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Nucleon-Nucleon Interaction

» Mean Field Theory (Shell Model):

* Nucleons move independently in an average field induced by the surrounding nucleons;
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Nucleon-Nucleon Interaction

» Mean Field Theory (Shell Model):

* Nucleons move independently in an average field induced by the surrounding nucleons;
* Independent Particle Shell Model (IPSM):

5 _
hIPSM‘ §0a> ~ (p /2m —I—}\/ + ) = Ea‘ §0a> No NN interaction Terms!
= Occupying energy shells below FermiMomentum (kg;) and Energy (g;).
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However, IPSM has its limitations, such as NN interaction at short distance, Nuclear magnetic
moments, Highly Excitation States, High Density Nuclear Matter.




Nucleon-Nucleon Interaction

> Realistic Nucleon-Nucleon Interactions:

Two-Nucleon Interaction Potentials
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®*  Nucleons are weakly interacting in their normal distances
»  Far more complicated interactions at short distance (both strong attractive and strong repulsive)

»  abh mitio calculations: many-body system + special potential:

H=YT0)+Y VG )+ VO, j,k)+.., Hy,=Ey,

i<j i<j<k



Nucleon-Nucleon Interaction

» Missing Strength:

‘ o Proton knocked out experiments showed that nucleons
V(1) - R with momenta lower then k. (T200MeV/c) don’t
7 occupy all the nuclear orbits.
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Nucleon-Nucleon Interaction

C. Ciofi degli Atti, et al, PRC 53 1689 (1996)

» Missing Strength: Momentum distributions
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* Nucleon-nucleon (NN) distance can be small

Strong attraction and repulsion at <1 fm
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o r,«-\ 208% { w°F nuc +
. "a , matter
SR
107 . w?
r \ r

5

* Nucleons can carry much higher momenta (k>k; )

e Zero (or tiny) total momentum for NN pairs:

n< (Im®)

A real ground state, not an excited state.
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Short Range Correlations (SRC)

> Key Features: - 2N-SRC » 3N-SRC
* Involve 2-nucleons (2N-SRC), \
3-nucleons (3N-SRC) and more;

* The nucleons are largely overlapped

&

v" Proton radius ~ 0.85 fm (charged & magnetic) <
v Neutron radius ~ 0.86 fm (magnetic)

v" Inter-nucleon separation in nuclear matter

(A->infinity) ~1.6 fm

. R~0.6 fm
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Short Range Correlations (SRC)

» Key Features:
* Involve 2-nucleons (2N-SRC),
3-nucleons (3N-SRC) and more;

* The nucleons are largely overlapped

C. Ciofi degli Atti and S. Simula, Phys. Rev. C 53 (1996).
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/1 2N-SRC »  3N-SRC

2N-SRC and 3N-SRC 1n heavy nucler:

similar to 2D and H/ *He.
Similar shape for High momentum tails:

scaling behavior at k>kIF

Extremely high density configurations:

connect to EMC effect, quark degrees of freedom,

Inner Structure of Neutron Stars, etc.



Measuring SRC

> From Exclusive Measurements:

v" Back-to-back scattering between the knocked-out
nucleon and the spectator nucleon

A(p, P’ pN)A-2 reaction at EVA (AGS E850), BNL
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Measuring SRC

> From Exclusive Measurements:

v Theoretical calculation shows n-p pairs

have stronger strength.

R. Schiavilla, et al, PRL 98 132501 (2007)
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Measuring SRC

> From Exclusive Measurements:

v Theoretical calculation shows n-p pairs

have stronger strength.

R. Schiavilla, et al, PRL 98 132501 (2007)
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°O. Hen et al., CLAS Collaboration @ JLab, Science 346, 614 (2014)

v" Experiment discovered that
np pairs are 90% in 2N-SRC

R. Subedi, et al, Hall-A Collaboration @ JLab
Science 320 1476 (2008)
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Measuring SRC

> From Exclusive Measurements:

v Theoretical calculation shows n-p pairs

have stronger strength.

R. Schiavilla, et al, PRL 98 132501 (2007)
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v" Experiment discovered that
np pairs are 90% in 2N-SRC
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Measuring SRC

» From Inclusive Electron-Nucleus Scattering:

*  Incoming electrons scatter on nucleil and only measure the scattered electrons.

* [mportant quantities:
Four Momentum Transfer of the virtual photon.
Q? = 4E,E'sin?*(0/2)
Borrow and extend the definition of ., in DIS:
QZ
X =
2myv

(x>1 1f more than one nucleon involve 1n the interaction)

Benhar, Day, Sick, Rev. Mod. Phys. 80, 189 (2008)
[ | | | |

» Three processes 2 Three type of D.O.F.

2 [
(1) x = 251 - = 1 : “Elastic”=2> Interact with the whole nucleus, 0.6
) [

2
2)1<x= 2Q < A: “Quaselastic”>Interact with a

0.4
mpv -
nucleon moving inside the nucleus

2 0.2
3) x = 251 » < 1: “Inelastic”> Interact with components i
P i

200 400 600 800 1000

electron energy loss w

mside a nucleon o.oo' A



Measuring SRC

S
-

n(k) [fm?3]

» From Inclusive Electron-Nucleus Scattering:

-

Momentum Distribution 1s not a direct observable but
links to the inclusive cross sections. o'}

= At Quasielastic (QE) Region, the Inclusive Cross Section:

Spectral Function 9 Link to the nuclear structure

A S = - 167k

dE dQ (Q b]) '[ ZGeN S (EO , po)ar; ' © K[GeV/d
1 nucleons QE cross sections get access to the high

momentum tail at x>1.4 and Q2=4GeV?

Integral accounting for all electron-nucleon reactions

1.2

= y-Scaling:
y—> the minimum accessible nucleon momentum

do 08 |

———(0",x,) =275 - F(y), S
dE'dQ) ) S o6} » f
F(y)=> very small dependence on Q?. n-_g :
04 |
*  Momentum Distribution of a
nucleon mside a nucleus: 02 |
-1 dF(p,)
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Measuring SRC

» From Inclusive Electron-Nucleus Scattering:

Decompose the QE cross section in a SRC picture:

04(%,0%) = T150)(x,0%) = Aoy (x,0%) +5 a(A)oaw (x, 0O ST N

. "T'wo nucleons:

(1.3<x<2)

One nucleon:

(x~1)

a; (A) ---the probability of a nucleon in a jN-SRC.

J

QE cross sections are inked to momentum

distributions by y-Scaling:

2N-SRC (1.3<x<2)
20,(x,07) 0*)

A o,(x, Q )
SN-SRC (2<x<3)

An open question: Where (in x, or in p) do 2N-SRCs lose dominance and give way to SN-SRCs?

a,(4,D) =

Three nucleons:

o. (A) - the cross section of an electron scattering on a nucleon in jN-SRC.

(x>2)
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Measuring SRC

K. Egiyan et. al. PRC68, 014313 (2003)
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Measuring SRC

» Previous Results (3N-SRC):

Linear

Some questions related to 3N-SRC 10°%¢
b d [ I Blue - Fe
. 2 Mage. - C
vet to be answered: 10 -~ ’;w?‘;’;c”é*
acK -

> A smooth transition from 2N-SRC to 3N-SRC?

» A scaling behavior, like 2N-SRC, for momentum

Momentum Distribution

o . . 10 i 3N-SRC?
distributions of different nucler? E Mean IS
> A small central momentum of 3N-SRC cluster, like O Field | ST
w0l I 2N-SRC
pairs in 2N-SRC? : I
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Need very high yield experiments to measure 3N-SRC; p.(GeV/c)
Only inclusive measurements at JLab so far!
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Measuring SRC

» Previous Results (3N-SRC):

CLAS

K. Egiyan et al, PRL96, 082501 (2006)
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CLAS & Hall-C (E02-019) don’t agree in the SN-SRC region:
» CLAS shows 3N-SRC at x>2.2
» LE02-019 doesn’t have a clear plateau
» CLAS: Q° = 1.6 GeV?, E02-019: Q? = 2.7 GeV?
a » Large error bars at 3N-SRCs for E£02-019 20



Measuring SRC

» E08-014 Experiment in Hall-A using HRS (2011)

Detector Huts

21




Measuring SRC

> E08014 Results: R(xl_)=<<u1<xi>> /(aAzcxi)>

Z. Ye, et. al. arXivl1712.07009, appear on Phys. Rev. Letter soon

A NEANERN

N N

N

(Gogg /)Gy /3)

~

Consistent results in 2N-SRC region
Fast rise-up at x>2, and no mdication of SN-SRC plateau
Agree with E02-019 data (within errors), and disagree with

:
4

O New E08014 (23,25 , 1.5<Q*<1.9 GeV?)

o E02019 (18, Q*=2.7 GeV?)

* CLAS

@%{}
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;. Ye, et. al. to be submitted Phys. Rev. Letter soon

CLAS results
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> 3N-SRC or not?
About CLAS’s 8N-SRC plateau (PRL 114,169201 2015):

4
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Measuring SRC
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10°

K. Egiyan et al, PRL96, 082501 (2006)

The 3N-SRC “plateau” 1s due to the large bin migration because the CLLAS’s poor momentum resolution.

o
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> 3N-SRC or not?

v 3He cross sections fall more rapidly than heavier nuclei g
when x=23 (untl hit the elastic peak) %

v" 4He cross sections fall more slowly but still don’t scale j
with 2C cross sections i

Stationary 2N-SRC + nucleon

Non-Stationary 2N-SRC + nucleon

Stationary 3N-SRC

v Scaling of 2N- SRC (3N- SRC) assume a stationary
configuration like 2H (®*He)

v" IN-SRC & 3N-SRC in heavy nuclei may be not stationai

¥_ May need larger Q? values to isolate 3N-SRC

o

Measuring SRC

dE'dQ

E08-014 new XS results [o,=25"
v IH
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N
Measuring SRC
> Isospin Dependence of SRC from Inclusive Scattering:

48Ca to 4%Ca Cross Section Ratio from E08-014

1.4 e,/ Gu. Ratio: N %(x,-)) (%(xi))
= :GCa/GCaRatIO R(x,) (v i '/' e
Ay L

§3 1.2— o E08014 Data (23,25, 1.468<Q*<1.897-GeV/c?)
o [
élo_ji é(%?§?ﬁ%%%%%%%%%$?(}i+ (IL %
< L
éﬁ - %%@?ﬁﬁé‘%& _________________________
~ 0.8—

| Z.Ye, et. al. to be submitted Phys. Rev. Letter soon

| |

1 1 1 1 1 | 1 1 1 1 | 1 1 1 1 1 1 1 1 ] 1
1.0 1.5 2.0 2.5 3.0
X

Preliminary—> More precise absolute thickness of Ca40 needed
= Naive prediction: R= 0.92 if 1sospin-independent, or R = 1 if n-p pairs dominated.
= Consistent with a recent theoretical calculation (R = 1)
(M. Vanhalst, et. al., PRC 84, 031502 (2011), PRC 80, 044619 (2012)

»  New experiment 2 E12-11-112 using H3/He3: 40% difference

25



Measuring SRC

» Tritium Experiments: E12-11-112: using inclusive electron quasi-elastic scattering on H3/He3

Spokespeople: John Arrington, Donal Day

Doug Higinbotham, Zhihong Ye QE: 2N ; 3N
Thesis Students: Shujie Li, and Nathaly 350 AN IR S NN SN—
. . . - m== Left HRS .
(University of New Hampshire) sl o Rooba HIRS (*parasite®) |
E mm Left & Right HRS u
Q S ‘ 250 E
= -,
3| /@ < f
H3 | < He3 2 2F 196 E
= 7 105— : 303° : E
T e 2627 QES22GeV ]
. 05k — 2 ()° E i E
v" Isospin dependence: “F | ]
v" Better precision: extract ratio R(7=1/7=0) Y L S R VR FY?

X
v" Much smaller FSI (inclusive)
v" Larger difference (4096) between two assumptions
_ OHe3/3 (20p+0n)/3 sz30n
B oy3/3 B (Op+20n)/3

if np dominance: R =~1 if 1sospin independent: R 1.4

v" Determine isospin dependence for A>3 nuclear corrections

v Absolute cross sections and ratios; Test ab initio calculations
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Measuring SRC

» Tritium Experiments:

E12-14-011: Exclusive SRC
Spokespeople: L. Wenstein, O.Hen,
W. Boegln, S. Gilad

» He3/HS3 ratio for proton knockout

- n/p ratio in 3H (No neutron detection Required)
* np-dominance at high-Pm implies n/p ratio 21

* n/p at low Pm enhanced

- —VMC
- --- Nogga (AV18)
| —Nogga (CDBonne)

-

T

o

<T>|* [MeV]

K [MeVic]

0 100 200 300

R A B S A
400

K [MeV/c]

il
500

Noe(K) / naH(k)

S —VMC
3 . —Nogga (AV18)
i arXiv:1409.1717 — Sargsian
E — Kaptari
2.5 * Projected
L Results
2f
1.5
1
B l T M M o S S A [ |
0 100 200 300 400 500
R [MeV/c]

Map out difference between proton and
neutron distribution up to (and shghtly
beyond) Fermi momentum

Start data-taking in few days (April 2018)!
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Measuring SRC

> Tritium Experiments:

The Tritium Experiments in Hall-A at Jefferson
Lab (Dec. 2017- Dec. 2018)




SRC vs EMC

» What is EMC Effect? [

s EMC Effect: is the surprising observation by European
Muon Collaboration (EMC) that: The DIS cross section
ratios (or F2 ratio) of heavy nucler to Deuteron show a

2

(0)

1

Fy (Fe) / Fy

linear slope 1n the range of 0.3<x<0.7. 14 R .
% It indicates that the quark density functions in a free o | \\rt
nucleon 1s different from one i heavy nucler (strong A-

08 |

dependence)

A 1
0 02 0L

¢ No theory can successfully explains this phenomena

Is there a Medium Modification Effect? Does a nucleon change its shape when it 1s
placed in different nuclei?




SRC vs EMC

» Connection?

—
.
—

§ D. Gaskel, E03103 Hall-C
= IdR_  /dxI=0.280 +/- 0.028 .
g enc/ X ! a, in SRC:
1 ~ oy
S - i 30 S —> Probability of two nucleons to be correlated.
T .
o ?‘#xﬂ # | N ‘ ' T
09 F | Hﬁi “He o e
- 3 L n *
1 Normalization (1.6%) o 0 &0ttt o
L PN I R R S 0 "‘,"‘dt , . Rl : )
0.3 4 05 06 07 08 09 &
2 °f 4 & A
X e e Cu
g 3t . ¢ -'_'_‘_‘:.
“Sl()pe” in EMC é,t .‘...“...o‘
= how difference a nucleon in a nucleus Z S S
. . . o T L
compared with one in the Deuterium. "Be e T
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.0 .o
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Fomin et al, PRL 108 (2012) Jlab E02-019 “
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SRC vs EMC

» Linear correlation! D.O.F: Nucleus = Nucleon 2 Quarks & Gluons ?
05
8- < 197Au
O 04
")
03
0.2

EMC: 0.3<xbj<0.7
- How quarks &

gluons form nucleons9

SRC: xbj> 1.3
- How nucleons
form nuclel.
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Data contributed by JLab:
*  Egayan, et al. (2006 PRL, Hall B) L. Weinstein et al, PRL 106, 052301 (2011)
* J. Seely, et al. (2009, Hall C) J. Arrington et al., PRC 86, 065204 (2012)
« N. Fomin, et al. (2012, Hall C) O. Hen et al, PRC 85, 047301 (2012)
And SLAC data

Understanding how EMC connects to SRCs will be one of the major studies in 12 GeV.
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Future Opportunities
» More New SRC & EMC Experiments at 12GeV@JLab:

O Hall-A: (MARATHON experiment using Tritium)

* E12-10-103: Measurement of the F2n/F2p, d/u Ratios and A=3 EMC effect in Deep
Inelastic Scattering off the Tritium and Helium Mirror Nuclei.
* Finished data takin in early April 2018!

U0 Hall-C:
* E12-06-105: Inclusive Scattering for Nuclei at x>1 in the Quasielastic and deeply inelastic regimes.
* E12-10-008: Detailed studies of the nuclear dependence of F2 in light nuclei.
 EI12-11-107: In Medium Nucleon Structure Functions, SRC, and the EMC Effect.
« EI12-10-003; E12-06-107. etc...
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Future Opportunities
» More New SRC & EMC Experiments at 12GeV@JLab:

O Hall-A: (MARATHON experiment using Tritium)

* E12-10-103: Measurement of the F2n/F2p, d/u Ratios and A=3 EMC effect in Deep
Inelastic Scattering off the Tritium and Helium Mirror Nuclei.
* Finished data takin in early April 2018!

U0 Hall-C:
* E12-06-105: Inclusive Scattering for Nuclei at x>1 in the Quasielastic and deeply inelastic regimes.
* E12-10-008: Detailed studies of the nuclear dependence of F2 in light nuclei.
 EI12-11-107: In Medium Nucleon Structure Functions, SRC, and the EMC Effect.
« EI12-10-003; E12-06-107. etc... Lt xisemst 27
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v Open up new channels to study the Nucleon-Nucleon force at the Quark level, such as SIDIS.
v" Will reach much higher Q2 (to isolate 3N-SRC)

v" Direct exclusive measurement of high momentum nucleons from 3N-SRC breakup

® However, Full detector coverage and high luminosity needed! Rate could be an issue
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Summary

Mean-Field Theory only explains 80% of the nucleon strength in a nucleus; 20% are from strong N-
N interaction at short-distance.

SRCs are important to understand high momentum components of the nucleon momentum
distribution

Study the property of high density matter from the 2N—SRC and 3N-SRC clusters

Experimental study with electron-scattering learns a lot on 2N-SRC but little on 3N-SRC.

The Connection to the EMC effect provides a new way to learn the NN interaction at the quark-
gluon level

Many new experiments at 12GeV JLab, and EIC;

Possible opportunities using high energy proton beam to perform quasi-elastic scattering on nuclei
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Measuring SRC

» Isospin Dependence:

* Nucleons mteract thought exchanging one pion:

—_——_~

i

, = -3 6,0, PAttractive
= 6,0, >0 2Always repulsive

* Proton and Neutron carry different 1sospin (T):

Proton = T= 1/2, Neutron=> T=-1/2

Isospin Singlet: T'=0, n-p pairs =% Stgble!
Isospin Triplet: T = 1, p-p (T=1), n-p (T',=0), and n-n (T =-1)

So the nature of the attractive tensor force favor the n-p pairs!
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N
Future Opportunities

» Using pA scattering to study Nucleon-Nucleon Interaction

A(p, p’pN)A-2 reaction at EVA/BNL
" The pA data firstly showed the direct back-to-back np (b, p'PN) | reaction at EVA/

scattering after breaking up 2N-SRC L - \
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=  QE pp scattering have a very strong preference for reacting
with forward high momentum protons o
= With 5 GeV/c proton, the Cross-Section becomes larger. Nucteus .



