
Studying QCD and Beyond with 
Electron Scattering 
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QCD Lagrangian

How does the spin-1/2 proton with mass 938 MeV/c2 arise?
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Quark and Gluon Dynamics Dominate the Proton



Proton Viewed in High Energy Electron 
Scattering: 1 Longitudinal Dimension

• Viewed from boosted frame,
length contracted by

• Internal motion of the proton’s 
constituents is slowed down by 
time dilation – the instantaneous 
charge distribution of the proton is 
seen.

• In boosted frame x is understood 
as the longitudinal momentum 
fraction
valence quarks: 0.1 < x < 1
sea quarks: x < 0.1  

Lorentz Invariants
• E2

CM = (p+k)2

• Q2 = -(k-k’)2

• x = Q2/(2p�q)
J. Bjorken, SLAC-PUB-0571
March 1969
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Proton is smashed into pieces!



Proton Viewed in High Energy Electron 
Scattering: 1 Longitudinal Dimension
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Proton Tomography: 2 New Dimensions 
Transverse to Longitudinal Momentum

Structure mapped in terms of
bT = transverse position
kT = transverse momentum

Valence Quarks: JLab 12 GeV
Sea Quarks and Gluons: EIC
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Direction of longitudinal
momentum normal to
plane of slide

Goal:
Unprecedented
21st Century Imaging 
of Hadronic Matter

Nuclei!

Deeply virtual exclusive processes
where proton is left intact
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Charting the Inner Structure of the 
Proton 

https://www.youtube.com/watch?v=G-9I0buDi4s

Christopher Boebel
Rolf Ent

James LaPlante
Joseph McMaster

Richard Milner
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CLAS12
Deeply Virtual Processes

• Our group is a member of the CLAS12 collaboration at Jefferson Lab, VA
• Have developed with MIT-LNS high performance computing group (computers 

located at Bates) the capability to run the CLAS12 Monte-Carlo code by 
collaborators worldwide

• Working on analysis of CLAS12 data.        Bobby: p(e,e’π0)p
Sangbaek: p(e,e’γ)p
Patrick: p(e,e’ϕ)p

• Seek new insights into the quark and gluon structure of the proton

Bobby
Johnston

Sangbaek
Lee

Patrick
Moran
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Graduated!



DVCS cross section
measurement at CLAS12

Bjorken x

4-momentum transfer

Mandelstam variable

angle between scattering planes �

d�

dxBdQ2d(�t)d�
=

NDVCS+BH

L⇥Volbin

1

Fcorrection

<latexit sha1_base64="L7afdeuOR1SOk7cLZWdYzT7AwsA=">AAACD3icbVC7TsNAEDzzDOFloKQ5EYGoIjsKgiJFBA1lIpGHFBvrfD4np5wfuTtHRJb/gIZfoaEAIVpaOv6GS+ICEkZaaTSzq90dN2ZUSMP41lZW19Y3Ngtbxe2d3b19/eCwLaKEY9LCEYt410WCMBqSlqSSkW7MCQpcRjru8Gbqd8aECxqFd3ISEztA/ZD6FCOpJEc/M2oPzjW0yCihY2j5HOG0eV/J0krsxBb2IglHWc109JJRNmaAy8TMSQnkaDj6l+VFOAlIKDFDQvRMI5Z2irikmJGsaCWCxAgPUZ/0FA1RQISdzv7J4KlSPOhHXFUo4Uz9PZGiQIhJ4KrOAMmBWPSm4n9eL5H+lZ3SME4kCfF8kZ8wKCM4DQd6lBMs2UQRhDlVt0I8QCoTqSIsqhDMxZeXSbtSNi/KRrNaqlfzOArgGJyAc2CCS1AHt6ABWgCDR/AMXsGb9qS9aO/ax7x1RctnjsAfaJ8/fbmbpg==</latexit>

0 < xB ⌘ Q2

2pp · q
< 1

<latexit sha1_base64="0sjBpjG6QwSlAjfX29pWyk7TemQ=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR68IyUxS7LLhxWcE+oB2HTJppQzOZmGQKZezCX3HjQhG3/oY7/8a0zkJbD1w4nHMv994TCEaVdpwvK7e0vLK6ll8vbGxube/Yu3tNFScSkwaOWSzbAVKEUU4ammpG2kISFAWMtILh1dRvjYhUNOa3eiyIF6E+pyHFSBvJtw90l9wndARLwk/FyeRM+OL0ruLbRafszAAXiZuRIshQ9+3Pbi/GSUS4xgwp1XEdob0USU0xI5NCN1FEIDxEfdIxlKOIKC+d3T+Bx0bpwTCWpriGM/X3RIoipcZRYDojpAdq3puK/3mdRIdVL6VcJJpw/LMoTBjUMZyGAXtUEqzZ2BCEJTW3QjxAEmFtIiuYENz5lxdJs1J2L8rOzXmxVs3iyINDcARKwAWXoAauQR00AAYP4Am8gFfr0Xq23qz3n9aclc3sgz+wPr4BzaCVRg==</latexit>

t ⌘ (pp0 � pp)
2

<latexit sha1_base64="tCqGhEteBsQ/H11i9P8U4ycBkrI=">AAAB+3icbZDLTgIxFIbP4A3xNuLSTSMxcSOZIRpZGRI3LiGRSwIj6ZQONHQ6Q9shEsKruHGhMW59EXe+jQVmoeCfNPnyn3NyTn8/5kxpx/m2MhubW9s72d3c3v7B4ZF9nG+oKJGE1knEI9nysaKcCVrXTHPaiiXFoc9p0x/ezevNMZWKReJBT2LqhbgvWMAI1sbq2vnaYwl16ChhY3Q5Mnzrdu2CU3QWQuvgplCAVNWu/dXpRSQJqdCEY6XarhNrb4qlZoTTWa6TKBpjMsR92jYocEiVN13cPkPnxumhIJLmCY0W7u+JKQ6VmoS+6QyxHqjV2tz8r9ZOdFD2pkzEiaaCLBcFCUc6QvMgUI9JSjSfGMBEMnMrIgMsMdEmrpwJwV398jo0SkX3uujUrgqVchpHFk7hDC7AhRuowD1UoQ4EnuAZXuHNmlkv1rv1sWzNWOnMCfyR9fkDd/iSvQ==</latexit>

Q2 ⌘ �q2 > 1
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Sangbaek Lee



DVCS Cross Section Results
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Deeply Virtual p0 cross section 
measurement at CLAS12
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Bobby
Johnston



Simulation-Data Comparison

Simulation (red) vs. Data (blue)

Particle Kinematics
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Deeply virtual p0 cross section measurement 
at CLAS12



Deeply Virtual Phi Production (DVϕP) at CLAS12, JLab Hall B

• Goal: to measure the exclusive phi electroproduction cross section

• Signal event:  (𝑒, 𝑒’𝑝’K+K-)

• DVϕP accesses gluon GPDs, information about gluonic radius of the proton

Previous diff. cross section 
measurements from CLAS

Simulation vs. data for final 
state particle kinematics

Total number of phi events 
in the final state
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Patrick
Moran



𝜎!/𝜎" separation over wide (𝑥#, 𝑄$) range

Two beam energies: 5.75 GeV and 10.6 GeV

𝑒𝑝 → 𝑒!𝑝𝜋" → 𝑒!𝑝𝛾𝛾

Transition GPDs 𝒆𝒑 → 𝜸 𝑵∗ → 𝜸𝒑𝑴𝒆𝒔𝒐𝒏

Pre
lim
ina
ry

Reaction Mechanism: Factorization
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Dr. Igor
Korover
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April, 2021
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Realization

$ 165 K
$ 50 K

Data taking in 2024

Funding secured in FY2022 and 
construction will take place in FY2023

MIT-Bates lab is coordinating design and construction of the experiment.



Electron-Ion Collider (EIC)
• New high luminosity collider to 

study QCD to be constructed using 
RHIC at BNL and expected to come 
online in early 2030s.

• MIT-LNS has played a leadership role 
in making the case for EIC over two 
decades: Bates Lab one of the points 
of origin 

• Prof. Hen leader of EPIC (detector 1)  
• EIC R&D: Polarized 3He ion source, 

EM calorimeter and streaming 
readout development

• Beginning graduate students in 2022
will be young faculty who will drive   
the scientific program at EIC.
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Seeking New Students
To work on
• the design and construction of the DarkLight

experiment at TRIUMF, Vancouver, Canada
• the data taking and analysis of deeply virtual 

exclusive processes using CLAS12 at Jefferson 
Lab

• the design and construction of the EPIC 
detector for EIC
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Contact info:  Email: milner@mit.edu Office 26-411

mailto:milner@mit.edu

