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Lecture Scheme

DAYS1-2

= Introduction

= History and Basics of Electron
Scattering

= Jefferson Lab

= 1D Nucleon Structure

DAYS 2 -3

= 3D Nucleon Structure
Nucleons in the Nuclear Medium
= Other topics
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HOW DID OUR UNIVERSE BF.GIN?

Some 138 billion years ago
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HOW WILL IT END?

‘Which will win in the end, gravity or antigravity? Is the density of
matter enough for gravity to halt or even reverse cosmic expansion,
leading to a big crunch? It seems unlikely—especially given the
power of dark energy, a kind of antigravity. Perhaps the acceleration
in expansion caused by dark energy will rigger a big rip that shreds
everything, from galaxies to atoms. f not, the universe may expand
for hundreds of bilions of years, long after al stars have died.

COSMIC

QUESTIONS

In the 20th century the universe became a story—a scientific one. It had
always been seen as static and eternal. Then astronomers observed other
galaxies flying away from ours, and Einstein's general relativity theory
implied space itself was expanding—which meant the universe had once
been denser. What had seemed eternal now had a beginning and an

end. But what beginning? What end? Those questions are still open.

WHAT IS OUR UNIVERSE MADE OF?

Stars, dust, and gas~—the stuff we can discern—make up less than 5

The Universe

-

&

Big crunch

Big i Infinto expansion

Galaxies ripped apart >
 rapid expansion
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The Unknown Beyond
at we can't see. The.
possible shapes are:

w47 bilion

Observable Universe oresigr

DO WE LIVE IN

i
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% Sphere

‘What came before the big bang? Maybe
WHAT IS THE SHAPE OF OUR UNIVERSE?

other big bangs. The uncertainty principle
Einstein discovered that a star's gravity curves space around it

holds that even the vacuum of space has
‘quantum energy fluctuations. Inflation
theory says our universe exploded from
such a fluctuation—a random event that,
odds are, had happened many times

ight space

percent of the universe. Their gravity can't account for how galaxies
hold together. Scientists figure about 24 percent of the universe is a

tic p: right after
inflation. The rest is dark eneray: an unknown energy field or property

[

4% Gas.
0:5% Plan ts and stars

Iike a sphere or curve the other way, opening

outlike a saddle?
foun

that the universa is poised between the two:

just dense enough

Saddie

before. Our cosmos may be one ina sea
of others just ike ours~or nothing ke ours
These other cosmos willvery likely remain
forever inaccessible to observation, their

e
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of space that counteracts gravity, providing an explanation for obser-
vations that the expansion of space is accelerating

Seek to:
 Understan
 Understan

with just enough gravity to be almost perfectly flat, at least the
part we can see. What lies beyond we can't know.

possibilities limited only by our imagination.
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d the fundamental structure of visible matter (quarks, gluons,..
d how hadrons (mesons, nucleons,..) and nuclei are formed
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How to probe the nucleons / quarks?

size in atoms and in meters
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short distance -> large momentum
(Uncertainty Principle!)

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

\(which isn’t). ’
|
High energy electrons are a
great tool for the job!




Rutherford Scattering

matter

i

e

Rutherford taught us the most important lesson:
use a scattering process to learn about the structure of

H. Geiger and E. Marsden observed that o-particles
were sometimes scattered through very large angles.

Rutherford interpreted these results as due to
the coulomb scattering of the x-particles with the
atomic nucleus:

27 1

¢(0)=
16 E2 sin'ld
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Rutherford Scattering

In a subsequent experiment
Geiger and Marsden verified
Rutherford’s prediction
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The atom consists of a charged nucleus (< 107 m) surrounded
by a compensating distribution of electrons (10-1° m)
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1st elastic electron-nucleus scattering

Scattering of 15.7-Mev Elégtrons by Nuclei*

S , anser®, anp M. B. Scorrt
ﬂaparﬁmm af .P.’::.rﬂar Umm-ﬂij-r of Illinois, Urbana, Ilinois

(Received July 3, 1951)
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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

- H_ly_drc:-gen E’ Séztéﬁgend
ectron arget
Beam o
@ff 0= o)
Recoil
Proton
/ EO . ] .
E = °F g ¢electron is left with less energy after meeting the proton
1 + WO sin® 5 5

02 = 4E, E' sin? Q . square of four-momentum transfer: connected to the probe’s
0 2 | ability of resolving the structure of the proton

-

e- ) - . h e
probe’s ability of resolving structure ~ 5

h L
proton when >>than its size same proton when g " itssize
Q 8



Extracting the (e,e’) cross section

ey _or®
© —

= % (AQ,, Ap,)

Scattering probability or cross section

d’o B Counts
dQ _dp, N, N ,AQ Ap,




Simplest Nucleus: Is the Proton Point-Like?

» Do protons have size? Electromagnetic interaction calculable...

Yes! Experiments at High Energy Physics
Laboratory Stanford, 1955

180° Spectrometer

(36" radius)
1029 — Electron Scattering \
from Hydrogen Secondary
- 188 MeV (LAB Electron {7
—_ Monitor ~ =
=
e — \ 7
% Vacuum Pipe Farada
N 10730 point-like proton Cup
.5, | with spin o Target
S
6 —
A Probability of interaction less than
"‘é " point-like proton _-"7 expected from point-like proton with spin
o without spin
experiment
— \\ ~\\
N g . .
10°32 » Probability of interaction more than

1 | 1 | T . i . .
30 70 110 150 expected from point-like proton without spin
Scattering Angle (deg)
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How Do the Charge and Magnetic Moment Distribute?

Probability of dff/(d_U) _ !GZE(QZ) +16°4(Q%)
dQ point

0 Q?
. . T2 + ZTGZM(QZ) tan® — T =
elastic interaction: 4@ 1+71

2 T 4M?2

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

Charge distribution Form factor
point constant » Elastic cross section
Electron
da [ do F( 2)
di} ex a di Mott .
exponential Dipole P
Proton
» Form factor
diffuse sphere oscillation
Nucleus 2y iqr/h 3
\ F(e) = [ ¢ p(a)ds
— - — -
¥ q

2



How Do the Charge and Magnetic Moment Distribute?

Probability of do /(do _ [6%:(Q%) + 76°y(Q?) 2 gy, 20 _Q*
elastic interaction:  dQ (E) point ! 1+7 +2767,(Q%) tan 2l T ame

« The Q2 dependence of form factors was measured...

Distribution of Charge

Nucleon Form Factors Versus Q2 or Magnetic Moment
0.8
. GEP
¢
5 " l-‘g: . GMPIE.?Q dipOIe |
8 ol ’-h..'_Jl * Gupn/(-1.91) exponential
£ " =
g | A
{' - .4
0 ;
________ LA T T . A T
1965 N—(oen)? |
| |. | L
0 10 20 e 30
Q2 (fermi)? Q2 =1 GeV?

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

distribution is a non-relativistic concept. 12



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.

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

* 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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e-p and e-d elastic scattering

do a’ e B GEE TG o i o
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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
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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 =)

£ Sé:iattered E, — % v Q2
Target ectron E' = v=E,—E' y=— X =
Electron 0
Beam ?D"' ::T:f 1+ ZMﬁm % Eo 2Mvu
Recoil Hadrons
(Mass W) W?#=M?*+2Mv — Q?
__ 1500} ﬁ; Elastic scattering: proton stays intact, W = M
7 E, = 4879GeV i }
E 0 10° |
‘Fl - t : . .
= 1000 w ﬁhﬁwﬁ ]d |_—Inelastic scattering: proton gets excited,
) %MWW& iﬂw produce excited states or proton’s resonances,
] % 500 L + W Mresonance
o |G '
= FéésFlc Scattﬁrmg__ ——Deep inelastic scattering: proton breaks up and
. . (DwidedbylS) l\ we end up with a many particle final state, W/ =
28 30 32 34 36 38 40 42 4, 4 6 |a rge
. . . . EfG eV
2.0 1.8 1.6 1.4
W [GeV|
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Q2 = four-momentum transfer
In electron scattering process

First SLAC experiment ( ‘69):

— expected from proton form factor:

do |dE'd) 1 ’ e
(do/d0),,.,, \(1+0*/0.71)

First data show big surprise: 107
— very weak Q?-dependence

— scattering off point-like objects? Lo I

— quark structure of the proton! e 1 2 QEBEGB:},C}zs & 7

. LN
Elastic scatterlng \,\

T T TTIT
/
/!
/
/
Ll




Point-Like Constituents Inside Proton

Scattering from point-like, charged objects in the proton

-
e'»—i e-»—g@
+ 6° 18°

x 10° a 26°

05 e —
04 | “scaling” = no Q° deﬂendence

ep 03 + + |D,* l:l*}r‘:’* * ‘}_

02 |- |

o R x=0.25 |

0 1 1 1 l 1 l \ 1
0 2 4 5 8
0?/GeV*

Structure “looks the same”
even as the probe’s resolution
IS increased more and more

X : Bjorken “scaling” variable
(= Q3/2Mv), momentum
fraction of struck quark

18




Looking deep inside the Proton

T T 1TT1T17T] T LIRS T

T
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J

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 Q?

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

o 1 2 8
OMott - ((1 —|—Q2/071)2) > Q
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Hypothesis: Quarks/Partons Inside the Proton...

» Gell-Mann, Zweig: Three quarks —u, d, s — combine following well defined rules to make the
observed hadrons

static proton = static neutron

<
Wik || Wi

o
Il
|
W N
o
o

valence quark

» Feynman: Quark-Parton model — large Q2 scattering from quasi-free, point-like, partons

Infinite Momentum Frame: time it takes for virtual photon to couple to partons much smaller than
interaction time between partons

Fo(x) =x ) e*,f,(x) = 2xF;(x)
] 2 z qq= 1

P

q :
‘ - \
(1—x)P— « @-— . L
‘ « longitudinal momentum distribution
proton
1

1

of partons inside proton:
parton distribution functions
virtual photon couples to a parton carrying
momentum fraction x of proton’s total momentum

towards a dynamical proton and neutron

20



Structure Functions in Deep Inelastic Electron-Nucleon Scattering

d*o

Probability of inelastic interaction:

aZ

- ¢ 1.5 < Q¥GeV/icy < 4
% + 5= Q%GeVic)F <11
F> $ 12 < OU(GeV/c): < 16
1.5
{ | spin 2z
$

0.5

Same as if target was a \

free spin V2 particle: the

photon is scatteringon |5
quasi-free quark !

dQdE'’

,0(1 5 2 . , 0
= 5 Cos" —F,(x,Q )+MF1(x,Q )tan®—=

4Ezo sin47 2|v 1/ 2
Unpolarized “Structure
Functions” F,(x,Q%) and F,(x,Q?):
- Account for the sub-structure
of the protons and neutrons

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

FY = o [§u+7) + §(d+d) + 5(s +7)

AN

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!

I. ! : " /]/ . _— ;
B~_  HERMES &

.Jeffersf?on Lab



QuantumChromoDynamics prediction: scaling violations

* Originally: F, = F,(x)

Flx -Q!)

deuteron . = 0.008 Falx,2) I one
— but also Q%-dependence o s e s o

o e } M (x52)
_ , , il R e e
« Why scaling violations? ' //é" Vo e Ty
— if Q? increases: |

= more resolution (~1/ Q?)

05+

= more sea quarks +gluons

« QCD improved QPM:

Fz(x;QZ) . ‘}_

« Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (“DGLAP”)
Evolution...

4effergon Lab



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 101> m
is the theory that governs their (the radius of the nucleon)
behaviour q

g ot e N QED
Gluons carry color charge, and we can i R | V(r)=kr
draw 3- and 4- gluon diagrams (se/f- i g T " :
Interaction) S— distance .

QCD

V(r)=kr

- 2 ' L
There is no 1/r- dependence! distance -

.Jefferg@n Lab



Q) |

)4 David Gross, David Politzer

At short distances

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

25



Proton structure function F,

N

18

1,6

1,4

1,2

0,8

0,6

0,4

0,2

Scaling Violations

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/VQ?)
and thus increases the number of
partons that are "seen" bring a
fraction x of the proton
momentum

The parton distribution functions
(PDFs) can not be calculated from
first principle of QCD but their Q2
dependence is calculable in
perturbative QCD using the
DGLAP evolution equations

.gefferé)on Lab



Q? Evolution of the F, Proton Structure Function

F.P Structure Function measured

over impressive range of x and Q? .

0.6 1
—u,
—d,
0.4 f ——
—_ d
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0.0 —— g/15

P T,

0.8 1

Allows extraction of “Parton
Distribution Functions” f(x,Q?2) - think
momentum distribution of quarks

F, -log,,(x)
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| x=6.32E-5

— iy A N seeg $ ¥ T
it i e v asanly & !——- E 3=.25
L Pt mww.-m_..dntai.“.....__-_q_-__i_. =04
1

HERA F,

x=1, 0 102

=100 A1
a=0,000253
=004

L a=0005
= =632
FES A =00

= FZEUS NLO QCD 1t

—— HI1 PDF 2000 it

o H %440
& HI (prely Yo
a=0.0013 = ZEUS 9697

A BCDMS
=121

. ‘.{ x= 32
o '{f iﬂi-
) ‘ -u”‘ e
’ s .
& s ‘#,g e et s X008

x =S

‘j,.gt a0z

. T __,pt"' I l;“i‘ x=0,021
Ty &
P
o PR L

‘_._--—ll-_".—.. !— x=105

=32

by B g pBemmSgeplgE g =008

i

P 5_?-;.-.-—'.-—-.-.'“—‘.-— m.*.-'-';:_._ - =_ _i_ =13

b o i . . .. =065
II.IIII 1 i II.II.I 1 i II.II.I 1 i II..I.I 1 i II..I.I.
2 3 4 5

10 10 10 1 1
Q- (Gt‘« ?)

Jefferson Lab



Proton Structure Function F,

Q? dependence

Q2=2_7 GeVZ described by the

0 Dokshitzer-Gribov-
Lipatov-Altarelli-Parisi

(DGLAP) evolution

equations

Increasing Q2
- High x decrease
-  Low x increase

Allows extraction of
Parton Distribution

0

10 -3 1 Functions f(x,Q32)
through Q2 evolution
X From high x, low Q to

high Q, low x

— ZEUS NLO QCD fit
[ 1 tot.error » BCDMS

» E665
e ZEUS 96/97 v NMC



Factorization

The fundamental assumption of the Quark Parton Model is
factorization:

The process of hadronization occurs on longer time scales compared to the
elementary lepton - parton scattering , so it is possible to conclude that
there is a factorization between hard scattering process lepton - parton and
processes between soft partons , leading to their recombination to form
colorless hadrons.

In other words the two phenomena , in good approximation, are decoupled.
The former are calculable using perturbative QCD (pQCD ), in principle, with
arbitrary accuracy; the latter, instead, are parameterized in the form of
phenomenological functions a priori unknown, e.g. Parton Distribution
Functions.

They can therefore be extracted from the comparison with the experimental
data of a certain process, and to be reinserted in the calculation of the cross
section of a another hard process to make predictions

w Factorization and universality test



PDF Extractions

o A large range of available deep

inelastic and related hard S

scattering data involving incoming Zos [ H1 PDF 2000 ) i

protons (and antiprotons) are o , Q=10 GeV~
. 08 ZEUS-S PDF

used to determine the parton r

densities, 7; of the proton. o7

o The procedure is to parametrize '
the x dependence of f,(x,Q2,) at os F
some low, yet perturbative, scale ;
Q?,. Then to use the DGLAP :
equations to evolve the 7 up in
Q?, and to fit to available data :
(DIS structure functions, Drell-Yan :
production, Tevatron jet and W “E
production...) to determine the g b ; A .
values of the input parameters ' X

xg(x0.05)

xS(x0.05)

.Jefferé)on Lab



xi

0.8

0.6

0.4

Parton Distribution Functions and QCD Evolution

0.2 -

Q’=1GeV?

—— NLO QCD fit /
' /

/-\‘-.

q

.4

: q
e
Mg,

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
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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)
SUCCESS CHALLENGES

= (Clean probe of hadron structure
= Electron (lepton) vertex well-
known from QE

= One can vary the wave-length of

the Rrobe to view deeper inside”
the hadron

= The interaction is weak

— small cross sections

= Small cross sections also in

large x “valence” regime

B " \Would also like coincidence
measurements with

struck/created hadrons

A~ .

\%

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 at 12 GeV: 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...




Lecture Scheme

DAYS1-2
v" Introduction
v" History and Basics of Electron
Scattering
Jefferson Lab
= 1D Nucleon Structure

DAYS 2 -3

= 3D Nucleon Structure

= Nucleons in the Nuclear
Medium

= Other topics
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