

 0 (i.e. R=σL/σT=0)

AUL =  {UL terms} / {UU terms} 

ALL =  {LL terms} / {UU terms} 
                     etc.
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& TMDs in Eg1-dvcs
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CLAS Collaboration (S. Jawalkar (William-Mary Coll.) et al.). Sep 21, 2017. 6 pp.  
Published in Phys.Lett. B782 (2018) 662-667 

http://inspirehep.net/search?p=collaboration:%27CLAS%27&ln=en
http://inspirehep.net/author/profile/Jawalkar%2C%20S.?recid=1627647&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22William-Mary%20Coll.%22&ln=en
http://inspirehep.net/record/1627647
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& Dihadron SIDIS
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 Bacchetta, PRD69(2004)074026

 Leading Twist

Sub-Leading Twist 
(extra factor of 1/Q)
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Proton Radius
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Pohl, doi:10.1146/annurev-nucl-102212-170627 

Muonic Hydrogen



PRAD in Hall B





Volker has encouraged, funded, and  
enabled all of us to 

lay the groundwork for a full 
understanding of the nucleon 
with 12 GeV and eventually 

with EIC Femtography

Thank you!
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