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Lectures format

1 Cover the basics level for PhD students
» Little formalism, more conception

» Including Basic Experimental information

» Experimental Results and their interpretations

J Style

» Informal, encouraging the interaction

» Interrupt any time for questions

Many slides are adapted from my collaborators.
Special Thanks to Prof. L. Weinstein, Dr. Holly Szumila-Vance, Prof. O. Hen, Prof. D.
Day, Prof. A. Schmidt, Dr. F. Hauenstein, Dr. Arun and More




Lectures Outlines:

Lecture 1:
Dien Nguyen

Lecture 2:
Jackson Pybus

Lecture 3:
Jackson Pybus

Lecture 4.
Jackson Pybus

(d Overview of an electron scattering probe
 Elastic scattering
( Quasi-elastic scattering
(] Deep inelastic scattering
M Introduction to short range correlations

 Short Range correlations (SRCs) status
 Experimental results
d Short range correlation properties

(J SRC factorization
[ GCF: contact formalism
(1 Nuclear ground state

(1 SRC beyond electron probe
(J Hadron probe
d Photon probe
1 Future direction



Systems

Nucleus as a system “ —

* Collection of bound protons and neutrons lfonth o s mete

DOWN-TYPE
QUARK

Nucleons as a system

* Collection of bound quarks U e
..
Interactions
Nucleon-nucleon interaction P (S o=

Arises from quark interactions

Nucleon in-nuclear medium effects
Affecting quark distributions n




Electron Scattering: Nuclear Microscope

Goal: Study the internal structure (and dynamics) of
complex objects




Electron Scattering: Nuclear Microscope

Goal: Study the internal structure (and dynamics) of
complex objects

Means: (E' k"

= Using high lect 7 y

e e, o) v
q=(®q)

= Detecting final states particles  In-coming

= Using detected particle’s
information to infer the
nuclear structure

Nuclear target



Scientific Method

Theory/hypothesis about nuclear structure

l

Collect data to test theory

Experimental tool: Scattering




Determine Internal Structure with Scattering
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Scientific Method

|—> Theory/hypothesis about nuclear structure 4—‘

reject l accept / keep

- -~

Collect data to test the theory

Disagreement <—I \—bkgreement )

Experimental tool: Scattering




Electron Scattering: Nuclear Microscope

Goal: Study the internal structure (and dynamics) of
complex objects
Means: Using high energy electron scattering

Reaction determined by kinematic variables:
= Q2=-g? Interaction-Scale
= xg=Q%(2myv) Dynamics
= w(Ww)=E — E’" Energy transfer

e’ A’ >
>
au <
Q —




Electron Scattering: Nuclear Microscope

Goal: Study the internal structure (and dynamics) of
complex objects
Means: Using high energy electron scattering

100s eV — 100s keV: 100s MeV — 10s GeV:
Material structure Nuclear structure

Nucleus
\/_\

Nucleons




Electron Scattering: Nuclear Microscope

Goal: Study the internal structure (and dynamics) of
complex objects
Means: Using high energy electron scattering

100s eV — 100s keV: 100s MeV — 10s GeV:
Material structure Nuclear structure

Nucleus
\/_\

Energy

Nucleons

y.| .
¢ Resolution !




It’s all photons!

* An electron interacts with a nucleus by exchanging a
single virtual photon.

Scattered e

Incident e
Real photon: Virtual photon:
Momentum g = energy v Momentum g > energy v
Mass =Q?=|q|?-v*=0 Q*=-q,0"=|q|*-v*>0

Virtual photon “has mass”!

14



Energy vs length

Select spatial resolution and excitation energy independently

=  Photon energy v determines excitation energy
= Photon momentum g determines spatial resolution: 4 = —

q
-
A>T Very low electron energies, scattering is equivalent to e~
P that from a “point-like” spin-less object
e-
A~r Low electron energies (0.2-1 GeV/c), scattering is
p equivalent to that from extended charged object
e-

2 High electron energies (1 GeV/c +), scattering from
< T .
P constituent quarks and resolve sub-structure

Very high electron energies, proton appears to be a
sea of quarks and gluons

A KL T




Why use electrons?

(JProbe structure understood (point particles)
(JElectromagnetic interaction understood (QED)

dinteraction is weak (o0 = 1/137)

=*Theory works: First Born approx / one photon
exchange

"Probe interacts only once
=Study the entire nuclear volume

Drawback:
(Cross sections are small
JElectrons radiate

16



Worldwide effort

3 E. =275 GeV E. =0.15GeV

BML

E,_=28GeV

Jefferson Labh -
E,_=6 GeV

12

|S-tanforc| ® % T : . x Spg
inear - ! & ¢ .

Accelerator %, .
Center ) 8 -y E. =8 GeV

E, =25 GeV

MIT (BATES)

Duke University
Free Electron Laser Laboratory

H I Y

E_=12GeV

E, =3.5 GeV
+ others... |
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Jefferson Lab

 Virginia, USA

(J 1- 11 GeV Electron
beam

 Polarized beams and
targets (spin study)

1 4 experimental halls



Jefferson Lab

From Hesienburg’s Uncertainty SEE Lol
)

Principle:
Ax Ap =h/2 ~ 0.2 GeV fm
Proton is ~1 fm in size (10-°m)

=>To “see” 0.02 fm one needs
approx. 10 GeV momentum




detector
hut

A

Preshower &
Shower Counters

X-Y Scintillators

Heavy Gas
Vacuum Cerenkov

Vessel

\ ANY

Al I
\
02,03 Dipole (D)
Max. Grad: 7.148 T/m Max. Grad: 6.167 T/m 25 Degree Bend
EFL: 1.867 m EFL: 2.104 m Max. Field: 2.073 T
EFL: 5.122 m

X-Y Scintillators

Drift Chambers

Figure 3.22: High Momentum Spectrometer (HMS) detector stack.
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4 experimental Halls

e- beam

Large acceptance detector

Cherenkov

A

Tracker

Time-of-Flight

Calorimeter

=]
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How experimentalist study the reactions

\k Detector

h

kH(E, k) R T

Leading

proton

/ Recoiling
/ nucleon

(e, €’): inclusive: Detect only scattering electron (e’)

(e, e’P): Single knock out proton: Detect e’ and knock-out proton

1 (e, e’NN): Two knockout nucleons: Detect e’ and two knock-out
nucleon .




Generic (e,e’) at fixed momentum transfer

PROTON
_dG Elastic A
dw N*
DEEP INELASTIC
“QUARKS”
L3 -
Q? W
2m
Elastic scattering: Deep inelastic scattering:
nucleon initial and final state the same nucleon state has changed, creates new

particles




Generic (e,e’) at fixed momentum transfer

Giant |
resonance
Elastic NUCLEUS
do Quasielastic
- A
*
dw N DEEP INELASTIC
W EMC V74
l ] .t
o o w
E - > + 300 MeV
p PROTON
ao Elastic A .
do N DEEP INELASTIC
“QUARKS”
L3 -
Q? w
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Different reactions teach us different things

Giant
resonance
Elastic NUCLEUS
I Quasielastic A ITT
%
/NN~ DEEP INELASTIC
II S EMC
| l I =
2 2 W
Q* Q Q7 4 300 MeV
2A 2m 2m

Quasi-elastic: electron scatters elastically off an almost free nucleon.

25



What can we learn?

1. Elastic

* structure of the nucleon/nucleus
* Form factors, charge distributions

2. Quasi-elastic (QE)

e Shell structure
e Momentum distributions
* Occupancies

* Short Range Correlated nucleon pairs

3. Deep Inelastic Scattering (DIS)
* The EMC Effect and Nucleon modification
e Quark Hadronization in nuclei

26



Quick Overview: Elastic

(JElastic scattering
= Charge distribution
= Form Factors

Giant
resonance
Elastic NUCLEUS
Quasielastic
I A N
N DEEP INELASTIC
W EMC 7
| I I &
2 2 9
Q° o Q% 4 300 Mev
2A 2m 2m

27



Elastic Electron Scattering: form factor

Elastic

2A

Fermi' s Golden Rule
adoc __ 21 2

2% ==& | Mg | Dy

Ms: scattering amplitude

D¢: density of the final states
(or phase factor)

Ma = | WV(x)Wid x

— 6—‘(:XV(X)8—‘(.Xd3)x

= | ¥V(x)d’x

v

Plane wave approximation for incoming and outgoing electrons
Born approximation (interact only once)
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Elastic Electron Scattering: form factor

Elastic

2A

Form Factor and Charge Distribution

Using Coulomb potential from a charge distribution, p(x),

.z r pX) 3
V(X) —  47e, J‘ |x—x’|d X
Ze [ . X v
My = — 2 G'Q'X[ pX) d°x' d° x
41e, | | x — x|

Z < i ' o 8'1.61'}(! X/ Z —
= _Z% | g U A )dvx’}me

41e, | | R |

Ze® [ €’ . .
= - d°R | €4 p(x")d”x

47e, | R J pX)

Charge form factor F(q) is the Fourier transform
of the charge distribution p(x)

29



Elastic scattering: Form factors

Mott cross section:
* Scattering from point-like object
» Target recoil neglected

()
dQ Mott

az

= c
4E%sin* 0 /2

0
os? —|F(g*)|?

2

* Scattered particle relativistic (E>>m,,) Mott XS FF
F@) = [ p(e™a'7
point-like Qonential Gaussian ::;f::r.;m f:;:::on
unity “dipole” Gaussian sinc-like
Dirac Particle  Proton SLi :‘%a




Elastic e-p scattering

Elastic scattering: Form factors

1.00

Q8o

PROTON

EXPONENTIAL MODEL —__|

o
060

050

fe =fm = 0.80 x 16" cM
040 s e m X
N

03 :

» - 200 MEV

.- Mzv
o8 300 !

4 - 400 MEV N
a|s_0‘5OOMEV ﬂ} ™

X - 550 MEV 4\{\
orol |

0 2 4 6 8 10 2 14

Robert Hofstadter, Nobel prize in physics 1961
For his pioneering studies of electron scattering in
atomic nuclei and for his thereby achieved discovery
concerning the structure of nucleons

Proton is not a point-like particle but has finite size!

Form factors - charge distributions

31



Elastic (e,e’) Scattering
Cross-section = Charge distributions

spectrometer

<SG W P p—

Photon transferred to the
nucleus (h q,hw)

Charge Distribution, r,(r),
is a Fourier Transform of the
Charge Form Factor, F(q)

() ( c.fm"?)

do B (da) F |2
a0~ \a) e " @

— Experiment

----  Mean l'icld Theory

10

o)

§9]

(fm)



Proton recoiling and finite size

Elastic scattering (relativistic) from a point-like Dirac proton:

do _ o’ E3 (Coze q 29)

s° 5 — ——=sin
dQ 4E251n 0/2 E 2 2M? 2
~ I\ J \ v ) |\ - J
Rutherford || Proton | | Electric/ Magnetic term
recoil Magnetic due to spin
scattering

But the proton is not point-like!
The finite size of the proton accounted for by 2 form factors:

* Charge distribution described by GE(qZ)
* Magnetic moment distribution described by GM(qz)

Rosenbluth Formula:

do o>  E; (G%-I—TG%W , 0 29)
— = cos® — +21G3; sin
dQ  4E?sin*@/2E; \ (1+7) 2 M= 2]




Descriptions of the proton

7. 2
&~ G658~ (976)

“~d

~ 4E?sin® (&)

Recall, the Mott XS: OM

Recoil factor Form factors
do 9. 25 Q2 2102112 Q2 7. 2112 29
s F2(0? O s
g m@ﬂ Q%)+ Vel F5(Q°%)| + 2M2[F1(Q ) + kF5(Q7)] tan :

'G2 2 G2 2 0
= & 5@ )1++T'r u(@’) + 27 tan? éG?M(Qg)]

: 4 . 2 0 2
= UM@ %RL(Q“) + (Z_,g + tan’ 5) RT(Q“)]

F,, F,: Dirac and Pauli form factors
Gg, Gy Sachs form factors (electric and magnetic)
2
 ucteon Ge(Q%) = F1(Q?) — tcFy(Q2) where 7 = -2,
orm Factors 2y = 2 2 N
Gu(Q ) - _F1 (Q) + 1R (@) k is the anomalous magnetic moment
R, , Ry Longitudinal and transverse response fn

34



Measuring the form factors

We can rewrite the cross section as:
do (do\ [Gi+1G3, . 29)
— = — ———— 2 4+ 217Gy tan” —
a0 (dsz)o( (147 oMy

Where we have the Mott cross section including the proton recoil as:

<d0'> o’ E3s ,86
— | = — COS™ —
dQ/, 4E?sin*0/2 E 2

Experimentally, we can study the angular dependence of the cross section at fixed Q2

P
Q= &
=l s}
Reduced <
cross section ; i .
519 slope — 2rG§4 Rosenbluth se.p.a_ratloon, technique:
note the sensitivity is to the squares of the FFs
- . GZ GZ
T intercept = (%)

tan® 9 /2
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Charge Radius of the Proton
using e-p elastic scattering

* For the proton we make use of the fact that as Q2 goes to zero the charge radius is
proportional to the slope of G¢

Gr _1+Z 2n+ <2n> on

1/2
Q20>

This definition of rp has been shown to be consistent with the radius extracted from the muonic
hydrogen data.

_ ( . dG5(Q%)
T, = | — 10

7

Gerald A. Miller, Phys. Rev. C99 (2019) 035202.



Determining the proton charge radius

o / // e Atomic Hydrogen Lamb Shift ( ~ 0.88 fm )
/(\ f\\ - * Muonic Hydrogen Lamb Shift ( ~ 0.84 fm)
L * Elastic electron scattering!
g

‘ N
] <o

Pohl 2010 (uH spect.)

Antognini 2013 (uH spect.)

—— CODATA-2014

———e—— CODATA-2014 (ep scatt.)

" —— CODATA-2014 (H spect.)
Beyer 2017 (H spect.) —_——
o i Fleurbaey 2018 (H spect.)

Wh_lle t.he proton radius ——i Bernauer 2010 (ep scatt.)
definition is the same whether This work (ep scatt) =
done on muonic hydrogen or s work{ep '

elastic electron-proton 2019 | | 1 | | |
scattering, there is a historical D7 PRad 0.8 082 084 086 08 09 092

division amongst the results.

Proton charge radius r, [fm]

Nature volume 466, pages213-216 (2010)
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https://www.nature.com/

Form factors: polarization measurement

Longitudinally polarized beam and measuring the polarization transferred to the recoiling nucleon

Polarization transfer: e N —>eN or spin-target asymmetry: e N —>elN,

2¢(1 —
P, — —hP, [2€(1 —€) ZGEGGM _
T GM+FGE

G2
Py =hP1 - € = A

2 I
GE Pt T(1+€) Pt Ee—i—Eé ta 06
—— e PR [ n —
Gy Py 2¢ P, 2M 2

Enhanced sensitivity to the ratio ->
increased sensitivity to G for large Q2 and G, for small Q2

38



Form factor ratio

1.5

() - o
a0-5 ® Punjabi05

1 .o E‘a:

= ~ M Puckett12
L : Pols,..
A This work Uizg b TR, 00 e
- V Christy04 N trs 1S
~ O Andivahis94 Nsfa,.
0.0 +

- — — Global fitl] ——— Global fit Il
B Crawford07 Ron11
- ¥V Zhan11 Paolone11
- 4 Qattan05 ¥z This work (Q* = 2.5 GeV?)

_0'5 | | 1 I | | 1 I | | 1 I | | 1 I |
0 2 4 6 8

Q? (GeV?)

Puckett et al., PRC 96, 055203 (2017)

Large discrepancy between
Rosenbluth-extracted data
and polarization transfer
measurements!

Two photon exchange
correction neglected in
Rosenbluth data is significant
to the radiative corrections.
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Elastic scattering summary

We can measure things like the charge and magnetic moment
distributions of the nucleons.

These are described in terms of form factors (a Fourier
transformation of the distributions).

We can use form factors to extract the radius.
This tells us about the structure of nucleons and nuclei.

Nucleons are not point-like!

40



Quick overview: Quasi-elastic scattering

Giant |
resonance
Elastic NUCLEUS
Quasielastic
A *
N
DEEP INELASTIC
W EMC ¥74
| ” : "
2
Q Q- Q% 4 300 Mev
2A 2m 2m

L Shell structure

= Momentum distributions
= (Occupancies

J Short Range Correlated
nucleon pairs

41



Effective descriptions of the nucleus

el |-

Perturbation
Theory w%




The nucleus as a Fermi gas

Initial nucleon energy: KE, = P,-Z /2mp
Final nucleon energy: KE, =p’/2m =(G+p,)*/2m,

59 g g
Energy transfer: v=KE, —KE, = g a4

2mp m,

We can expect:
peak centroid of v =¢g*2m,+¢€
peak widthis  2gpgmi/m,
Total peak cross section would beZo,, + NO,

Good approximation of the cross section, but not descriptive of structure.

43



500 MeV, 60 deg
g=~ 500 MeV/c

Width ~ kg

(Fermi momentum)

Mean ~ ¢

(separation energy)

Peak broadens
with increasing A

Early 1970s quasielastic data

R.R. Whitney et al, PRC 9, 2230 (1974).

do/dQ/dE’/A [nb/sr/GeV]

do/d0/dE’/A [nb/sr/GeV]

~2
(=]
(=]

(=]

o

o
T

o

o

o
T

400 +

300 +

200 -

100 -

T

Li

|

700

600 +

500 +

400 +

300

200

100

|

|

0.05

0.10

v GeV

1
0.20

N
0.25

0.30

do/dN/dE’/A [nb/sr/GeV]

700 T T T T T T
600 - :
500 - ' N C
400 LN
\\v
300 + ;
100 - 1
e E——— I —
' 77 0.10 vGeV 0.30
Nucleus k= MeV/c g Mev
°L 169 17
12c 221 25
24Mg 235 32
Oca 251 26
nEENj 260 36
2oy 254 39
n8tGn 260 42
e P 265 42
“ph 265 44

compared to Fermi model:fit parameter k. and €
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Cross section

Cross section (nb/(sreGeV)

Quasielastic peak

150000 l W | | . ooof ;
: = | e Q2%=0.95
. | - o 3000 ' o
100000 — : Q°=0.25 = 0! g P
U  2000F o g oee®
0000 - : & =
5 — | — |
. . § o) . '
_ : o R 5 1000 b . b
0 L 11 L1 11 0 L‘____“ l 1 1 1
0.0 0.1 0.2 0.3 0.4 000 025 050 075 1.00
V (GeV) V (GeV)
3He SLAC (1979)
600 rr I e ey l ....... r — a Yoy T T T 1
| | pe = 100 — : »
' x=1 " : :
; > Tt c t o |
- ; s g & Q*=3.7 | &
‘ ' & [ ¥ & .
- Q=21 A S aof X=1 o
' Ry (7] ! : ‘x.'
[ | ,,M %) - &
200 P XV 4 a 401 Y
il — : : \..\
O - l e -\\'Qb : Ll l O - vy, TR RS, ‘}‘7 ' 1
0.5 1.0 1.5 2.0 25 1.0 1.5 20 25 3.0
V (GeV) V (GeV)

Inelastic scattering
begins to dominate at
0% > 1 GeV?
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Independent particle shell model

H = [T + V:\{] + [VQ—body + ""?B—boa’y + ... — ""i.\f] .
—— A —— —
IPSM neglected in IPSM

Assumptions:

[ Nucleon moves in a mean-field created by surrounding nucleons
dNo interaction at a short distance
d Nucleons fill up distinct energy level defined by quantum numbers,

highest energy level is called Fermi-energy, corresponding to Fermi-
momentum
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Independent particle shell model

H = [T + ‘/:\[] + [VQ—body + "'a—body + ... — "j\f] :
\w \#

IPSM neglected in IPSM
Z(E) Z(k)
A 2
k
EF — .
. 2m, .
occupied| empty > | occupied| empty
1‘ . O T .
E; E ke k
[ Forbids nucleon scattering to * EX?'tat'O” SpeCtrum
occupied shell: Suppressed the ° Splnsf
nucleon interaction * Parities
([ J

47



Momentum distribution:

-

LOG MOMENTUM DISTRIBuTION

Mean-field region REZT
_ Nobel Prize 1963
Fermi-momentum
|
e PR —

|

NuUclLEoN MoMeENTUM



(e,e’p) Plane Wave Impulse Approximation (PWIA)

1. Only one nucleon absorbs the virtual photon

2. That nucleon does not interact further
v

3. That nucleon is detected

e

> /
* Missing energy, Ery =v —Tpr —Ty_q 2

* Missing momentum, p;, = q — pr

> Ps

PWIA implies: p; = —pm, |E| = En A A-1

Cross-section factorization

o = K o, S(‘F{‘,Ei)

49



(e,e’p) scattering off shell orbitals

137/2 8

- 2Py, 2

2p—<:" 11:5/2
J 23, 4

1f—— /2
] Ne———1f,, 8

ol r

o[ )
| == :




(e,e’p) scattering off shell orbitals

The missing energy spectrum shows shells occupancy

I | I I

10° *n1d3’2 40Ca(e,le'p)39K =
B 1d,, p_=140 MeV/c E
g 2s, A \}n} ﬁ 105, 1dy, :
:i = 1 | | + —
o | 1
% 102 = “ ‘ ‘ 2|p3/2 W W ’ I ’ ’
8 10 El 2[MeV] 14 " 16

L. Lapikas, Nuclear Phys. A553, 297c (1993)



S(Em,pm) [Arb. Units.]

(e,e p) scattering off shell orbitals

10° ,'+]1d3,2 ] | I “Cale, ep) K —
— ' - p, =140 MeV/c E
* 1 231/2:: :
| iv +| . 105§ I l
102:_ ’ .i ‘ ‘ ’ M 104E
i ||H| I ” 10%
° " £, IMeV] gmzi
> 107
: e 4
B 10 94 =
AW D %@%
Compare to Shell Model Lo '
. . g |
predictions: it N
- Shapes well described I | |
i 107 '
- Normalization... e oMoV

L. Lapikas, Nuclear Phys. A553, 297c (1993)



(e,e’p) scattering off shell orbitals

IIIIIIIl

S(Em,pm) [Arb. Units.]

—
o
™

III|

T
—
——

i T T T T
f1di,, “Ca(e,e'p)*’K -
| p, =140 MeV/c ]
i 1dg, -
t i -
ft .

t
{ 1 231/2* i 1ds,, 1d;,, —

T S/(2j+1)

Mean Field Theory

40

Ca

VALENCE PROTONS 4

10 _ 102_ n



Nucleon went missing??

Mean Field Theory

90

+ 31P+ ¢ + +Zr

40,48
Ca

VALENCE PROTONS

|

L. Lapikas, Nuclear Phys

>
L -
@)
Q 0.8—
=R
=~ 0.6 +
ke, Li
o - 12¢
- ) |
o 04
4y L
[
S 02—
O_| |

10°
Target mass

. A553, 297c¢ (1993)



Nucleons went missing?

If IPSM prediction is correct Lapikas, Nucl. Phys. AS53 (1993)
1.0 1] P A L 2 A A} 'Ii A 2 L] Ll LR A "l
g 8Ca 08l 'EMPTY’ ORBITS
3 0.8} $ 160 31P goz — I L
Q
- L Y B S
0.6 - )
% 7L| (P (Iioca 208Pb (
& oal 2C - oal-
()
= . o - 30
5 12 Si 90
2 ... VALENCEORBITS | o.| C 1oy 0%9Ca”2Zr
: O @
! . ® o
e AL ALAL A A A A 3 A1) - A AL ‘J_" £ R — A A B AL
0-0 10“ 1 o"" 9.0 10’ 10°

TARGET MASS —»

dSome strength was detected in the shell above the fermi edge
which is predicted to be empty In IPSM



a

H = [T T V.\,{] + [VQ—body + "’rg_body + ... — "'i\.[] :

v w
IPSM neglected 1n IPSM

dLong range correlations can not account for the
spectroscopic factor difference

(AShort Range Correlations (SRCs) is possible solution

Welcome to SRCs
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What are Short Range Correlations (SRCs) ?

r-space

Nucleon pairs that are close
together in the nucleus

k-space

high relative and lower c.m.
momentum compared to k¢

More on this in next lectures
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NN interaction at short distance

Probability to find two nucleons
with relative distance r

L ‘He

(

-------- AVA'+UIX,
/ \  — NPLO(1.0fm)
Y - - - N°LO(1.2fm)
3 AN
1 2 3 4 5
r [fm]

AL AVIBHUX

Need to put these to test

Probability to find two nucleons
with relative momentum q.

E

q [fm]
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Large model dependence at small-r/high-k

Probability to find two nucleons Probability to find two nucleons
with relative distance r with relative momentum q.

L ‘He

- — AV18+UX

L, e AV4'+UIX,

— N°LO(1.0fm)
§ --- N°LO(1.2fm)

r [fm]

SRCs

Need to put these to test s



Why light nuclei?

3-Body system: sy Mimor 5

» Exactly calculatable

» Test & benchmark theory

Why Tritium?

> Proton in 3He = Neutron in 3H

» Constraint reaction mechanism

SLAC ] [MIT-BATES, SACLAY ] [Jefferson Lab]

S~ L

early 60’s late 80’s 2018

<€ > € > € >
30 years 30 years 30 years




High Q%: PWIA factorized approximation

Cross-section (Observation) (e,e’p) ) )
d60' B K S(’ _)" E) J > P
dwdEdeede — N Oepo\|Pi]y L4 A A1

Experiment: Theory

Reaction mechanism
Measure The Calculate the '
Cross section cross section

‘ Comparison I ﬁ

NN interaction

CD-Bonn NN potential
61



Non-QE mechanisms contribution

-n

. Benmokhtar et al., PRL (2005)

10_ I | | I

10' b o E89-044 3bbu

Effective Density (fm™)
|

- ~

1250

107 F -
107 [ 9999 ]
07 | Q2~ 1.5 =
I 2
10~ [ GeV b
I Xg ™~ 1
10-8 | |
0 250 500 750 1000
|Dmiss(Me\//C)

/FSI

in SRC

FSL~

A Non-QE mechanisms can be minimized using selected kinematic region
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Minimizing non-QE mechanisms

 “He(e,e'p) Xg > 1 Q2> 2 GeV?

500 MeV/c

0Fu||/ Opwia

epmiss’q

Boeglin et al., PRL 107 (2011) 262501 63



Compare to different theory calculation

'Y PWIA

__/

/Cracow:

U Faddeev-

formulation-based
calculations

~

] Continuum
interaction between

\ two spectator ‘

/CK + CC1: N\

1 3He spectral function
of C. Cio degli Atti
and L. P. Kaptari and
electron off-shell
nucleon cross-section

QI Including FSl,3 /

,Y/H,LLM FSI
/

. >

/M. Sargian (FSI): \

 FSI calculation
based on
generalized Eikonal
approximation

dDoes not include
FSI23 /




Exp/PWIA: Cracow and CK+CC1 For 3H
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Exp/PWIA: Cracow and CK+CC1 For 3He

2.5
This work,
ol [Q* ~2 GeV?, x_ > 1]
N
< Cracow
bE 1.5 . +
~ ¢ s é * [
§ dpeatgbpg b o
t850, 0,8, ! @
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Isoscalar Sum good better agreement
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Cracow !
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What we have learned in A= 3:

(J3H has better agreement to calculation than 3He
Data/PWIA ~ 20% at high Pmiss

Theory describes 3H+3He data within 10% up to Pmiss = 500 MeV/c

1.6

SHe+°H
1.4

S 1.2~

1—H§§§§§.}}}£1¥l ________ } _______

0.8

GEXP / GCAL

Sargsian-FSI
0.6

| | | |
045 0.1 02 03 0.4 0.5

P [GeV/c]

Crucial benchmark for few-body nuclear theory
and essential test of theoretical calculation
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A=3 nuclei: |deal systems

to test theory calculations

(e.e’p) data from Hall A JLab

*He+°H
14—
Cracow
;,’ 1.2 - %
s o !
% A i i i E— .
© 08~ Sargsian-FSI ©
0.6 -
04 | | | |
0 0.1 0.2 0.3 0.4 0.5
P [GeV/c]

R. Cruz-Torres, D. Nguyen, PRL(2020).
R. Cruz-Torres PLB (2019).

w

Tritium Helium-3

Future measurement with CLAS12

1.6
o Cracow

1.4~ o sargsian-FSI % 3He+3H
1.2—

K i} ____________________________________________
1 é%{?%%ﬁ %’
0.8
0.6 This proposal
od- bhiibeaiiieEib i
0% 0.2 0.4 0.6 0.8 1

P [GeV/c]

See Ronen’s talk
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Quasi-elastic Summary

(dMeasures shell structure directly

dProvide information on nucleon momentum distribution
(A Nucleon went missing, provide the hint to SRCs
dMeasurement on light nuclei benchmark theory

calculation up to high momentum 500 MeV
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Overview: Deep Inelastic Scattering (DIS)

o
w

Giant
resonance
Elastic NUCLEUS
I Quasielastic A ITT
%
N™ _~"DEEP INELASTIC
II S EMC
| 1
2 2
Q* Q Q% 4 200 Mev
2A 2m 2m

] Structure Functions

] EMC Effect
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Deep |Inelastic Scattering

Electrons
J |
e *

q=(w,q

xB<1

Particle shower

Q Interacting nucleon destroyed
Q Interaction with Parton (quark) inside the nucleon

O Cross-section depends on Nucleon structure function F2

d’c 40°E* | F . ,(0) F,__ ,(06
o 2 in (2 )+ Ercos’( 2| ~ ke, 0,87 R

dCQdE' o* M 1%



Partonic Structure

Quark —
Anti-quark
Pair




What F2 can tell us about the nucleon
Fy(x.0%)=2 e x- f(x)

0.6

A quark
05 | -
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What F2 can tell us about the nucleon
Fz(xan):Zeiz'x'fi(x)

F2(x)
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What F2 can tell us about the nucleon
Fz(xan):Zeiz'x'fi(x)

Fa(x)
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What F2 can tell us about the nucleon
Fz(xan):Zeiz'x'fi(x)
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Decade of measurement gives us Proton‘s F, and PDFs
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What is F2 for a nucleus A

Ff =ZFf +NF)??

Questions:

1. Do quarks move differently in Nuclei?

2. Does the nuclear environment affect quark?



Quark and Nuclei are scale-separated

Nucleon
binding

---~~
[

—-
-
-

The scale of GeV The scale of MeV

Naive expectation :

Bound nucleon = Free nucleon

(Except some small Fermi motion correction)
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Partonic — Nucleonic Interplay

Question: What is the simplest example of
nuclear interaction affecting partonic
properties?




Partonic — Nucleonic Interplay

Question: What is the simplest example of
nuclear interaction affecting partonic
properties?

Answer:

The nuclear interaction that binds the

deuteron also makes the neutron stable.

* Simplest nuclear system = Deuteron,

* Free neutron is unstable: decays in ~ 10
minuets,

* Bound in the Deuteron, a neutron can live
forever!




The nuclear environment affects quarks!

1.2

1 ® T

3
it
0.8 I I |
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SLAC data (1994)
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The EMC effect!

1.2

0.8

EMC region
{ 0.3 < x5 <0.7
d- T4 T
: !
SLAC data (1994) 3¢
EMC Islope: 0.32 | f |
0.25 0.5 0.75

Q Size of EMC effect is characterized by the slope



The frequency of SRC pairs correlates with the
strength of the EMC Effect.

o
o

-dR,,/dx

Magnitude of
the EMC Effect

o
N

|I|II|III!|IIII|IIIl||III

o
—

o

S
=

Olll TTT
-
N
:
o
o
(e}

Relative density of SRC pairs )

Weinstein et al., PRL 106, 052301 (2011) More on this in next lectures

Hen et al., PRC 85, 047301 (2012)
Arrington et al., PRC 68, 065204 (2012)



Deep inelastic scattering summary

DIS is scattering from a quasi-free quark.

Structure functions contain the quark momentum density
information.

N
Bridging between nucleon and parton regiem %% ot
@=O
EMC Effect:
* Bound nucleon # free nucleon
* Many models try to explain the data.
 Many experiments try to understand the problem.

 Hint in correlation EMC vs SRC



Summary of the physics

Nuclear strong interaction that binds nuclei is the residual from
the strong interaction between quarks!

Elastic scattering:

* Form factors describe the nuclear and nucleon structure in
terms of charge and magnetic moment

Quasielastic scattering:

e Shell structure, momentum distributions, correlations

Deep inelastic scattering:

* Quark-parton picture, structure functions describe quark
momentum distributions
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