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Cool Facts about QCD and Nuclel

Did you know that ... ?

« If an atom was the size of a football field, the (atomic) nucleus would be

about the size of the umpire.

* Despite its tiny size, the nucleus accounts for 99.9% of an atom’s mass.

* Protons and neutrons swirl in
a heavy atomic nucleus with
speeds of up to some % of c.
More commonly, their speed is
some ¥4 the speed of light. The
reason is because they are
“strong-forced” to reside in a
small space.

* 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.

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

3 Jeff.e-r:son Lab
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Cool Facts about QCD and Nuclel

The strong force is so strong, that you can never find one
quark alone (this is called “confinement”).

When pried even a little apart, quarks experience ten
tons of force pulling them together again.

Quarks and gluons jiggle around at nearly light-speed,
and extra gluons and quark/anti-quark pairs pop into
existence one moment to disappear the next.

This flurry of activity, fueled by the energy of the gluons,
generates nearly all the mass of protons and neutrons,
and thus ultimately of all the matter we see.

Even the QCD “vacuum?” is not truly empty. Long-
distance gluonic fluctuations are an integral part. Quarks
have small mass themselves, but attain an effective
larger mass due to the fact that they attract these gluonic
fluctuations around them.

Nuclear physicists are trying to answer how basic
properties like mass, shape, and spin come about from
the flood of gluons, quark/anti-quark pairs (the “sea”),
and a few ever-present quarks.

c 2
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Cool Facts about QCD and Nuclel

A small fraction of the force between
quarks and gluons “leaks out” of protons
and neutrons, and binds them together to
form tiny nuclei. The long-range part of this
process can be well described as if protons
and neutrons exchange pions.

Nuclear physicists are only now starting to
understand how this “leakage” occurs, and
how it results in the impressive variety of
nuclei found in nature.

A nucleus consisting of some 100 protons
and 150 neutrons can be the same size as
one with 3 protons and 8 neutrons.

Despite the variety of nuclei found in
nature, we believe we miss quite some
more. These are necessary to explain the
origin of nuclei and the abundance of
elements found in the cosmos.
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Elementary Particles

« Protons, neutrons and electrons (p,n,e) build all the atoms.
* Proton and neutrons make up 99.9% of the visible mass in the universe.
« Dozens of new particles were discovered in the past century.
« Strong interaction: strength can be 100 times the electromagnetic one
leptons (e,u,v,..): not involved in strong interaction
hadrons [mesons(r,K,...) and baryons(p,n,...)]: involved in strong interaction
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QUANTUM ELECTRODYNAMICS (QED)
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QUANTUM ELECTRODYNAMICS (QED)

Gauge theories are plagued by infinities

These can be absorbed in a well-defined way
into the “renormalized” (measurable) couplings and masses

 renormalization -> “running couplings”

=9 o (p?) Running

= — ; QED
1 - %log (ﬂz) coupling

8 .L(;i’,fggon Lab



ELECTROWEAK THEORY

 one of the biggest achievements in the 20" century:
electromagnetic and weak interactions
unified based on gauge group SU(2) x U(1)
(Glashow, Salam, Weinberg)

« cornerstone of the Standard Model

Line = =55 X (=30 W+ T W) 0

charged currents

- aly. A ).
@q"’* Vi 7" i AD electromagnetic interaction
[/
g — : 5 weak
E@L(Q% —9a7") @ neutral
1

2 cos HW current
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A FAMOUS EXAMPLE OF A RUNNING COUPLING

2
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GLUONS AND QCD

QCD is the fundamental theory that describes
structure and interactions in nuclear matter.

Without gluons there are no protons, no neutrons, and
no atomic nuclei

Gluons dominate the structure of the QCD vacuum

T 1
Locp = z q;liv*D, —mjlq; - 7 G G

j=ud,s,...

D, = 0, + ig;A%A%, G2, = 0,A, + 0,A,|+ igf*PcALAS

Facts:
— Unique aspect of QCD is the self interaction of the gluons

— The essential features of QCD - asymptotic freedom and = d)
(the emergent features) dynamical chiral symmetry (b’ ﬂ
breaking and color confinement - are all driven by gluons! g @@ &
® 0

— Mass from massless gluons and nearly massless quarks Q@ e o

» Most of the mass of the visible universe emerges from

guark-gluon interactions Emergent mass of
the visible universe

« The Higgs mechanism has almost no role here
1 .Jrc_ej,f;gon Lab



QUANTUM CHROMODYNAMICS (QCD)

Gluons mediate the strong (color) force, just like photons mediate
the electromagnetic force, but ... gluons interact with themselves ...
which gives QCD unique properties

1 aiy pa g £
S Fogp = —3 P Fi + ) @iy D — ms)g;
J
a & a abe Ab Ac
FNV = (S#AV T 5}/14'“ = gf A{J»AV

. oA
D, =0yt 'agA“?

QCD Lagrangian: quarks and gluons
Nuclear Physics Model is an effective (but highly successful!)
model using free nucleons and mesons as degrees of freedom.
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QCD — impressive tool at high energies

Z production at the LHC
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V(r)

QCD - CONTINUED

Coulomb
linear
total

theory.

__ B At small distance scales we have
ﬁ a Coulomb-like asymptotically free

B At larger distances we have a
— linear confining potential ~ 1GeV/fm.

dislance

distance

C or Field: the field lines are compressed to vortex
lines like the magnetic field in a superconductor

14

),
Jye,f,ferson Lab



The Quest to Understand the Fundamental Structure of Matter

1808 Atom Electron 1874

Molecule v
*_) i
[\

Matter
Nucleus 1911

Proton

1913

Neutron 1932
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The Quest to Understand the Fundamental Structure of Matter

Discovery

)

Application  Understanding

N
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New Recipes for Stopping Neutrons

Concrete: H2|Neutron Moderator

\

Pb: Gamma Absorber

Applications:

*  Nuclear power

+  Experimental particle
physics shielding

«  Shielding for special
materials

«  Shielding around neutron
sources (SNS, ESS)

*  Medical proton therapy
facility shielding
«  Shielding for electronics to

Neutrons are a common byproduct of particle accelerator operations.
They can cause radiation damage and single-event upsets causing
sensitive data acquisition systems to fail mid-experiment.

Preventing this was a chief goal of nuclear scientists in the design of a
shield house for an apparatus at Jefferson Lab, and guided an optimal
shielding strategy, with light-weight concrete followed by a boron-rich

sheet and finally a layer of lead.
yaxy [: l 2

PRODUCTS
N A,

P TR

| T

—

Neutron Radiation Sources:
* Particle accelerators

* Nuclear reactors

« Cosmic rays

Patented Patented
boron-rich  light-weight
concrete  concrete

prevent “single event patented u
boron-rich e~ -

failure” (ESA) sheet  —tjorl | {1 L ovd ol

Applications of Nuclear Physics 5 JefE-?son Lab
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Detector Spin-Off Advances Patient Care

Nuclear physics detector technology developed to explore the structure of matter
at Jefferson Lab leads to new and advanced tools for better patient care.

Tools for nuclear physics research: Tools for better patient care:
photomultiplier tubes, silicon photo multipliers,
scintillator and detector electronics

Compact gamma
camera for breast
cancer detection

Hand held gamma
camera to guide
surgeons

Applications of Nuclear Physics 8



Proton Therapy for Cancer Treatment

Radiotherapy with a proton accelerator (up to 250 ’ | —— Brssa Pesk
MeV) allows oncologists to design fine-tuned three-
dimensional cancer treatment plans.

)

Fundamental nuclear physics: Bragg peak determines
proton energy loss = dose to patient

o Enables higher precision localized treatment

o Has fewer side effects due to reduced stray radiation outside the
tumor region

o Nuclear physics technology to enable this includes simulation,
beam transport, acceleration, dose monitoring, and more

o Jefferson Lab scientists have been instrumental in the design,
construction and treatment plans at nearby Hampton University Depth in Tissue (cm)
Proton Therapy Center, and other facilities. X-Ray Dose of Radiation [Jlj Proton Dose of Radiation

Dose of Radiation Percentage (

Q Cpelonan © Gantry

X-Rays Protons

Ptan Sum - Transversal - BRAIN E Plan Sum Open - Transversal - BRAIN

Applications of Nuclear Physics 19 Jefferson Lab



Enabling Real Time Radiation Treatment Dosimetry

Nuclear physics detector technology incorporates real time dosimetry monitoring
into radiotherapy cancer treatment procedures.

Radiation treatment dose uncertainties can
affect tumor control and may increase e =
complications to surrounding normal tissues. / f

1]
The current standard of pre-treatment quality ‘ ——‘ —/ ;
assurance measurement does not provide '
information on actual delivered dose to the
tumor and can not predict all clinically
relevant patient dose uncertainties.

Nuclear scientists at Hampton University
and Jefferson Lab developed real-time, in o _
vivo, dosimetry technology. Scintillating Fiber

Fiber Core
Fiber Cladding

They use plastic scintillating detector (PSD)
fiber technology with balloon-type patient
organ immobilizers to measure real time
dose delivery.

Fluorescent dopants

The OARtrac® system, built with detector technologies used in nuclear physics, has been cited as a 2018
R&D 100 Award Winner by R&D Magazine.

Applications of Nuclear Physics 11 Jefferson Lab



The Quest to Understand the Fundamental Structure of Matter

Discovery

)

Application  Understanding

N
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From 3D atomic structure to the quantum world

O Atomic structure: dating back to Rutherford’s experiment :
a+Au = a+ X Over 100 years ago —

<>~ Experiment —%;———  Theory
_ 7 - - S -—
Atom: @E‘ ) 0 ) .

@ ° L
J.J. Thomson’s Rutherford’s
plum-pudding model Experiment - Data Quantum orbitals

Discovery: < Tiny nucleus - less than 1 trillionth in volume of an atom
< Quantum probability - the Quantum World!

1 Localized mass and charge centers — vast “open” space:

Molecule' Crystal: Nanomaterial:

FULLERENES

@ /-\ -
Hydrogen
Hydrogen Oxygen
@ \_/ e !

“Water” Rare-Earth metal cwmowors Carbon-based
O Not so in proton structure! 2 Jefferéon Lab




From 3D hadron structure to QCD

1 A modern “Rutherford” experiment (about 50 years ago):

Nucleon: The building unit of all Prediction
atomlc nUCIe| + If proton “charge cloud™

e+p > e+X &

O

8
Quark
_.u Mmodel
mmm) Discovery of quarks! .1\‘

1 Discovery of Quantum Chromodynamlcs (QCD):

electron
<10""%cm

“.‘“ )
& . E -
P \ N *
968 + [f proton contains point charges. some of ‘ El Secattering off point-like partons
¢

Discovery

PRL 23 (935) 1969
® W=3GeV

/Gy oy VGEV)

-1
10
E ®

JUNS

10 F

-4
10

Gluons

proton

nucleus

. ~10""%¢cm
atom~10"cm ~10"%cm

@ <10"%cm

Nanometer Femtometer

(neutron) ‘
quark

No still picture!
No fixed structure!

Quantum Probability

e 2
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ELECTRON SCATTERING

Electrons as probe of nuclear structure have some distinct advantages
over other probes like hadrons or y-rays:

The interaction between the electron and the nucleus is known; it is the
electromagnetic interaction with the charge p and the current J of the
nucleus: V,; = p¢ + J.A, where ¢ and A are the scalar and vector
potentials generated by the electron.

The interaction is weak, so that in almost all cases it can be treated in
the “one-photon exchange approximation” (OPEA), i.e., two-step
processes (two-photon exchange) are small. One exception is charge
elastic scattering of the Coulomb field of a heavy-Z nucleus.

The energy (o) and linear momentum (q) transferred to the nucleus in
the scattering process can be varied independently from each other. This
IS very important, as for a certain || one effectively measures a Fourier
component of p or J. By varying |g| all Fourier components can be
determined and from these the radial dependence of p and J can be
reconstructed.

Because the photon has no charge, only the J.A interaction plays a role,
leading to magnetic M, and electric E, transitions. In electron scattering,
one can also have charge C, transitions.

24 J Jﬁégon Lab



ELECTRON SCATTERING — CONT.

Electron scattering has also some disadvantages:

 The interaction is weak, so cross sections are small, but one can
use high electron beam currents and thick targets.

At Jefferson Lab, we can measure neutrino-like cross
sections in a day or so.

* Neutrons are less accessible than protons, since they do not
have a net electric charge.

Weak interaction can come to the rescue through parity-
violating electron scattering.

« Because electrons are very light particles, they easily emit
radiation (so-called Bremsstrahlung). This gives rise to radiative
tails, with often large corrections for these processes.

This can pose limits for kinematics, if the radiative
correction factor would become too large.

25 JefferSson Lab



Electron Scattering Kinematics

k= (£k)

q=(v0)

Undetected
final state X

——\
—/

p’=(sart(p? + M?),p’)

(2 p2=M2=W2) Il

p = (M0)

26

k= (E"K’)

Virtual photon - off-mass shell
q.9"=v?-0*#0

Define two Iinvariants:

1) Q°=-q,9¢ =-(k,—k,)(k-k¥)
=-2my* + 2Kk K’

(m, ~ 0) =2k k¥

(LAB) = 2(EE’ -k .k’)
= 2EE’(1-cos(®))
= 4EE’sin?(©/2)

only assumption: neglecting m_2!!

2) 2Mv = 2p gt = Q2 + W2 — M?2

Elastic scattering
2>W?=M? 2 Q?=2M(E-E)

2
J}e,f_f.e-rson Lab



Use electron scattering as high-resolution microscope
to peer into matter

Extracting the (e,e’) cross section

Ny (cm-) e'

€ %/(Agze’ Ape)

Scattering probability or cross section

d°c Counts

dO.dp, /  N.N AQ Ap,




Electron Scattering at Fixed Q2

2 [ Elastic
ddvdczz Quark
(fictitious)
.V,
2 “ I N
d°c Elastic P Oto Deep
e U\wi
3—2 Q° + 300MeV A%
m 2m
28 Jeff.;gon Lab
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Electron Scattering at Fixed Q2

d%c | Elastic Nucleus

Deep

d1dQ A _Inelastic
Quasielastic N —
2(?\; ;?:1 S; + 300MeV Vv
2

d°c Elastic Proton 5

dvdQ A °ep

N Inelastic

2
Q + 300MeVV Vv
2m om
2 Jefferdon Lab



ELECTRON SCATTERING OFF POINT PARTICLES

k=(EK) k'=(EkK’

1 3 , P
do = | MI P (2n)*5 (k+p-K-p)
PP, |V | (2n2’2E' (2n2°2E
2 4
p = (M,0) p’ Working out will render the so-called Mott cross section

%0 Jefferson Lab



ELECTRON SCATTERING OFF COMPOSITE TARGET

k= (E’,k’) Reqall: matrix elemen_t = <¥Y*|O|¥Y>
Define transition matrix element T:

------------------- Ti=<f|T|i>
_der d’r ¥, *(r) P, (r)| lT*(r )P (r')
:jd3r| dBR eiq.R i eiq.r' |LP(r'

IR
which separates into two integrals |T | i — 47IOL

and gives the well-known result:

where F(q) is the form factor: F(q) = J'd?’r e P (r) |°

_ j d®r e p(r) = (4n/q) j dr r p(r) sin(qr)

31 Jgf;gon Lab



FORM FACTOR

A,

- K'-F

—_

Amplitude at q; F(q) j dr A(F)e'"

Phase difference:

—(K—K')-F

—

:qo

—

r

kl

Jefferson Lab
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Electron-Charge Scattering

Form Factors characterize internal structure of particles

Charge distribution Form factor

point constant
Electron

exponential Dipole
Proton

diffuse sphere oscillation
Nucleus

— - —

¥ q

» Elastic cross section
do do
(49)., = () o 7
exp Mott

» Form factor

F() = [ e hpa)s

2

The form factor as a Fourier transformation of the charge distribution is a non-relativistic concept.

4
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FORM FACTORS OF NUCLEI AT LOW ENERGY

| Elastic scattering = W? = M? 2 Q? = 2M(E-E’) - Q? and v are correlated |

do/dQ (and not do/dQdE) = o) F;%(q)

* For a point charge with charge Z one has Fy(q) = Z.

* For a charge with a finite size Fy(q) will be smaller than Z, because
different parts of p(r) will give destructive contributions in the integral
that constitutes Fy(q).

« Often one includes the factor Z in 6, and not in F,, such that F,(0) = 1.

F(q) = ;—ij(r)sin(qr)rdr

Scatter from uniform sphere with radius R at low q: sin(gr) = gr — (1/6)(qr)?

15t term disappears (charge normalization)
2"d term gives direct Rgy s measurement (for g low enough)
At higher g pattern looks like slit scattering with radius R

34 Jgf;gon Lab




do/dQ (cm?/sr)

10—26

10-28

10-30

10-32

1073

10-36

History: Charge Distributions

r(r) (e.fm™)

0.08

0.06

0.04

0.02

208pp (ee)

---- Mean Field
Theory

= Experiment

g (fm™)

() (e.fim™)

— Experiment

Mean Field Theory

r (fim)

In ‘70s large data set was acquired on elastic electron scattering (mainly from

Saclay) over large Q?-range and for variety of nuclei

“Model-independent” analysis provided accurate results on charge distribution well

described by mean-field Density-Dependgnt Hartree-Fock calculations

),
J}e,f_f.e-rson Lab



ELASTIC SCATTERING FROM A PROTON AT REST

(,q)  (MO)
Before. V' —(P)

@(mm, q)
After .

Proton is on-shell = (o + m)?—g?=m?
®?+ 2mo + m? — g% =m?

o = Q2%/2m

36 JefferSson Lab



SCATTERING FROM A PROTON , CONT’D.

<ps J%|p- q,s,> U U,

Vertex fcn _ 1
P
+
P
N J
Y
" — yu
| structure/anomalous

37 JefferSson Lab



SCATTERING FROM A PROTON , CONT’D.

Vertex fcn: T = y*F,(Q?%) +ic"
Dirac EE—  Pauli FF—T

| G.(Q%) = F.(Q) — 1 F,(QY)
Sachs FE's < G,,(Q%) = F(Q%) +k F,(Q?)
Q2

4m?

with 1=

Gg and G,, are the Fourier transforms of the
charge and magnetization densities in the Breit
frame.

38 JefferSson Lab



CROSS SECTION FOR EP ELASTIC

Recoil factor for scattering
from proton with mass

Mott Cross Section
for scattering from
pointlike particle

39 .Jgjj%gon Lab



ELASTIC SCATTERING FROM A MOVING PROTON

(0,  (EP)
Before \./‘\j)‘\j‘\j\_.@/

After m )

(0 + E)*—(q+p)? = m?

0’ + 2Em + E?— g% -2p°*q — p? = m?
Q?=2Ew —2p-q

o (E/m) = (Q%/2m) + psq/ m

40 JefferSson Lab



QUASIELASTIC SCATTERING

For E~ m:

o~ (Q%/2m) + p*q/m

If we “quasielastically” scatter from
nucleons within nucleus:

41



QUASIELASTIC ELECTRON SCATTERING

e
b
M
BN
-— T T ag T T T
> ] Sk 89 v, “
<
. J
o i
o b
b
38 1
°
° L ]

— e vew d

& 4 A 4 _ 4 & & 2 3

O~-nNuwubrveaevsed

JUO U Y W WY WY R S S S

R.R. Whitney et al., Phys. Rev. C 9, 2230 (1974).

42 Jeffe




History: Knock a Proton out of a Nucleus

A(e,e'p)B

scattering plane e’ 0

reaction plane

Oy
“out-of-plane” angle _—

Neglecting m,: °=-(,0"=Q0*—w?= 4ee’ sin?0/2
Known: e and A + Detect: €’ and p - Infer:
Missing momentum:  p,=q—-pP =Pay

Missing mass: eEm=0—T,—Try

43 Jefferson Lab
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A(E,E’P)B (OR IN GENERAL ANY (E,E’H) REACTION)
Extracting the (e,e’p) cross section

Ny (cm- 2)%%/

e T (AQ,, Ap,)

(AQ,, Ap&
p

< d°c > - Counts
dQ2.dQ dp, dp, / NNGAQAQ Ap.Ap,




CROSS SECTION FOR A(E,E'P)B

In One-Photon Exchange Approximation

T
o _1m, ‘I\/I‘ m d% | m d’p
S e 2n)?® | E (2n)®
><(27t) ‘5 (P+P ~Q—-P)
where
M = 4““<k’>¢ Jk1)(Bp|a¥(A)

Current-Current Interaction

45 JefferSson Lab



SQUARE OF MATRIX ELEMENT

U
A

2
Z\M ﬁf — (‘g‘f‘j Z_:<k’k" j, [k x} <k’k" j, K x>

if

<3(BR[3"]A) (BR1"1A

1i

N



CROSS SECTION IN TERMS OF TENSORS

d°o

d0,dQ dpde

Mott cross section

A

an WHV

Leptonic tensor

Hadronic tensor

47
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CONSIDER UNPOLARIZED CASE

Lorentz Vectors/Scalars

3 indep. momenta: Q, P, P (P, ;= Q + P;—P)

target nucleus T
ejectile

6 Indep. scalars: /P/QZ Q+P.,Q P, PP,

[

48 JefferSson Lab



NUCLEAR RESPONSE TENSOR

WH = X.0,, + X,0°0" + X3P Py

+ X, p "+ Xs0' Py + XgPi' Q'

+ X,C

+ Xy

P+ Xep"g" + X ptp

0 p’

+(PV terms like ¢,.0 p,)

X, are the response functions

Jefferson Lab



IMPOSE CURRENT CONSERVATION

S'=qW" =0
TH=qW" =0
Then 9,5"=0, p,S"=0, p, S"=0
q.1" =0, p,T"=0, piuT“:O

Get 6 equations in 10 unknowns

!

4 independent response functions

50 JefferSson Lab



PUTTING IT ALL TOGETHER ...

6
do :p—EGM[VLRL+VTRT
dQededp do s T

+V 7Ry COSQ, + Vi Ryy COS20, ]

4 structure (or response)

it 0°C0S°0/2 functions for unpolarized
Wi Oy = , (e,e’h) — this would have
4e”sin* 0/2 been 2 for (e,e’).
2\? 2
V, = Q—2 vy :Q—2+tan26/2
q 29
2 2 2
Vi = Q—2 Vi, = Q2 \/Qz +tan’ 0/2
29 qa Vg
51 — )
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INCLUDING ELECTRON AND RECOIL PROTON POLARIZATIONS

Many more structure (or response) functions for fully polarized
(e,e’p) (and in general (e,e’h) or (p,2p)) case.

d°c _PE
= V. (R, +R'S,)+V; (R, + RS
[dQededpd(D]LAB (2n)° —5ontVi( ") ( rSn)

v [(Ry +RYS,)cosg, + (RS, + R S,)sing,]
+Vr [(Rir + RS, )cos2¢, +(RLS, + R S,)sin2¢, ]
+ Vi [(Rir + R5 S, )sing, + (RirS; + RirS,) cos,]
Ve (RS, +RY.S)}

2 2
with v, = Q—ztan 0/2 Vi = tan 6/2\/ Q—2 +tan’ 0/2
g g
and other v's defined as before
52 /7
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Plane Wave Impulse Approximation (PWIA)

53
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THE SPECTRAL FUNCTION

Not an

In nonrelativistic PWIA: observable!
d°c
— K O-ep S(pm’gm)
dodQ,dpdQ \
e-p cross section nuclear spectral function

For bound state of recoll

proton momentum distribution

system:
d°c /

= K'o.|l®(p. )
" dodQ,d0, Tl | PP

4 JefferSson Lab




THE SPECTRAL FUNCTION, CONT’D.

S(Py, Eo) = ZKB]‘ ‘a( ﬁo)‘A> 2

O_gm)

where P, =—p,, = Initial momentum

E, = E—o = Initialenergy

ey, = MISSINg energy

Note: S Is not an observable!
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') [(GeVic)?]

eff
m

p(p

History: Visualizing the Shell Model

pm:Ee_Ee'_p:q_p
v _Tp_T:‘l—l :Esep+Eexc

E

m

10°

102

10

10 -

107

10710

208Pb(e,e'p)207Tl

0

200

400 0
pe" [MeVi/c]

200

B ——

400

S [(Gev/c)-3MeV-1] =

mentum

56

T T T T T T T T T T T -
250 + l.;;/:/;ev 208Pb(e’e'p) 207T1
200 - ++ 200 < py, < 240 MeV/c |
¢ : ..
e PV . in binding -
035 MeV t
100 4 i & 72+ .
yay I 41 3.47 MeV
g5 4 ‘ I' R
oS it :
el \"0 *0 ¢ ‘
0 powes Wt 9 ] ' ’ son’”
0 1 2 3 4 5 6
Ex [MeV] =
T T LI B | II 1 Ll T T LI I
1.0} |
Mean Field Theory
48
08 16 Ca _
T 0O 3 P 0zr
= 06 _
= "Li OCa 208
Q i Pb -
=
D oal 12C _
. Missing 20+% .
o2l In the integral??
i VALENCE PROTONS |
OO Lol 1 1 Ll

10° 10°
target mass —»

e 2
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WHERE DOES THE “MISSING” STRENGTH GO?

One possibility:

Detected

e populates high ¢,

recolls

57 Jﬂfggon Lab



Proton Momenta in the nucleus

V(1 Potential between
( ) two nucleons
A
A
1 fm r [fm]

Short-range repulsive core gives
rise to high proton momenta

58

nik{fm3)

0’ P Similar shapes for few-
N body nuclei and nuclear
matter at high k (=p,,)-
0 & = =
\.-\
A\
\ :«— Nuclear Matter
w'— \\“
16—
i 2H
184 —
| I | | { l | | | l

0O 200 400 600 800 1000
p (MeV/c)

2
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DEEP INELASTIC SCATTERING

=» Precision microscope with superfine control

e(ku/)
e (k) Q2 > Measure of resolution
> Y > Measure of inelasticity
v (Q) X = Measure of momentum fraction
g of the struck quark in a proton
> X (p,/ Q?=SXxy
P,

Inclusive evenis: e+p/A =2 e€'+X
Detect only the scattered lepton in the detector

Semi-Inclusive events: e+p/A 2 e'+h(m,K,p,jet)+X
Detect the scattered lepton in coincidence with identified hadrons/jets in the detector

Exclusive events: e+p/A 2> e'+ p'/A+ h(rn,K,p,jet)
Detect every things including scattered proton/nucleus (or its fragments)

59 Jﬂf;gon Lab




History: Deep Inelastic Scattering (DIS) and the
Parton Model

Deep Inelastic Scattering —
knock a nucleon apart

Bjorken Limit: Q* — oco,v — o

(Infinite Momentum Frame)

q >
p=E&P
—
P — = } X — —
r = 2 Parton Model : _ .
(x = momentum 9 Feynman; Bjorken, Paschos

fraction)

—> access through Structure Functions F, F,(X) = E e.zxq. (X)
. : . 2 | [
to Parton Distribution Functions :

Empirically, DIS region is where logarithmic scaling is observed
Q2> 1 GeVé W2 >4 GeV?

,
J)gf_f.e-rson Lab



History: Structure Function by Different DIS Probes

- (o) FZMD L DIS
\>_</ i x=0.015
© + Ono 5
" ¢ oo ® FWNx = vDIS
—~ @ : 2
c\d ! 49 ¥ o} 18
- 0 o ©
X " o o : ‘ o on° %0 ¥ "} weoom0
N ¢‘ o ? i .
LL f 0 0 o0 a¢ PO & i The Classic Example
. 5 Y | « Extending the scaling found by the
06 | TeMenbbeae, venerable SLAC (electron scattering)
' b o ' Vowean experiment
Sl P o9 4 .
- ® x=0,228
b0 Cos
o0 a0 g o Y. . 075 « Confirming the basis of the Quark-
"l ot 4 o Parton Model: the expected 5/18
} oV oAy o osso charge weighting works well.
| + ¢i @ | . . . . .
0z | T e oegy, ¢ o x04s0  Logarithmic Scaling Violations as
¢(x)=0.08, + . anticipated from a renormalizable field
o com % e e 4 . x=0550 theory (QCD) are clearly shown, with
(0)  * o o o o o o x=0.650 both muon and neutrino probes.
R BT 10° a0l
2 2
Q? (GeV?)

Jefferson Lab
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215t Century View of the
Fundamental Structure of the Proton

Elastic electron scattering determines charge and magnetism of nucleon
Approx. sphere with <r>= 0.85 Fermi A\
The proton contains guarks,
as well as dynamically
generated
guark-antiquark pairs
and gluons.

The proton spin

and mass have large
contributions from

the quark-gluon
dynamics.

62 Jefferson Lab



Proton Viewed in High Energy Electron Scattering:
1 Longitudinal Dimension

Viewed from boosted frame,
length contracted by

2
YBreit = 1+ fw

* 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

J. Bjorken, SLAC-PUB-0571
March 1969

Lorentz Invariants
* Efcm = (ptk)?

+ Q2= (kK

* X=Q?%(2peq)

63 Jefferson Lab



High Energy Electron Scattering

Snapshots where 0 < x <1 is the shutter exposure time

x =104 x =102 x=0.3
Probe non-linear dynamics Probe rad. dominated Probe valence quarks
short exposure time medium exposure time long exposure time
Shutter speed

[Z

R. Milner 111000 1/500 1/250 1125 1/60|1/30 115 1/8 1/4 % 1 2 4 8

Freeze action Hand hold Movement blurr - fripod needed
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PARTON DISTRIBUTION FUNCTIONS (PDFS)

PDF q(x): probability that a quark (or gluon) has fraction x of proton’s momentum

gluon splits
® into quarks
o
® qq pair  _
<}
X
¢ =
2 Py TCan
= A = 4 \i"‘ Quark
= 1 = 7~
S | /|7 Valence - N
A | \ auark < \ Valence
o \ q‘ v - k
= ) =1 .quar
@4 o & .
momentum momentum
fraction x fraction x

proton: uud +ud +dd + ...

.ggtggon Lab



HERA collider at DESY (Germany)

F;l, 'lﬂg m[x]

A GLUON PDF SURPRISE = 1990-2007

HERAT,

— YEUSMLO QCD fit
—— HL PDF 2000 fit

® H1 9d-dy
& HI1 (prel.) 900
1 LEUS 997

BCDMS

R i g — B A il g 8 g S0E

S g -....-,“l:.t'_l_. x=.13

S AT — =' _‘ —0.15

e TN,

. '-.JHJ;FM

hmwﬁw.ml_t_t___._'_+_+ —d

enE ----—-—l—-l—.—AF'“ﬁ

3 4
10 10 10

Q*(GeV?)

E

Gives tremendous reach in measurements
of F, structure functions. Result: the gluons
start running wild...

4.0

CTEQ 6.5 parton
3.5} distribution functions
Q2 = 10 GeV?

3.0F

Momentum Fraction Times Parton Density
N
o

0 APV NS | U o A PO S | X — . N
0.0001 0.001 0.01 0.1 1.0
Fraction of Overall Proton Momentum Carried by Parton
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1 Longitudinal Momentum Distributions

1

=
| Q*=1GeV?
1/Q ~ spatial
08 - /1 resolution
—— NLO QCDfit / |
What about the | N
Nucleus? '
0.6 -
04 -
| g—gluons
| S —quark sea
1 U, d—up, down
027 g (x0.05) valence quarks
NG xS (x0.05)
| o —
R. Yoshida 10* 102 102 10" )
C. Gwenlan
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A SEA QUARK PDFS SURPRISE ~ 1995

High energy lore: gluon splits in quark
and antiquark pair & m,~mgy d=u

Low energy: Neutron has no charge,
but does have a charge distribution:
n=p -+, n=ddu, duudu

FNAL Drell-Yan
Gpd/ 26,

IIllIIlIIIIII

“CTEQIM (@-u=0)" el PO
I~ FNAL-E866/NuSea
 PRL. 80, 3715 (1998)

_llllIIIIIIIIIIIIIIIIIIIIIIllIIlIII
0 005 01 0.15 02 025 03 035
X

Theory curves reflect different assumptions about d /i

68

- g A I v 1
02 - Charge Distribution in the Neutron

> d(x) # u(x)

Even at high energies ...
The low-energy signatures persist

.er,tf;gon Lab



QCD

[

<

Asymptoti Freedom Confinement

Small Distance Large Distance
High Energy Low Energy
_ no signature
Perturbative QCD of gluons??? Strong QCD
High Energy Scattering Hadron Spectrum
2000 __ . ,
J | Budapes!-Marseille-Wuppertal collaboration |
Z -0
1500 - =

] e ilz*

> ] -z |FHA

@ T ™A

= 1000+ | N

= e

500_’ e K — experiment
- —= width
Gluon Jets i € input
=T i QCD
Observed 0 '
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The low- and high-energy side of|nuclel

The Low Energy View of Nuclear Matter
* nucleus = protons + neutrons
* nucleon < quark model
* (valence) quark model «» QCD

electron
<10""%cm
proton
(neutron)
quark
<10 Scm
nucleus
8 ~10""%cm
atom~10"cm 10 3em
guark model /
Y‘ n P udd uud
l — @ — . -
b ° b d
o e @% A dds u:s uus
A uds
=1 . [
= -0 L] L ]
= - dss uss
2 e
—1-% 0 + +1 I 3
jP;-E*

70

The High Energy View of Nuclear Matter
The visible Universe is generated by
guarks, but dominated by gluons!

But what influence does this have on
hadron structure?

09 F ———— H1 PDF 2000
=7 ZEUS-SPDF

| = crEoal

Remove

0.7
0.6
05 |
0.4
0.3 :
0.2

0.1

1
3 E r
10 10 10 10
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MASS OF THE VISIBLE UNIVERSE

Gluon mass-squared function

10 |
2
M (p)
O === — e —
[Gev] 100 T
10" £ 350 MeV -
107 &
F === Charm ———
3[ ===+ Strange
10 e ——- Up/down
[ = Chiral limit
4 = ol | L
10 10 10 10
p’ [GeV?]

The strange quark is at the boundary -
both emergent-mass and Higgs-mass
generation mechanisms are important.

O
o Emergent mass of
(T the visible universe
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The Structure of the Proton

Naive Quark Model: proton = uud (val_ence_quarks)
QCD: proton = uud + uu + dd + ss + ... o
The proton sea has a non-trivial structure: u # d

& gluons are abundant

gluon dynamics ::' e e Non-trivial sea structure
' CTEQ6.5 parton ' ’ '

3.5F distribution functions

Q* =10 GeV?

»
o

Momentum Fraction Times Parton Density
- N
. O

0 1
0.0001 0.001 0.01 0.1 1.0
Fraction of Overall Proton Momentum Carried by Parton

O The proton is far more than just its up + up + down (valence) quark structure

d Gluon ;éphoton: Radiates mmc%ﬁzz and recombines: Z;';%vm
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Nuclear Femtography — Subatomic Matter is Unique

O Localized mass and charge centers — vast “open” space:

Molecule' Crystal: Nanomaterial:

FULLERENES

@ i
Hydrogen
Hydrogen Oxygen
@

“Water” Rare-Earth metal ' * Carbon-based

Interactions and structure are mixed up
In nuclear matter: Nuclear matter is made d Not so In proton structure!
of quarks that are bound by gluons that also
bind themselves. Unlike with the more
familiar atomic and molecular matter, the o,
interactions and structures are inextricably -
mixed up, and the observed properties of
nucleons and nuclei, such as mass & spin,
emerge out of this complex system.
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Nuclear Femtography - Imaging

In other sciences, imaging the physical systems under study
has been key

to gaining new L position
understanding.

Structure mapped

In terms of
b+ = transverse position
K; = transverse momentum Jefterdon Lab



