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Physics with an Electron-lon Collider
I: Introduction and Overview

Introduction and History
Electron (Lepton) As A Clean Probe
Facilities:
Fixed Target: SLAC, HERMES, COMPASS, Jefferson Lab, ...
Electron-lon Collider : HERA, Future EIC: JLEIC, e-RHIC, EicC, LHeC
EIC Experiments:
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Introduction: What and Why

Nucleon Structure and Strong Interaction (QCD)

(6 types of quarks: up, down,
charm, strange, top and bottom)




electron



Rutherford Scattering
~5 MeV Discovery of Nucleus

Ernest Rutherford,

gold foil Nobel Prize 1908
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Scattering off a hard sphere; rnucleus ~ 104 r atom ~ 101 m



Discovery of (Electron) Spin

1896 Zeeman Effect : effect of a magnetic field on light
-> atomic level splitting duo to electron spin

Aj A iv. /4 :

1922 Stern-Gerlach experiment
silver beam split

in inhomogeneous field
Bohr magneton: p, =eh/2mc

1925 spinning electron
Uhlenbeck and Goudsmit, Pauli
spin: internal property, S .=1/2

= 1928 Dirac equation
relativistic effect. spin €—-> magnetic moment

Pieter Zeeman

Nobel Prize 1902

Wolfgang Pauli
for “Pauli Principle”

Nobel Prize 1945

Paul Dirac

Nobel Prize 1933




Anomalous Magnetic Moment (of Proton)

= 1933 Otto Stern

7
Magnetic moment of the proton @ =
-- expected: p,=eh/2m c (since S,=1/2) .,.
-- measured: p,=eh/2m c(1+x,) !
anomalous magnetic moment (a.m.m) ;= 1.5 +- 10% Y
»  first (indirect) evidence proton has structure Otto Stern

Nobel Prize 1943

= 1943 Nobel Prize awarded to Stern

for ‘development of the molecular ray method and
his discovery of the magnetic moment of protons’

now: «,=1.792847386 +- 0.000000063
and «,=-1.91304275 +- 0.00000045



Neutron, Mesons and Quark Model

1932: Discovery of the neutron by Chadwick \ S
proton, neutron: basic building blocks for nuclei \
935: Yukawa “strong” force = 1 meson Nobel Prize 1935
937: Discovery of “meson”
946: Powell, “mr and p mesons”
1L mesons = muon — |
Zoo of hadrons Nobel Prize 1949 ;e;g;;a;i,;;vvfg
1964 Gell-Mann

Classify strong interacting particles (hadrons)
with a simple quark model «

\
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Murray Gell- Mann
Nobel Prize 1969



Cross section in cm? | steradion

~200 MeV
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Elastic Electron Scattering
Discovery: Proton Has Structure
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Robert Hofstadter,
Nobel Prize 1961

Scattering off a spin-1/2 Dirac particle:

do _
dQ
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AM E sin?(6/2)

q
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The proton has an anomalous magnetic
moment,

gp%z,»

sin”(6/2) + cos? (9/2)}

gp =~ 5.6

and, hence, internal (spin) structure.



~10 GeV

measure flux

Deep-Inelastic Electron Scattering
Discovery of Quarks (Partons)
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e.g. J.T.Friedman and H.W. Kendall,
Ann.Rev.Nucl.Sci. 22 (1972) 203



Deep-Inelastic Electron Scattering
Discovery of Quarks (Partons)

Bjorken
scaling:
g + 60 n |80 V
x 10° a 26° bl :
5 By -~
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Point particles cannot be further resolved; their measurement
does not depend on wavelength, hence Q?,

5 % _ spin 1/2
% b -} ;3-“—%' -{T’MH- l _=

o5

Spin-1/2 quarks cannot absorb longitudinally polarized vector
bosons and, conversely, spin-0 (scalar) quarks cannot absorb N o
transversely polarized photons.

spin 0




Birth of QCD

* Problems with simple quark model:
1. pion mass is light (~140 MeV) compared with
nucleon (1 GeV) and p meson (770 MeV)
—> spontaneous breaking of chiral symmetries
quark mass ~ 300 MeV ?
2. Pauli principle > new degree of freedom: color
no free quarks observed !

= 1972-73 Gell-Mann, Fritzsch, Leutwyler,

Gross, Politzer, Wilczek
SU(3) color gauge field > QCD

David Gross, H. David Politzer, Frank Wilczek
Nobel Prize 2004



What Is the World Made of?

Visible Matter = Atom =2 Electrons + Nucleus

Nucleus = Nucleons(proton,neutron) = Quarks:  proton=uud, neutron=udd

tt tit t
FERMIONS in< 1. 372, 572, ...

Leptons spin=1/2

Quarks spin =172

Structure within
the Atom

Quark

Size < 1079 m

L muon 0.106 S strange 0.1 -1/3
Nucleus
3 t
Size = 10714 m _ 5 nael:nrino <0.02 t top 175 2/3
b bottom 43 | -1/3

~ Neutron
and
Proton
Size =~ 10713

Size =10710m

If the protons and neutrons in this picture were 10 cm across,
then the quarks and electrons would be less than 0.1 mm in
size and the entire atom would be about 10 km across.

Flavor

electron
€ neutrino

€ electron

Mass  Electric

GeV/c2 charge
<1x10-8 0

0.000511

Flavor

U up

d down

Approx.
Mass
(A

0.006

Electric
charge

-1/3

muon
M neutrino

<0.0002 0

C charm

1.3

2/3

s

So everything is made
of quarks and leptons,
eh? Who would have

thought it was so simple?




What Holds the World Together?

Four Known Interactions
Gravitational Interaction (graviton?)
long range, always attractive

strength, extremely weak, ~10-40
Electromagnetic Interaction (y)

long range, electric charge (e)

strength (coupling constant), o = 1/137
Weak Interaction (W, Z)

short range, weak charge

strength, 104 ~ 107

Strong Interaction (gluons)

short range, color charge,

strength, running coupling, a,=0.1 ~ 1
confinement

Graviton?

Solar systems
- Galaxies

C 2

Gravity Force

llustration: Typoform

Electromagnetic force

Hydrogen atom

Oxygen atom

Gluons (8) %

Ve
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Baryons Nuclei
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Water molecule/ Protons an '

Weak force

Bosons (W,Z)

J

u d Neutron decay

Beta decay
Neutrino interactions
Burning of the sun




Standard Model
Electro-weak and Quantum Chromodynamics (QCD)

matter constituents
spin = 1/2, 3/2, 5/2, ...

force carriers

FERMIONS BOSONS

Leptons spin = 1/2

Flavor

p_ electron
neutrino

€ electron

Mass
GeV/c?

<1x10-8

0.000511

Electric
charge

Quarks spin = 1/2

Approx.
Mass
GeV/c?

Electric

Flavor
charge

Name
U up

d down

muon
M neutrino

M muon

<0.0002

0.106

GeV/c?

Unified Electroweak spin =1

Electric
charge

Mass

C charm

S strange

p_tau
T neutrino

T tau

<0.02

1.7771

t top

b bottom

spin=20, 1, 2, ...

Strong (color)

Name

spin =1

Electric
charge

Mass
GeV/c?

o]e c O U c
: Mass — Energy Flavor Electric Charge Color Charge SEgReIcel o
P g All Quarks, Leptons Electrically charged Quarks, Gluons Hadrons
d B Graviton + -
(not yet observed) W W Z0 7 Gluons Mesons
ekt . s 10-41 0.8 1 25 Not applicable
. 1041 104 1 60 to quarks
N licabl
R 1 Sl »




What Are the Challenges?

e Success of the Standard Model

Electro-Weak theory tested to very good level of precision
Discovery of Higgs particle

Strong interaction theory (QCD) tested in the high energy (short distance) region

* Major challenges:
Understand QCD in the strong region (distance of the nucleon size)
Understand quark-gluon structure of the nucleon
Confinement

« Beyond Standard Model

Energy frontier: LHC search Beyond SM
Precision tests of Standard Model at low energy
Precision information of nucleon structure needed

running coupling “constant”

0.2




Nucleon Structure: A Universe Inside

* Nucleon: proton =(uud), neutron=(udd) + sea quarks + gluons
* Nucleon: 99% of the visible mass in universe
mq ~ 10 MeV

my ~ 1000 MeV
How does glue dynamics generate the energy for nucleon mass?

» Proton mass “puzzle”:

Quarks carry ~ 1% ? of proton’s mass

» Proton spin “puzzle”:
Quarks carry  ~ 30% of proton’s spin

4
How does quark and gluon dynamics generate the rest of the proton spin?

» 3D structure of nucleon: 3D in momentum or (2D space +1 in momentum)

Color Confinement Asymptotic freedom
!! H i 1 > Q (GeV)
200 MeV (1 fm) 2 GeV (1/10) Probing
t momentum

Q‘:: g &

How does the glue bma’ quarks and /tself into a proton and nuclei?
Can we scan the nucleon to reveal its 3D structure?



Recent Theoretical Developments

 Dynamical Chiral Symmetry Breaking <-> Confinement
> Responsible for ~99% of the nucleon mass
» Higgs mechanism is (almost) irrelevant to light quarks

 Recent development in theory
> Lattice QCD
» Bound State QCD: Dyson-Schwinger

: ' | ' I ' I
» Ads/CFT: Holographlc QCD Rapid acquisition of mass is
> QCD Dynamics s ___ effect of gluon cloud 3
> ’ Mass from nothing! 1
__0'3 f‘ — m =0 (Chiral limit)] |
> - m =30 MeV
. . . 8 — m =70 MeV
 Direct comparison becomes possible So2l
» LQCD: Moments of PDFs =
» x-dependence of PDFs, TMDs, GPDs
X. Ji, PRL 111, 039103 (2013) ek
H. W. Lin, et al., Phys. Rev. D 91, 054510 (2015) R
Quasi-PDF, ... .
0 1 2 3



How: Electron Scattering and e-p/e-A colliding

A Clean Probe To Study Nucleon Structure and QCD




Electron Scattering and Nucleon Structure

Clean probe to study nucleon structure
only electro-weak interaction, well understood Nobelpreis 1961

Elastic Electron Scattering: Form Factors
- 60s: established nucleon has structure (Nobel Prize)
electrical and magnetic distributions

Resonance Excitations

Nobel Prize 1961

—> internal structure, rich spectroscopy (new particle search)
constituent quark models

Deep Inelastic Scattering
- 70s: established quark-parton picture (Nobel Prize) ¢
parton distribution functions (PDFs) Va
polarized PDFs : Spin Structure 4T, Friedman

H.W. Kendall

Nobel Prize 1990




Inclusive Electron Scattering

e=(E ];) 4-momentum transfer squared
Q° =—-q> =4EE'sin* ¢

Invariant mass squared

W?=M>+2Mv -0~

p=(M0) —"

Unpolarized: <l _G[
npolarized: .

1%
- azE'cosz(H/Z)
u 4E’ sin4(¢9/2)

F, and F,: information on the nucleon/nuclear structure




Typical Electron Scattering Spectra at Fixed Q?

Proton

Elastic

Dee
A % Inelasr’zic
N
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JLab 12 Program and Future EIC




Experimental Facilities for e-N (e-A)

SLAC: Fix target, 20/50 GeV (polarized) electron beam,, polarized p, d and 3He

CERN: EMC/NMC/SMC/COMPASS
Fixed target, ~200 GeV polarized u beam on polarized p, d

DESY: HERA, unpolarized e-p collider. 27.5 GeV x 920 GeV
HERMES, fixed target, polarized e-/e+ 27 GeV beam,
polarized internal p, d, 3He

JLab: fixed target, 6/12 GeV polarized e beam, polarized p,d,3He
highest luminosity 1039.

Low energy facilities: Mainz, MIT-Bates, Saclay, NIKHEF, ...

Future EIC: e-RHIC, JLEIC, EIC@HIAF, LHeC, ...




Jefferson Lab at a Glance

CEBAF

High-intensity electron
accelerator based on CW SRF
technology

... =200 pA

Pol, ., = 90%

E. ..=6GeV: 1995-2012
Energy Upgrading to 12 GeV
(2012-2017)

12 GeV data taking started

= ~ 1400 Active Users
= Produces ~1/3 of US PhDs
In Nuclear Physics




A A A A A A M

Thomas Jefferson National Accelerator Facility

Newport News, Virginia, USA

6 GeV polarized
CW electron beam
Pol=85%, 200pnA
Luminosity ~ 10

Upgrading to 12 GeV
nearly complete

NH. & ND targets
- 3 a

HallA: two HRS’ Hall B:CLAS Hall C: HMS+SOS




Jefferson Lab Hall A Experimental Setup
for inclusive polarized n (3He) Experiments

EXPERIMENTAL HALLS

SOUTH LINAC

o
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INJECTOR

NORTH LINAC

Left HRS

Cerenkov
VDCs Pion

Rejectors
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Scintillators

'Compton Raster Moller Pol.3He
. Polarimeter Target
; Polarimeter
% ! F '!%I' To Beam Dump

ARC BCM eP  BPM
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Laser Hut Shower
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Right HRS




JLab 2014  Near-Future Future
Nature 506, 67 (6 February 2014) Decade of Experiments Approved Electron lon Collider
Parity Violating DIS Eager to Start 12 GeV Science! The Next QCD Frontier

-

Je son Lab

omas Jefferson National Accelerator Facility

Physics Opportunities with

i Electron lon Collider:
the 12 GeV Upgrade at Jefferson Lab IR Next QCD Frontier

Science 346, 614 (October 2014) S Bt uinds o
Short Range NN Correlations -

SECOND EDITION

np fraction

* Confinement

@68%CL. « Hadron Structure Role of Gluons in Nucleon and
op fraction [95% C.L. * Nuclear Structure Nuclear Structure
and Astrophysics
* Fundamental Symmetries

_Illlllllllll

SRC Pair fraction (%)
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12 GeV Upgrade Project

Project Scope (2012-2017): D _
* Doubling the accelerator beam energy - DONE

* New experimental Hall D and beam line - DONE k
» Civil construction including Utilities - ~DONE New Hall

 Upgrades to Experimental Halls C - DONE Add 5 ﬁ
* Upgrades to Experimental Halls B - DONE cryomodult ‘ \
)

» 20 cry%‘lodules
)

)

\
\
\
\
AT

LN

N7

v

Add 5
cryomodules

<

"Enhanced capabilities
in existing Halls

"Increase of Luminosity
103°-~103° cm2s-1

Total Project Cost ~ $350M




12 GeV Scientific Capabilities

Hall B — understanding nucleon structure via
generalized parton distributions

04/14/2015, *
~ NAA

Hall D — exploring origin of confinement by
studying exotic mesons

e SN B S e —

Hall C — precision determination of valence
quark properties in nucleons/nuclei

a2y 1! TP "‘"' O T



Kinematics Coverage of the 12 GeV Upgrade
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Jefferson Lab @ 12 GeV Science Questions

What’s the origin of the proton mass?
How can measurements help?

Where is the missing spin in the nucleon?
Role of orbital angular momentum?

Can we reveal a novel landscape of nucleon substructure through
3D imaging at the femtometer scale?

Can we discover evidence for physics
beyond the standard model
of particle physics?



Solenoidal Large Intensity Device (SolLID)

* Full exploitation of JLab 12 GeV Upgrade to maximize scientific return
A Large Acceptance Detector AND Can Handle High Luminosity (1037-10%)
Reach ultimate precision for tomography of the nucleon

* PVDIS in high-x region - providing sensitivity to new physics at 10-20 TeV

» Threshold J/Psi - probing strong color fields in the nucleon and the origin of its mass (trace
anomaly )

ed.
129°- g%,

Q2 = 2.4 GeV?
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Strong collaboration (300 collaborators from 72 institutions, 13 countries)
» Significant international contributions
e Strong theoretical support
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L] SolLID 50 days 2-fold
[ SolLID 50 days 2-fold with P_(4500)
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» We recommend increasing investment in small-scale and mid-scale projects and initiatives that

enable forefront research at universities and laboratories —
e SolID - Strongly endorsed mid-scale project



Future QCD Facility:
Study QCD Sea and Gluons




Electron lon Collider

NSAC 2007 Long-Range Plan:

“An Electron-lon Collider (EIC) with polarized beams has
been embraced by the U.S. nuclear science community
as embodying the vision for reaching the next QCD
frontier. EIC would provide unique capabilities for the
study of QCD well beyond those available at existing
facilities worldwide and complementary to those planned for
the next generation of accelerators in Europe and Asia.”

NSAC 2015 Long-Range Plan:

We recommend a high-energy high-luminosity
polarized EIC as the highest priority for new
facility construction following the completion
of FRIB.

EIC Community White Paper arXiv:1212.1701v2



The Electron lon Collider

Two proposals for reali

7%
bt =
2

Electron lon Collider:
The Next QCD Frontier

Understanding the glue
that binds us all

SECOND EDITION

gation of the Science Case

FFAG Recirculating Electron Rings ERL Cryomodules
1.3-6.6 GeV W
7.9-21.2 GeV Y)\y Beam Dump
/ Energy Recoven y
Coherent Linac Polarized
Electron Cool Electron Source
Detector |
hadrons
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Cold lon Collider Ring
(8 to 100 GeV)

Warm Electron IP
Collider Ring
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Electron Injector

12 GeV CEBAF

JLEIC@JLab



JLab 12 GeV Upgrade

Enhanced capabilities
in existing Halls

Increase of Luminosity Add 5
10%. ~10% cm2s-! cryomodugs, [

odules

20 cryo

Jlab 12 upgrade (Fixed target)

Polarized
Electron
z Source
ey W

Linac

eRHIC

Detector |

Detector Il

Electrons

(Polarized)
lon Source

100 meters
>

eRHIC, Vs ~ 140 GeV

JLab 12 and Future EIC Plan

lon Collider Ring

Electron Source

12 GeV CEBAF

100 meters

JLEIC Vs ~ 20 to 70 GeV

tune-up dump comp.RF

20, 40, 60 GeV

10, 30, 50 GeV
total circumference ~ 8.9 km

dump

<+ 10-GeV linac

0.03 km s
e- final focus

LHeC, Vs : 1.3~3.5 TeV



EIC @ China Xurong Chen

® Based on the HIAF (the Heavy lon high Intensity
Accelerator Facility, approved in 2015

: 35cm-2g-1
L: 1 x10cm™s )\ ® The EicC will be in two steps, i.e. EicC-l and EicC-II

p/e, polarized

EicC-l: 2028-2035

L: 1 x1033cm2s-1
p/e, polarized

EicC-1

[ Update to 45 Tm ]

p: 12.5GeV
2 . eRing
4 60-100 Gev Ring )i e 3.5 GeV
¥ C: 1.5-2.0 km ===
HIAF-II
N 1-2.5 MW primary
7 iLinac & ISOL Target proton beam from
25-200 MeV/A CiADS-linac

Collider Ring (2 km):
Up: Polarized electron, 10 GeV
Down: Polarized proton, 60-100GeV

HIAF-I

Electron injector:
SRF Linac-ring, 3.5-10GeV




Comparisons: Luminosity and Energy
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Kinematics Coverage
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Figure of Merit Comparison

Figure-of Merit for double polarization experiments
EON=L P - P - [
L=Luminosity, P=Polarization, D=Dilution

FOM Comparison of EIC@HIAF (1) with COMPASS (2)
HIAE: | =1%102°, D=1
COMPASS: L=103%2, D=0.13 (NH; target)

Unpolarized:
FOM(1)/FOM(2) = L(1)/L(2) ~10
Polarized:
FOM(1)/FOM(2) = L(1)/L(2) * [D(1)2 /D(2)?] ~ 500




Overview of EIC Experiments

A Key Question for EIC:

“How are the sea quarks and gluons, and their spins distributed in space and
momentum inside the nucleon?”

« Spin and Flavor Structure of the Nucleon

e 3-d Structure in Momentum Space and Confined Motion of Partons inside
the Nucleon

« 3-d Structure in Coordinator Space and Tomography of the Nucleon

Other Important Questions:

“Where does the saturation of gluon densities set in?

How does the nuclear environment affect the distribution of quarks and gluons
and their interactions in nuclei?”

Opportunity for Low Energy Search of Physics Beyond SM
= Parity Violating e-N



Summary

Understand strong interaction/nucleon structure: A challenge
Review of History in Nucleon Structure Study

Electron Scattering: A clean tool to study nucleon structure and QCD
JLab facility and 12 GeV upgrade

Future Electron-lon Collider

EIC goes into new region: understand sea quarks and gluons




Physics with an Electron-lon Collider
IT: From Factors

Jian-ping Chen (Fk&lE), Jefferson Lab, Virginia, USA
Pre-Workshop Lectures, Hadron-China2018, July 25, 2018

= Electron Scattering
= Elastic Scattering: From Factors
Surprise: GeP @ high Q2 proton shape, 2-y exchange

Proton radius puzzle




Nucleon Form Factors

Charge and Magnetization Distributions
Transverse Density




Elastic Electron Scattering

>\/\/\/\/\/\,< do <|M| > ge LleptonK,u,V nucleon

The lepton tensor is calculable:
LMV = (kp,klv L kukl,u _I_gp,V(mQ L k,))

lepton —

The nucleon tensor is not; it s general (spin-independent, parity conserved) form is:

Ko K4 K5
K;u/ nucleon — Klgﬂl/ + szﬂpb' + M2 Q,uqv + M2 (p,uqy + pvqu)

Charge conservation at the proton vertex reduces the number of structure functions:

K“V = K4 If(K13K2)7 K5 ZQ(KQ)

nucleon

and one obtains the Rosenbluth form, with electric and magnetic form factors:

o ( = ) = [2K sin®(0/2) + K3 cos?(0/2)], Ki,2(q?)

ds2 E

4M E sin?(0/2)



Elastic Scattering on a Proton

From relativistic quantum mechanics one can derive the the formula electron-proton
scattering where one has assumed the exchange of a single virtual photon.

d_O-: d_a .E' Gé‘l‘TGj/[ HZTG;ltanzg
dQQ \dQ),. E l+7 2

where G; and G,, form factors take into account the finite size of the proton.
= 2 = . = =
GE e GE(Q )5 GM = GM (QZ)! GE(O)_11 GM( ) - IJ'p

Q? =4 E E’sin?(6/2) and T = Q2 /4m 2
Elastic cross sections at small angles and small Q%s are dominated by G; ( Prad Hall B))

Elastic cross Sections at small angles and small Q%'s are dominated by G,, ( GMP Hall A)

For moderate Q%s one can separate G; and G,, with Rosenbluth or asymmetry measurements.




Before JLab and Recent non-JLab Data
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Form Factors > Charge/Current Distributions
(non-relativistic)

Elastic electric form factor mm) Charge distributions
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JLab Data on EM Form Factors

Testing Ground for Theories of Nucleon Structure
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Form factors: 2D light-front densities of hadrons

unpolarized

= 205 dQ
P () :/0 Q (b (Q) Dirac FF F;

2

(oe) 2
+singy —8s) [ G252 A(BQR(QH) —> transverse

polarization
Pauli FF F,
proton neutron
L5
1
unpolarized s
: 0 Burkardt

charge density —0.5 (2000,2003)
-1
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GP: JLab Polarization-Transfer Data

Using Focal Plane Polarimeter in Hall A Lo - b T
* E93-027 PRL 84, 1398 (2000)
® E99-007 PRL 88, 092301 (2002) i h
* E04-108, arXiv:1005.3419v2 (2010) e ey _
Clear discrepancy between polarization "\
transfer and Rosenbluth data o 050 i
A, i I
. Investigate possible theoretical sources = e L:\I
for discrepancy @ dones, Punjabi o AT
> likely two-photon contributions 0.00 1 SN
Information on the shape of the proton I | 1 -1--1- 1 N ,}l:
and the orbital angular momentum. O T e 10 60 80 100 120

Transverse density .



http://xxx.lanl.gov/abs/1005.3419v2

The Proton’ s Shape

It" s a Ball. No, It’ s a Pretzel. Belitsky, Ji and Yuan: PRD 69, 074014(04)
Must Be a Proton.
(K. Chang, NYT, May 6, 2003)

quark spin parallel to that
of the proton (left), quark spin
perpendicular to the proton spin

(right).

G. Miller, PRC 68, 022201 (03)




GE": 6 GeV Results and 12 GeV Plan

T Illl [T LELE T

o Plaster
A Riordan . )
E12-09 ]O 16 (prop)
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< RCOM - Miller (2005)
GFPD - Diehl
VMD - Lomon (2006)
DSE - Cloet (2010)  —
« FLF A = 300 MeV
Qur Fit
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* The dramatic turnover of the Argonne DSE model would be clearly visible.
* Ifthe turnover is seen, it would provide strong evidence for the importance of diquark degrees of

freedom in the nucleon form factors.




Planned JLab Measurements of Form Factors
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Electron probe vs. muon probe




Proton radius puzzle

T T T T T T T
——e—— Sick et al

—0o— Bernhauer et al
—e— Zhan et al
o 2! CODATA
Pohl et al A 0.84184(67)

Antognini et ol A 0.84087(39)

M

0.78 0.82 0.86 0.90 0.94 0.98
Proton Charge radius (fm)

MH data: Re=0.8409 + 0.0004 fm
Pohl et al. (2010)
Antognini et al. (2013) 7 o difference !?
ep data: Re=0.8775 + 0.0051 fm
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Charge Radius of the Proton

e Proton G; has no measured minima and it is too light for the Fourier
transformation to work in a model independent way.

e Thus for the proton we make use of the fact that as Q% goes to zero the
charge radius is proportional to the slope of G;

Gp(Q%) =1

rp = \/(1?) =

We don’t measure to Q? of zero, so this is going to be an
extrapolation problem.

Q*=0




—

Proton radius puzzle: what’s next ?

uH Lamb shift: muonic D, muonic 3He, “He have been performed
electronic H Lamb shift: higher accuracy measurements underway

electron scattering analysis:  Lorenz et al.
- radius extraction fits (use fits with correct analytical behavior: 2mt cut)
- radiative corrections, two-photon exchange corrections

new fit Re=0.904 (15) fm (40 from pH) Lee, Arrington, Hill (2015)

electron scattering experiments:

new Ggp, experiments down to Q2= 2 x 10* GeV?

- MAMI/A1: Initial State Radiation (2013/4)

- JLab/Hall B: HyCal, magnetic spectrometer-free experiment, norm to Mgller (2016/7)

. : see talk: H. Gao
- MESA: low-energy, high resolution spectrometers (2019)

muon scattering experiments: MUSE@PSI (2017/8)

ee” versus L L" photoproduction: lepton universality test



PRad Experimental Setup in Hall B at JLab

Hydrogen
gas

SHOO Cryocooler;
Harp

Collimator & bellows
Tagger

—

bellows

bellows

PRad Setup (side View)

GEM
chamber

New cylindrical
vacuum box —

50m 1.5m

7m

High resolution, large acceptance

calorimeter

Windowless H, gas flow target

Simultaneous detection of elastic and

Moller electrons
GEM detectors

Q? range of 2x10* — 0.14 GeV?

Future sub 1% measurements:

(1) ep elastic scattering at Jlab (PRad)
(2) up elastic scattering at PSI- 16 U.S.
institutions! (MUSE)

(3) ISR experiments at Mainz

Ongoing H spectroscopy experiments

o N o



Summary

* Electron Scattering to study Nucleon Structure

» Elastic: Form Factors
charge/current distributions
transverse density

GeP @ large Q? surprise > shape of proton, 2-y effects
proton radius puzzle




