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The Nuclear Hamiltonian
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The Nuclear Hamiltonian
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What are Short Range Correlations ?

~1.0 fm

Scalar part NN potential

) X\Tcnsor interaction dominates
P ttttttt lV

Distance




Why Study SRCs ?

Significant part of the nuclear wave-function
C? (~20%, 60% of the kinetic energy)

NN interaction at short distances

Implications:
Bound nucleon structure
Neutron stars
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Study SRCs Experimentally

Coordinate space - Momentum space

A pair with:
large relative momentum
and small C.M. momentum.

krel>kF kCM<kF

k, ~250 MeV/c
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Correlations and High—Momentum fail
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Correlations and High—Momentum fail

10

—

Can be explained by
correlations

10 '-‘ -
0 0102 03 04 0506 07 08 09 1

Momentum [GeV/c]

~

Momentum Density

Ciofi degli Atti, PRC 53 (1996) 1689 13



Hard Knockout Reaction

Breakup the pair
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Hard Knockout Reaction
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Hard Knockout Reaction
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Hard Knockout Reaction

Detect knockout nucleon
Detect scattered electron

Look for its partner ‘ i
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Hard Knockout Reaction

Reconstruct the 'initial' state

Detect knockout nucleon
Detect scattered electron

Look for its partner . j
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Reconstruct the initial state
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Reconstruct the initial state
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i Virginia, USA

i 12 (6) GeV electron beam

i 4 (3) experimental halls




Hall=A: High—Resolution Spectrometers

22



Hall—A: (e,e'pN
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Hall—A: (e,e'pN

Neutron
Detector 24




High—momentum wnucleons go in pairs
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High—momentum wnucleons go in pairs
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High—momentum wnucleons go in pairs
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High—momentum wnucleons go in pairs
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CEBAF Large Acceptance Spectrometer

<
clas38

‘\bOpen (e,e’) trigger

‘k Large-Acceptance & Low luminosity (~103% cm= sec?) 2



CEBAF Large Acceptance Spectrometer

5 GeV electron
C, Al, Fe, Pb targets
P . =300-600 MeV/c 30
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np — dominance
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np — dominance
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Momentum distributions in asymmetric nuclei
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Proton vs. Neutron Populations
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Proton vs. Neutron Populations
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Low Momentum: n/p ~ N/Z
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High Momentum: #p = #n
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How do the excess neutron pair

correlation
with core
protons?

no

correlation
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Correlation Probability

Simple estimate based on np-dominance

“®pPh: 7=82 N=126 SRC=20%

rotons,, neutrons,,
R= i, B R=—— i B g
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(e,e'n) &« (e,e’'p) |;‘> (e,e'np) & (e,e’'pp)

Double coincidence

Incident Scattered
electron electron
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——
P o
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Not
detected

Recoil partner Knocked-out

proton / neutron

neutron / proton

Triple coincidence
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electron electron

-

;

\
@

Knocked-out
neutron / proton

Recoil proton
partner
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Direct 0Observation of np—dominance
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SCX correction: Colle et al., PRC 93, 034608 (2016)



Kinetic Energy sharing in neutron rich nuclei

Pauli principle With SRC

v

BN =B

Who wins?
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Kinetic Energy sharing in neutron rich wnuclei
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Kinetic Energy sharing in neutron rich wnuclei

High-Momentum Fraction
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n,, - Simple np-dominance model

Protons move faster than neutrons in N>Z nuclei
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Theoretical predictions (N>Z)

Heavy nuclei (A>12)
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Implications

Neutron Stars

Bound Nucleon Structure
(the EMC Effect)

And more...
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Nuclear olensi’w, Asym me’“"{r

neutron star
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Nuclear olensi’w Asym me’w

neutron star

SRCs /AN1057 \
4 .
A few times N 959
average nuclear 5 ~——~20

: ./ 5%
density e |
N B P=(2-5)p, g

n-rich nucler &
. A <200
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Implication for Neutron Stars

Most accepted models assume:

~95% neutrons, ~5% protons, and ~5% electrons.

Neglecting np-SRC interaction, one can assume 3 separate Fermi gases:

~500 MeV/c
~250 MeV/c

kr,.. Ky k,

Fermi Fermi Fermi
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Implication for Neutron Stars
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Present &« Future directions

Hadron
scattering

4 :
QE pp scattering have a very strong
preference for reacting with forward

going high-momentum nuclear protons
\.
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INcident
nucleus

Inverse kinemaTics

target
proton
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Inverse kinemaTics




Inverse kinematics @ TINR

12C beam at 4 GeV/c/u on LH, target.
Measure incoming beam and all reaction fragments.

Soattered
proton

Residual

.
Muclaus 12C Nucleus

Correlated

Knocoked-out 0 partner

. proton
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Experimental Sefup

Scattered

Nucleus 2C

Proton
probe

Knocked-out
. proton

Proton Spectrometers

Residual
Nucleus

A-2

@ partner

Correlated

Residual Nucleus Spectrometer

Beam Tracking| LH2 ToF400
Target GEM Si Si
i HH
SClnt Scint.
MWPC MWPC
C beam
(4 GeV/c/u) GEM
ToF400

Zero-Degree
Calorimeter

.-——"-'"'
P

ToF700

Correlated Neutron Detector

Courtesy of M.

Large-Area
Neutron
Detector
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1" vun @ March 201g

AlZ

Fragment identification

'2C(p, 2pn) *°B, "2C(p, 2px)X , *C(p, 2p) "B

0.5

4_
3.5f
31
2.5f
2
1.53

1

Prellmlnary

107
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SRC @ R3B

E=1GeV/u beams from GSI accelerator on LH, target.

Isotopic chains

NeuLAND o GLAD

Proposed for next GSI PAC:
12C, d+p, 19C+p

63
Courtesy of A. Corsi



Thank you !

“’, III.- /7 E E .
T | Jefferéon Lab &3
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Massachusetts Institute of Technology el S eI
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Deep Inelastic Scaftering

E E 2 1 2 2
Incident Scattered 0 --449 =4 -~
electron electron w=FE'"-E

(w,9) %
x j—
" 2mo

- O0<x,<1
ucieon Final state Hadrons

Xg gives the fraction of nhucleon momentum carried
by the struck parton

Experimentally: Inclusive scattering A(e,e’)
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DIS: The EMC Effect
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EMC Effect
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EMC Effect

After 35 years, 1000 papers:

Size of effect
(EMC Slope)

|1 Increases with A

® This Work
8 Published Data (SLAC)
# Published Data (JLab)

no consensus on the cause of EMC effect

Arneodo et al., PLB (1988); Allasia et al., PLB (1990); Gomez et al., PRD (1994); Seely et al., PRL (2009)



EMC — SRC Correlation
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EMC slope
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# SRC pairs

Weinstein, Piasetzky, Higinbotham, Gomez, Hen, PRL (2011)
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69



EMC — SRC Correlation

CERN

VoLume 53 MNuwmeer 4 Mav 2013

' Deepin the hucleus: 4
apuzzle revisited i

EMC slope

Weinstein, Piasetzky, Higinbotham, Gomez, Hen, PRL (2011)
Hen et al.: RMP (2017); IJMPE (2013); PRC (2012);
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EMC — SRC Correlation

5 CERN
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_ np-SRC Fluctuations in Nuclel
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Neutrons saturate Protons grow
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“Normalization po55 .-
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Bound Nucleons

Bound = Free + Modified SRCs
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F! Z-F+N-F, +  ng (AP +AF)

EMC ratios
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Is the EMC effect associated with SRC ?

Focus on

the deutron e
e /

I

recoiling ~—
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Nucleon structure function
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Momentum distribution
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Detecting neutrons in CLAS

Y [cm]

'

Neutral particle

'

Neutron
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Neutron resolution & detection
efficienc

0.25—.

- inner layers
- outer layers
ozi-both layers

0.5

Jsing an exclusive reactidiiiy

84



Simple np-dominance model

Duer et al., Nature, accepted for publicationSargsian PRC 89 (2014) Hen et al., Science 346 (2014)

(for neutrons: Z - N)

B 300 MeV/c, ke
Bl Wood-Saxon

Serot- Walecka
Ciofi & Simula
-AV18 NN potential

BERScaling factor
n determined b NI

1 14 16
Neutron Excess [N/Z]
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alculation — Measurement

Simple estimate based on np-

minance
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The goal:
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SRC
fractions
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False Positive & Negative
probabilities
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False Positive & Negative
probabilities
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The selected cuts:

smeared protons

un-smeared protons




A(e,e'pp) & A(e,e'np)

(Combinatorial ratio)

93



Extracting pp/np ratios

SCX probabilities, Ref. [1], change between
~3-7 % from C to Pb

[1] C. Colle, W. Cosyn, and J. Ryckebusch, Phys. Rev. C93, 034608 (2016). 94
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proton neutron

1 SRC HH  SRC
0.86| W MF. | + W MF.
] L
2 0.80 i * * + i 1
0.74
0.75 ¥
— 5
Q 0.65 # §-— " N 3
s | mmmm——- o———-——0--——-8-—-5.
— o
0.55
0.51 {) {)
o Glauber __ _ _ _ _ _ o ____ & 0
. S S A .
1.3 1.6 1.9 2.2 25 13 1.6 1.9 22 2.5

nucleon momentum (GeV/C)

Duer et al., paper under CLAS collaboration review

] 96
Glauber calculations:

Colle et al., PRC 93, 034608 (20@@nkfurt et al., PLB. 503, 73 (200Randharipande et al., PRC 45, 791 (1¢
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Comparing the smeared protons and

neutrons

smeared neutrons
protons

=
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Identifying the Leading

Nucleon
un-smeared : smeared neutrons
protons :  protons

C Em
50__ [ ]
B |
C =
C =
- o s
: -
[ |
30__ u
i -
20__ -.
: | |
o =

We adopted the cuts (O.
Hen 2012):




1200

un-smeared

Missing Mass cut

1000

aoo-

smeared

neutrons

0.07
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0.04

0.03

.02

0.01
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The selected events:

This analysis Proton analysis
(smeared protons & (O. Hen et al.)
neutrons)

00



Electron kinematics

smeared protons neutrons
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Recoil proton kinematics

smeared protonseutrons
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np-pp smeared & neutrons
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np-pp smeared & neutrons
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np-pp heutrons
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Opening angle distribution

smeared neutrons
protc F
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T(A) 1 ~oale,e’N)JA 1 -E-R
T(C) ao(A/C) ocle,e’N)/12  ag(A/C) A

T's C’A(Esﬂjp)/z/ﬂ.fk& iy ap . (K) - kdk 6 _ ﬂfku n%,M.F.{k) - kdk
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Isospin dependence of nucleon-nucleon correlations and the reduction of the
single-particle strength in atomic nuclei

S. Paschalis,! A. O. Macchiavelli,> M. Petri,! O. Hen,® and E. Piasetzky*

0.8 R3B Oxygen data

0.6

Kramer

Quenching Factors

04 B even even
02 — Long range for Kramer
i Pairin -
Y2 7 0 0.2 0.4
(N-Z)/A

G. Kramer, H. Blok, and L. Lapikas, NPA, 679, 267 (2001)

SRC fraction - 20%
LRC (gs »gs) - 18%

LRC (gs all) -
11%
Pairing - small

108

J. Lee et al., PRC 73, 044608 (2006); L. Atar, Phys. Rev. Lett. 120 (5) (2018) 052501



Quenching Factors
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Mucleus (12C) of interest

| ab Frame:
P beam = 4 GeV/clu
Proton
probe
To study SRC pairs: | Prmiss | = 250 MeV/c
|s,t,u| > 2 (GeVjc)*  (Hard process)
o #f
p 2 P
CM Frame:

Gain higher SRC statistics
10 with proton probe
x5 J

[ EFP—‘W
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p+C-p'+p'+X

250

- 3 Tracks
200/ S~ Number of Tracks

After Target

150 Qcx 1

- JIL L
100 , h

l EILQ I Irack 2 Tracks
L, S Pt

2
after target

50
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. LOG PROBARILITY

NUCLEON MOMENTUM |

How do we get 20% ?
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(e,e') & high-momentum nucleons

Incident . __ Scattered
electron ‘y‘ electron
= High-momentum nucleons
can be selected by the e
kinematics.
Q2=2 GeV?/c?
[ |
3 ke Inelastic _
Struck Interes}ing
nucleon o4 L i
minimal
momentum
1 k,,r: —————————————————————— === - - = = -
Forbidden Forbidden
| | |
0.5 1 1.5 2
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High x; & High initial
Incident » Scattered Momentum

electron ‘ electron

|High-momentum nuclepns

=
@ can be selected by the e
kinematics.

Q2=2 GeV?/c?
|
3 ke Inelastic
Struck Interesting
nucleon 2ke -
minimal
momentum ;L _____N_____J________
Forbidden Forbidden
| | |
0.5 1 1.5 2
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Counting high-momentum pairs

O, /A g 1 |
o,/2 | C 1 Al } _
El_ 41 —]
,,'.'aaif '.O;‘i;f“-‘} 1 Observed scaling for
ot & + o .
R § ] 1 [ ] i
2 _t-' -+ This work | .i. i XB>1'4
-%' HFomin et ak} 'i..-..' | | | | -
T Fe T Pb ‘_ ‘
T $47 #°
| et e k) = 8 X (K
| '. 4 .. i
- ... . . .. _
[oewe® T
0.8 1 1.2 1.4 16 1.8 £ 0.8 1 1.2 14 16 1.8 i
Xp
Schmoolker, Duer et al. (CLAS Collaboration), Submitted
(2018)

Day et al. PRL 59,427(1983min et al., PRL 108, 092502 (201
Egiyan et al. PRL. 96, 082501 (2@@6)an et al. PRC 68, 014313 (2003



Counting high-momentum

pairs
n,(k>k,) = a,(A) Xn (k>k,)
Ko~275 MeVic ~4-5 X ~4% = ~20%

(xg>1.4)
AV18
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2018 High-Momentum Scaling

Schmookler

o ] Fomin
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I ..Om— +_ Au l .
o
i * 1 L
- ....”.... ||||||||| - :......p.... | | | |

1 12141618 2



2018 High-Momentum Scaling

Schmookler
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2018 High-Momentum Scaling

Schmookler
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3He/*H(e,e'p)

|||||||||||||||||||||||||||,||||/./‘|

Present & Future ( Jeff;r) on Lab

E12-14-011, Hall-A CaFe Experiment, Hall-C
run @ April 2018 will run @ 2019
3He | N
Dynamics of pairing
W w with asymmetry
R. Cruz-Torres

Momentum Density (VMC) —8— low-k kinematics
AV18+UX
— === N2LOe1(1.0.,1.2 fm) —- high-k kinematics

N2LO et (1.0,1.2 fm)

Spectral Function
——— CDA & Kaptari
——— Benhar & Pandharipande

Ca |“ca Cca |“ca |m| Cca
Adding Neutrons im

1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1
100 200 300 400 500

[MeV/c]

=]
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Single particle strength
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\ 2B
- @ n-emoval: AS=S -5 EESii 5
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J. A. Tostevin and A. Gade, PRC 90, 057602 (2(
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Single particle strength

Spectroscopic
factors
for (e,e'p)

reactions
Only 60-70% of expected

! %9 i}
- -[j . D _'.::_ .
L m (eep) -J.S:E‘,F—Sn g 0o -

single-particle strength
- @ n-removal: AS=S -§_ 8 9 -
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-30 -20 -10 0 10 20
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J. A. Tostevin and A. Gade, PRC 90, 057602 (2(
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Single particle strength

Spectroscopic
factors
for (e,e'p)
reactions
Only 60-70% of expected

single-particle strength

[ m (eep):AS=S-S_ 365§¢05§H i
P “Mg 28
S
#

- @ n-removal: -J.S:SH—SD %Sii %
| @ p-removal: AS=S -S_ % 'm__
Ur2 Lid 11111l | I I | IPI i | T I | I Ll i1 111l I il I-r‘lal L1 ] L 11
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J. A. Tostevin and A. Gade, PRC 90, 057602 (2(
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Single particle strength

High-energy strength
due to SRC
and tensor force

high momenta

F 3

SRC

15%

5 grrmmssssasssnsssafifaascassanianss s

continuum ! ¥ 100 MeV

' 3

i010%
i| Coupling to surface
i| phonons and

i) Glant Resonances

A AVAVAVAYA S B
— 65% quasihole strength L RC

Coupling to surface
phonons and
Giant Resonance

Mean-field nucleus

Spectral strength for

Location of high-momentum a correlated nucleus

components due to SRC
at high missing energy

W.H. Dickhoff, C. Barbieri, Progress in Particle and Nuclear Physics 52 (2004) 377-496



Single Missing
particle strength

Y hort-Range
Long-Range Correlatioforrelations

125



Single Missing
particle streqgth

Y hort-Range
Long-Range Correlatioforrelations

c
o
-I: [ 1.7
o 16 e
= : E 56Fe/12C %IEE ol
g 1'4:_2?;3\”12(; % protons 14 }
2 .0 i 20%pp12c | 1a
< i
g T '%““iﬂ """""""""""""" :T -
S I nNeutron 0 i } } ]
1 0.8l | T
'g 5 |§| 09t "'_%___
T 06—z 94 16 %8s 0z o1 0 0.1 0.2 0.3
N/Z (N-Z)/A
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Single Missing
particle streqgth

Y hort-Range
Long-Range Correlatioforrelations

Particle Vibration Coupling

Nuclear Physics A431
(1984) 393-418
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Single Missing
particle strexngth

Y hort-Range
Long-Range Correlatioforrelations

Particle Vibration Coupling

Nuclear Physics A431
(1984) 393-418

Use data to determine the amplitudes
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Quenching Factors

0.8 | R3B Oxygen data
0_6__ SRC fraction -
! Kramer 20%
0.4 B even even
02 — Long range for Kramer
i Pairin
| | | | ; | | |
Y2 7 0 0.2 0.4

gs — gs: G. Kramer, H. Blok, and L. Lapikas, NPA, 679, 267 (2001) .
gs — all: Lee et al., PRC 73, 044608 (2006); L. Atar, Phys. Rev. Lett. 120 (5) (2018) 052501



0 For neutron matter:
®) | R3B Oxygen data
g Of s
e -
c i Kramer ﬂ
8 04| even even
T i
S i
S ool lor=1-y-ysie=02]

e Long range for Krame

i Pairin -
0 | - | | I ; ' | |
0.2 0 0.2 0.4
(N-Z)/A

gs — gs: G. Kramer, H. Blok, and L. Lapikas, NPA, 679, 267 (2001)
gs — all: Lee et al., PRC 73, 044608 (2006); L. Atar, Phys. Rev. Lett. 120 (5) (2018) 052501
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Present & Future directions

Hadron
scattering

(QE pp scattering have a very stron
preference for reacting with forwarc
\going high-momentum nuclear protpns
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Direct kinematics

incident target
proton nucleus
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Direct kinematics

Incident
proton

knockout

scattered

proton recoil

nucleon
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Inverse kinematics

INcident
nucleus

target
proton
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Inverse kinematics

Incident

auclei leading

protons

target
proton

-

recoil
nucleon




Inverse kinematics @ JINR
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Inverse kinematics @ JINR

Soattered
proton
Nuoleus 120 probe Reaidual
MNucleus
h@
Correlated
Knocked-out . partner
. proton
Proton Spectrometers % Residual Nucleus Spectrometer
Dipole Zero-Degree
D_G TEF [_JG Calorimeter

Beam Tracking| LHz

I I Target i
Scint. Scint.

MWPC

C beam GEM Large-Area
(4 GeV/c/u) MNeutron
Detector
F

To Correlated Neutron Detector

wphd s Iltiitiltr
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A-2 System
1% run @ March 2018

p+C-p'+p'+X
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