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Lecture Scheme

in-ter-face
in(t)ar fas/ noun
1. a point where two systems, subjects, etc., meet and interact.

DAY 1
= Introduction
= History and Basics of Electron
Scattering — Some Reminders
= Jefferson Lab
= 1D to 3D Nucleon Structure
= Form Factors and PDFs

= lLarge X
= Nucleons in the Nuclear
Medium
DAY 2
= Finish What I Didn’t Yet From
Day 1/

= The Electron Ion Collider
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Particle and Nuclear Physics - Related Questions

COSMIC ' By - g .

QUESTIONS ! ¥ g8

in the 20th
abw

cientific one. It had

w47 bition
Observable Universe ———— > Jight-yesrs.

DO WE LIVE IN
A MULTIVERSE?

WHAT IS THE SHAPE OF OUR UNIVERSE?

NATIONAL
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Nuclear Physics Seeks to:

« Understand the fundamental structure of visible matter (quarks, gluons,..)
Understand how hadrons (mesons, nucleons,..) and nuclei are formed
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How to probe the nucleons / quarks?

size in atoms and in meters
1 10—10
1 s
10,000
1 10-15
100,000

1 ~ 18
100,000,000 9 & ...

short distance -> large momentum
(Uncertainty Principle!)

e Electron/lepton scattering
experiments employ high
momentum point-like leptons,
+ electromagnetic interactions,
which are well understood, to
probe hadronic structure

‘(which isn’t). ’
|
High enerqgy electrons are a
great tool for the job!
=
d \oped & A= 1] ~10"" m




Simplest Nucleus: Is the Proton Point-Like?

» Do protons have size?

1948-50 — Schiff, Rosenbluth: suggest use of elastic electron-proton scattering to probe the
proton

El H¥dr°g9” £, Fiacon
ectron arget
Beam -
@/( q=(Ey—E'q)
Recoil
Proton
/ EO . ) .
E = °E g clectron is left with less energy after meeting the proton
1 + WO sin’ = 5

square of four-momentum transfer: connected to the probe’s
ability of resolving the structure of the proton

6
Q? = 4E,E’ sinzE

—

e L _ h e"
probe’s ability of resolving structure ~ 5

Ao
proton when >>than its size same proton when g " ltssize
Q 5



Charge and Magnetic Moment Distributions

0 Q*
2 2 —
+ 276”1 (Q?) tan > T=

Probability of do (d_a) =!GZE(Q2)+TGZM(Q2)
elastic interaction: 4 \dQ/ poin 1+1

* Form Factors are (in some limit) Fourier transforms of charge and
magnetic moment distributions

Charge distribution Form factor
point constant » Elastic cross section
Electron
( do do F(?) 2
S — —_— q"‘ ‘
Ay, ds? l ;
exponential Dipole i Mott
Proton
» Form factor
diffuse sphere oscillation
Nucleus 2 ;
\ F() = [ & Pplad’s
 — e
¥ q



How Do the Charge and Magnetic Moment Distribute?

Probability of do /(do _ [6%6(@%) + 16°y(Q?) 2 gy, 20 _ Qe
elastic interaction:  da (E) —— ! 1+t +2167y(Q%) an’ 5| TE

« The Q? dependence of form factors was measured...

Distribution of Charge

Nucleon Form Factors V Q° :
il _ ;;“5 or Magnetic Moment
¥
B i I-‘t: " GMpr 79 dipOIe |
8 ol ¥, o * Gmn/(-1:91) exponential
E Wkﬁg —
£ L Frt r ‘
° 1 i e o Dl e ot
1965 \eel? |
0 10 20 Sy 30
Q2 (fermi)? Q2 =1 GeV?

Caveat: The Form Factor as the Fourier transformation of a charge
distribution is a non-relativistic concept.



Actually, highly relativistic...

* Protons and neutrons swirl in a
heavy atomic nucleus with
speeds of up to some % c. More
commonly, their speed is some
Va the speed of light. They are
“strong-forced” to reside in a

small space. ey

L5

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

proton |

* Quarks (and gluons) are “confined” to the
even smaller space inside protons and
neutrons. Because of this, they swirl around
with the speed of light.
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Higher energy e-p and e-d elastic scattering at SLAC

J. Friedman, H.Kendall, R.Taylor
Nobel Prize 1990

Plan

\
Liquid SEeoondary \
Hydrogen kgl Faraday Cup

( X i‘__j Toroid Target Monfors \
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Matter Puzzle: What's Inside the Proton?
> |Is the proton elementary?

h
To find out increase the probe’s ability of resolving structure (decrease 5 )
WZ _ MZ 2
E Sé:iatt?red Ey — " , . ~ 0
Elattoon Targm/I/ seren E'=—75 .0 v=E—-E y= X*ZT5o
Beam “E T )T 1+ 5 sin"5 0
Recoil Hadrons
(Mass W) W2 = M2 + 2My — (2

1500 |- f}[

EO = 4.879GeV
6 10°

1000 |- H’W lﬁ%w _,flnelastic scattering: proton gets excited,

produce excited states or proton’s resonances,
W=M

resonance

Elastic scattering: proton stays intact, W =M

[nb/GeV sr]

d’c
dQdE

Elastic Scattenng
(Divided by 15)

0 | | L 1 | 1 | 1
28 30 32 3.4 36 38 40 42 44

. - . . EfG V]

2.0 1.8 1.6 1.4
W [GeV]|

¥ Im—Deep inelastic scattering: proton breaks up and

'\ we end up with a many particle final state, W =
6 large

10



Looking deep inside the Proton

I ¥ 1 T B ) ]
E\ « — W=2 GeV

T T 171177} T LIRS 3 iR

T

N

» —-W=3 GeV
s —— W=35 GeV

/
i

4
]
'

\.ELASTIC
\_SCATTERING

R
5,

lmi

Lo rrnlA

B B e A B

|

L

—

|

Deep Inelastic scattering cross sections
almost independent of Q2!
i.e. “Form factor” =»1

Scattering off point-like objects
within the proton

Inelastic scattering cross sections only
weakly dependent on Q2

Elastic scattering falls of rapidly with Q2
due to the proton not being point-like (i.e.
form factors)

o 1 2 8
OMott a <(1 +Q2/071)2) X Q
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Structure Functions in Deep Inelastic Electron-Nucleon Scattering

Probability of inelastic interaction:

dQdE’

d?o a’ 0 [1

0.5

- ? 1.5 < Q¥ (GeV/c)* <4
2"rﬁ | ¢ 5<QGeVick < 11
F5 i 12 < Q¥ (GeV/c) < 16

Same as if target was a
free spin 2 particle: the
photon is scattering on
quasi-free quark !

1.5

= cos’=|=F,(x,0?%) +£F (x,0?) tan®=
v A M

4E* sin® > 1 /

Unpolarized “Structure Functions”

F,(x,Q?)and F,(x,Q2):

= Account for the sub-structure of the
protons and neutrons

- X = fraction of nucleon momentum
carried by struck quark

=  Give access to partonic structure of
the nucleon, i.e.

Fy =z [g(u+a) + §(d+d) + §(s +7)

N D
(T

v\- Comparing the DIS cross section formula with

the Mott and Dirac elastic cross sections for
particles of mass m = xM and spin 1/2

« If point-like constituents were spin zero
particles, we would expect F, to be zero



Fast forward....

30+ years of charged lepton Deep Inelastic Scattering at
multiple laboratories including SLAC (to ~2000), CERN 80-
90s EMC, NMC, BCDMS..), DESY (90s — 21st century H1,
ZEUS,...), and more!

.Jeffer;on Lab



Q? Evolution of the F, Proton Structure Function

HERA F,

L x=6.32E-S oy o102

A=l 0016 1 E= ZEUS NLO QCD fit
i i+ § o A=0.000253 : :
/' s=n0004 HI1 PDF 2000 it
& e NIITE
S A Aa=0L000632 * H1394-00
LY SIS =000 _

F,P Structure Function measured
over impressive range of x and Q? .

l*'2 -lugm(x)

a HI (prel) o0

0.6 T =001 3 = LEUS 9647
_ ”v x=1h002 1 penats
w
4 —
' — I ; =40, 0032
y ™ _r'/‘/r‘ f"(‘rr
0.4 k sy . . i 3005
! U . . *,..t Lot
a ."
a . - d . \ L/ > f.“' }_..I"",-i x=ih, (18
oy 8 e ",.,.—r" o abd 0013
N— | /15 8 Ll ’\.\'(F '-.-I‘.'..‘
| ) R & __‘i_,_.-""'“ Pl
2? 0.2 & - ,-,_..--r.*‘”'ﬁ--" .‘W.;_Eé x=0.021
7 L - ."* !‘j}r:-r-!.l!"'!""i iiﬁ =02
il .hu-.-r;-—.i!— =105
' ;:”‘ i g —mmg g Bl fE g =008
O i 1 2 1 e I gk &
e R R e ey iy~ B —& X x=ih13
0 02 04 06 08 1 : = ] T

] s _.m_-_“.ﬁa_.;__:u_._-'_._.__._ﬂ. sag 2 'E""i’ ¥ L=
X b iias Tesnen syt B 3 1ok
Allows extraction of Parton I I 5 S

Distribution Functions f(x,Q?) - think i ﬁ«—“

momentum distribution of quarks | 0 0} w? 10 10°
Q*(GeV?)
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Proton structure function F,

18}

14}

12}

Scaling Violations

N
T

16F

0.8F
0,6F
0.4F

0.2F

Q=15 GeV’ i

® H1, ZEUS

A other experiments
(CERN, Fermilab)

—< QCD fit

1072 107"
Momentum fraction x

Scaling violation is due to the fact
that the quarks radiate gluons
that can "materialize" as g-gbar
pairs (sea quarks)

Increasing Q? increases the
resolution of the probe (~h/\Q?)
and thus increases the probability
of seeing these (abundant) low x
partons

The parton distribution functions
(PDFs) can not be calculated from
first principle of QCD but their Q?
dependence is calculable in
perturbative QCD using the
DGLAP evolution equations

.jeffer’gon Lab



Proton Structure Function F,

Q? dependence

Q2=2_7 GEVZ described by the

) Dokshitzer-Gribov-
Lipatov-Altarelli-Parisi

(DGLAP) evolution

equations

Increasing Q?:
- High x decrease
-  Low x increase

Allows extraction of
Parton Distribution
Functions f(x,Q2)
through Q? evolution
X From high x, low Q to
high Q, low x

0

— ZEUS NLO QCD fit

[] tot. error » BCDMS

E665
e ZEUS 96/97 v NMC




xi

0.8

0.6

0.4

Parton Distribution Functions and QCD Evolution

0.2 -

Q’=1GeV?

—— NLO QCD fit /
' /

/-\‘-.

q

N
W<q

i
Valence quarks maximum

around x=0.2; f(x) —0 for
x—1 and x—0

Sea quarks and gluons
- contribute at low
values of x



Quantum Chromo Dynamics

Gluons are the messengers for the The strong force does not get weaker with
quark-quark interactions large distances (opposite to the EM force)
Quantum Chromo Dynamics (QCD ) and blows up at distances around 10-1°m
is the theory that governs their (the radius of the nucleon)
behaviour q
g v et T QED
Gluons carry color charge, and we can A — 1 ' V(r)=kir
draw 3- and 4- gluon diagrams (self- . g ST
interaction) -
L‘(.)('l) — l"(/.”,'/t'D/’ m)y l(','m/(,'l”' V(r)=kr
/ | ! There is no 1/r> dependence! =" =

18



=] 5
*6:3210% . pog10

x=0.000161
¥=0.000253

HERA F,

= ZEUS NLO QCD fit
—— H1 PDF 2000 fit

x=0.0005
x=0.000632
x=0.0008

* H194-00

Measure e-p @
0.3 TeV (HERA)

p-p and p-p at
0.2, 1.96, and 7

ol
= =3

T

LHC

d?o/dydp. (pb/GeV)

" -
1aely™ ket b [+ 107

Tevatron

— NLO pQCD+NP?
Exp. uncertainty

10" | Anti-k R=0.5 PF
100 200

16y e [« 10%)

100 200 300 400 500 00 700 20 30
pr" [GeVic]

QCD Success !




vy Quantum ChromoDynamics

2004 David Gross, David Politzer A° s’k’o”t d"sta”tﬁes -
“and Erank Wilczek quarks move as though they are

free — Asymptotic freedom
Physics at short distance is
understood through
perturbation theory - a,(m,)=
0.1189(10)

Perturbative QCD tested up to
1% level

At longer distances
Confinement ensures that only
hadronic final states are
observed

Quarks can be removed from the
proton, but cannot be isolated!!!
We never see a free quark

QCD still unsolved in non-
perturbative region

Insights into soft phenomena
exist through qualitative models
and quantitative numerical

(lattice) calculations
ol 20




From the D. Gross Nobel Lecture (2004):

“It is sometimes claimed that
the origin of mass is the Higgs
mechanism that is responsible
for the breaking of the
electroweak symmetry that
unbroken would forbid quark
masses. This is incorrect.
Most, 99%, of the proton mass
is due to the kinetic and
potential energy of the
massless gluons and the
essentially massless quarks,
confined within the proton.”

21



Lepton Scattering: a Powerful Tool

The best evidence we have for what the nucleon
looks like comes from electron scattering experiments

P E =(F, k)
CHALLENGES

= The interaction is weak

— small cross sections

= Small cross sections also in
large x “valence” regime

= \Would also like coincidence
measurements with
struck/created hadrons

SUCCESS

= Clean probe of hadron structure

= Electron (lepton) vertex well-
known from QE

= One can vary the wave-length of ~

the ﬁrobe to view deeper inside”
the hadron /

\ ~

\%

E = (E, k)



Jefferson Lab Continuous Electron Beam Accelerator Facility

1995 - 2012...

Energy 0.4 — 6.0 GeV

« 200 pA, polarization 85%

« Simultaneous delivery 3 halls

« 500+ PhDs completed

* On average 22 US PhDs per
year, roughly 25-30% of US
PhDs in nuclear physics
*1530 users in FY2016, ~1/3
international from 37 countries

~2016 - .....

Energy 0.4 — 12.0 GeV

* 150 pA, polarization ~85%

« Simultaneous delivery 4 halls
* FY18: First try simultaneous
delivery to 4 halls - A, B, C, D




Jefferson Lab: What Are We After?

» Jefferson Lab Mission: mechanism of confinement, partonic structure of nucleon, quark and
gluon dynamics in the nuclear medium, nucleon spin decomposition, role of gluonic excitations
in mesons...

Add
cryomodsules

20 cryomodules

Hall C

24



“Part of what we will tell you this semester is wrong.

The problem is that we do not know what part.”
- Multiple sources

“True wisdom is knowing what you don't know”
- Confucius

.}effergon Lab
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Pre-JLab Results for the Form Factors
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How Do the Charge and Magnetic Moment Distribute?

Probability of do /(do _ [6%6(@%) + 16°y(Q?) 2 gy, 20 _ Qe
elastic interaction:  da (E) —— ! 1+t +2167y(Q%) an’ 5| TE

« The Q? dependence of form factors was measured...

Distribution of Charge

Nucleon Form Factors V Q° :
il _ ;;“5 or Magnetic Moment
¥
B i I-‘t: " GMpr 79 dipOIe |
8 ol ¥, o * Gmn/(-1:91) exponential
E Wkﬁg —
£ L Frt r ‘
° 1 i e o Dl e ot
1965 \eel? |
0 10 20 Sy 30
Q2 (fermi)? Q2 =1 GeV?

Caveat: The Form Factor as the Fourier transformation of a charge

distribution is a non-relativistic concept. 27
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Polarization Transfer in Elastic Electron-Proton Scattering

9_1_'{_ S I)t (Ebcum 5 E«) ta
Gum Py 2M

The double-polarization

approach obtains the FF

ratio by measuring two

polarization components | pngitudinally polarized electron beam
simultaneously.

Employ a combination of
spin precession in a
magnetic spectrometer
and a proton polarimeter.

A single measurement of
the azimuthal angular
distribution of the proton
scattered in a secondary .
target gives both the — B
longitudinal, PI, and

transverse, Pt, L P
polarization.

Carbon Analyzer

Front Chambers

JLab Hall A HRS spectrometer

slide 29



Surprising Result for the Form Factors...

0.8

J I J | A |

o Previous Data
e This Experiment

e
4]
|

Jefferson Lab
polarization
transfer
results!!

Q*Ff/up [(GeVic)*]
o
|
5
#
te
o |
e
n
o
I

& | ¢z .
¢
g
0.5 o o Inside Integral i

o m2 = 0.3[(GeV/c?)?]
o

o | L | ! |

0 10 20 30

Q2 [(GeVic)?]

1)e+p—>e+p
GgP/GyP constant

2)e+p>e+p
GeP/G,,P drops with Q2

First paper
800+ citations!

an/ G,

i1
1.0
0.9
0.8
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08 F
0.6

0.5

1.2

olo0 =
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0.6
0.6

0.4
02

0_...

-0.2

it

%’;- ||,i,,
2

“01 02 05 1

What is going on?...

Q2 [(GeV/c)?]

5
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Proton Form Factor Ratio

Jefferson Lab 2000-today
18 | | ® All Rosenbluth data from SLAC and

- Jlab in agreement

e , " Dramatic discrepancy between

1.4 = Rosenbluth and recoil polarization
o 0 1 | technique
Al < BEAREE ® Contribution of multiple hard photon
73: 0N RN | ; exchange accepted explanation
= .

0.8

0.6

0.4

-
s K lodriehs Waleher 2003

0.2 w— = Kolly 2004

Dramatic discrepancy!

Q2 In general, polarization observables are rather insensitive to
radiative corrections, as they are by definition a ratio of a
polarized cross section to an unpolarized one. slide 31



Proton Charge and Magnetization

e+ p—>¢€ +f)>
GeP/GyP drops with Q2

@]
L

1.5 —
B o [& ! i
Charge & 1.0‘_% v T ] ¢ oy ettty
magnetization % = . ﬂ [% o% _
distributions in the A - [y ": 7
o L - e Ln SLAC I 1"' ~ _
proton are CDQ_ 05 % o I v S b —
- | v B nl DESY 1 -~ -
different =. [ g e 1>~ :
| A A.d h (SLg(a:tes) I, T -~ - = I —
) i / — ] Zf;enc(ggg:)":z Il A) T .
charge depletion in 0.0 i 1 i
. . O  Christy (Hall C) .
interior of proton R e smaller distance — ’
o3 Jones (2006) (Hall C)
|- oh Hu (Hall A) -
_ (@  Puckett(2010) (Hall C) | | | | | | | | | | | | | | |
0-5 2 4 5 3 10

Q? [GeV?]

Orbital motion of quarks play a key role
(Belitsky, Ji + Yuan PRL 91 (2003) 092003)

@2 % U.S- OEPARTMENT OF Offi f —
@ ENERGY |Sens A Jefferson Lab



Hall A Also.. G" is not zero...

Neutron has no charge, but does have a charge distributions: n = p + ©-, n = ddu. Use
polarization to access. “Guarantee” that electron hits a neutron AND electron transfers
its polarization to this neutron.

(Polarization Experiments only)

D‘1ﬂ I I I I I I I ) ' I ' ! I I I L4 L4 LA L ,’ LA Ll LA LA ] L L2 T L ' LA L L L4 ‘I L4 L Ll Ll I T T L4
n = P *  Passchier i 21 3
i GPD ¥  Herberg ] 0. B Charge Distribution in the Neutron 1
0.08 ST Emdfc]! ADSE el e ] - ]

- = — Faadeav -
e’ die.e'd) T - Schiavilla & Sick & Madey i = o
B — . F,F,A=%00Mev ¢  Glazier ] E a
K Galster fit (1971) 0 Zhu A =01 E -
B Warren D LA = B
0.06 &  Mayerhoff i é £ -
[ O  Backer ] — E 2
_II ; o Barmuth = a. : :
i ¥  Rohe 7 R 3
0.04 pé " Gais — ‘P; 0 ~ s
- — _& FO02013 . B o
B s = 2
0.02f e . .
' E: 0.1F -
23 1 o B 1 1 1
D ﬂ i L L L L L L L L L L i L L L L L F O ] 3
00, i 2 3 4

Combining proton and neutron: down quark has more extended spatial
charge distribution. Could be due to significant influence of di-quarks?
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M

u GE/G

1.0

0.5

0.0

12 GeV Gg" experiment

Asymmetry in the polarized electron scattering
from the polarized 3He

|

A E93-038, PRC 73, 025205 (2006)

A E02-013, BigBite, PRL 105, 262302 (20
() E12-09-016, SBS (projected)

(e} E12-11-009 (projected)
(] A1-Mainz, arXive:1307.7361

——

——
-
-
-
-

-
-
-
-
-
-
-
-
-
-
-
-

——————— VMD - Lomon (2006)]
— —— DSE - Cloet (2010)—]
Galster fit/Kelly G"

///\—»{‘B'Lﬂbl fivKelly GI' 7]

=
—>—< E02-013 Fit .

N
N -
N
N -
/E/AT PN .I. AN

M T /I__/\() =)
- \_ \
_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII¥ -:
i 2 3 4 5 6 7 8 9 10 11 12 =

—

£ -

Polarized 3He Target Cell
for Hall A 34



G/ unGip

12 GeV Gy" experiment

Ratio of the cross sections D(e,e'n) and D(e, e’p)

IIII|II|‘J|IIII
I"’
_l"
'S
i
‘!

.h
~
~
S
~

'-_.-érr"l—'-é--—g ____________
-« CLAS (2008)
- A SLAC (1992) A ----BBBA
C o E12-09-19, SBS — Kelly
C e E12-07-104, CLAS12
:lllIllIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
2 4 6 8 10 12 14 16 18
2 2
Q [GeVT]

W
1T ‘

JLab Hall B CLAS12

JLab Hall A SBS
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12 GeV GgP experiment

Transverse polarization of the proton
in the polarized electron-proton scattering

L e
————— VMD - E. Lomon (2002)
————— VMD - Bijker and lachello (2004)
——— RCQM - G. Miller (2002)

—— — DSE - I. Cloet (2009)

—— F,/F, = In(Q%/A%)/Q%, A =300 MeV

1.0

0.5 |
o= B .
©) _ i
ol _ i
Q) B i
o
=S 00— N e
: n GEp(1
v GEp(2
| e GEp(3
-0.5— < GEp
. JLab Hall A SBS
o 5 10 15
Q? [GeV?]

Also measuring at low QZ... |
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Delayed / prompt events (1074

Muonic Hydrogen Data

High precision results from Muonic Lamb o /\/// Che
shift data give a proton radius of 0.84 fm. /(\ [} New JJork
8 -~

This result contradicts many other extractions =" ; Cunes
- dominantly from electron scattering - which = ) R
have determined the proton radius to be
e N4wre
7 -\
oF-
sE .
af A

=L SCIENTIFIC

-
TTT T
—_

49.8 49.85

49. 75 49.9 49.95
Laser frequency (THz)
Eyp — Ep = 209.98 - 5.2262 r,2 + 0.0347 r,3 MeV

.}efferson Lab



Some Of The Possible Explanations

uH experiment eH theory
wrong ? wrong ?
\ / Beyond
L?mb shift | Standard
difference of Model
/ 310 £ 2 peV eH experiment
+ ep scattering
uH theory wrong ? \ wrong ?
- 2y corrections - Res
- missing QED or EW - 2y corrections
corrections - low-Q?
- soft hadronic corrections extrapolation

List of possible explanations from Franziska Hagelstein, University of Mainz Jefferson Lab



Need the Slope of G(Q?) Using Low Q? Data

1/2

dGE(Q?)
TaZaNN

r, =4/ (r?) = 6

What is going to be what function to use for the fitting &
extrapolating?

The answer to this question STRONGLY effects the answer!

Q2 < (1/0.88 fm)? < 1.2 fm2 to get the radius of the proton
(equivalent to ~0.05 GeV?)

.jefferson Lab



Plotting Published Results & Standard Functions

- These are NOT regressions, just the data as published and standard curves. -

Number of Husbands

Number of Husbands

AS YOU CAN SEE, BY LATE
NEXT MONTH YOU'LL HAVE
OVER FOUR DOZEN HUSBANDS,

J - HOLD ON -
O SHOULDN'T YOU
BE USING MORE

THANTWO
' DATAPOINTS?

Yesterday [

______________

Today """~ = === ==-=

OOPS, YOU'RE
RIGHT,

Yesterday [~
Today |- - -
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I Gaussian (r=0.88fm)

| Linear (r=0.88fm)

0.88 fm radii

l L L 1 ‘ L L L { L | ‘
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0.2

Closed Circles Mainz 1980 results and open circles Saskatoon 1974 results.
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Plotting Published Results & Standard Functions

- These are NOT regressions, just the data as published and standard curves. -

— 1 — 1
‘\g 0.84 fm radii Ng 0.88 fm radii
L (NN
(50.975 I (50.975 7
0.95 | 0.95 |

I Monopole (r=0.84 fm) i Monopole (r=0.88fm)

0.925 | Dipole (r=0.84 fm) 0.925 | Dipole (r=0.88fm)

Gaussian (r=0.84 fm) Gaussian (r=0.88fm)

| Linear (r=0.84 fm) | Linear (r=0.88fm)

0.9 B L L L ‘ L L L | L L L | L L L | 0.9 B L L L \ L L 1 ‘ L L L | L L L ‘

0 0.2 04 0.6 0.8 0 0.2 0.4 0.6 0.8
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Note how for a fixed radius, all functions come together as Q? gets < 0.4 fm™.

Need precision data at very low Q?!
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Small angle and small Q2 to minimize the effects of G,,and provide best measurement of G,
Gas Target (the proton) and GEM Detectors (scattering angles)

o

* The Collaboration & Hall B staff managed to get
this experiment ready while installing CLAS12
The first completed experiment for the upgraded
CEBAF accelerator.
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Expected Precision of PRad Data

1 peescorzxok XxX XX XX X% X% X X E% i% % % Eﬁ
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0.9 :
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Other Form Factors — Testing QCD in the Confinement Regime

[_jD
3 1 B CLAS
5 ® HallA
*E 0.9 ] * Hall C
© os Baryon A g{AMI
: cloud Y e
07| . Voo
0.6

pQCD: ~1/Q8 .
0.5 / h :
0.4

bare quark core

0.3

0.2

10" 1 ,f )
Q” (GeV?)

P,,(1232) Magnetic Dipole
Transition Form Factor
CLAS12 will map numerous
Resonances!

Q*F,(Q%)

Pion FF — first quantitative access
to hard scattering scaling regime?

" " “fonopole T

1
= r

Hard QCD obtained with ¢,2Y(x)

0 5 10 15 20

Q? (GeV?)
Low t = four-momentum transfer
squared at the nucleon vertex
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QCD and the Mechanism for Confinement

q q
« Field theory for strong interaction:
— quarks interact by gluon exchange
— quarks carry a ‘colour’ charge I
g \
V.
/

— exchange bosons (gluons) carry

colour = self-interactions (cf. QED!) q

q

« Hadrons are colour neutral:
— RR, BB, G or RGB
— leads to confinement:;

1), |qq) or |qqq) forbidden

« Can also have gluonic excitations....
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Hall D: Gluonic Excitations and
the Mechanism for Confinement

QCD predicts a rich spectrum of as yet to be discovered gluonic excitations -
whose experimental verification is crucial for our understanding of QCD in the
confinement regime.

With the upgraded CEBAF, a linearly polarized photon beam, and
the GlueX detector, Jefferson Lab will be uniquely poised to: -
discover these states

_ 12 GeV electrons
- map out their spectrum

- measure their properties States with Exotic

Dudek et al._ Quantum Numbers
- exotics |
¥ Excited Glue
beam s git— S
v X S o ¥ a i
~ 0
E o S e B
[) -
- . X . . .
/\ 0.1 0.2 03 0.4 05 12 /GeV?
N N : " 4
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Extracting the (e,e’) cross section

N, (cm2) '
N

e — (AQ., Ap.)

Scattering probability or cross section

d’c B Counts
dQ _dp, N,N ,AQ Ap,




e-p and e-d elastic scattering

aq « E [ Gi+ 1G; .
=Te) = TE St 072 - cos® 0/2 - i [ l.] — M 4+ ‘ZTG.Z‘, tan? 0/2]

Protons have charge distribution
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