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Thursday, March 21: 2N and 3N SRCs

Time Presenter | Title
0:00-90:30 ||l25+5 Eli Piasetzky |SRC in, FSI out?

. ._ _ e, Interpreting SRCs: FSI in x>1,
0:30 - 0:50 17+5 Mark Strikman from (e.e") to (e.e'NN)
0:50 - 10:10 |f7es Omar Benhar Interpreting SRCs: F5I in x>1,
7 ' e ) i from (e.e') to (e,e'NN)

1010 - 10:30

Discussion

10:30 - 11:00

Morning Coffee Break

: - Transparency: neutrons & two-
11:00 - 11:20 |[17+53 Wim Cosvn .
: nucleon
: vs. 1 Transparency & SRC
11:20 - 11:40 |[17+3"  ||[Mevtal Duer P Vs P J
: A-dependence from (e.e'Np)
Issues with theoretical
11:40 - 12:00 |[17+3" ||Douglas Higinbotham ||description of polarized 3He
(e.e'p) and 3He(e.e'd) data
12:00 - 12:30 ||30' Discussion




kok, k>k, k=k

k. ~250 MeV/c

high relative and low c.m. momentum,



Part |. study properties of SRC pairs

(Part Il: study NN interaction via SRC)

Friday, March 22: NN Interaction and Knock-out
reactions

Saturday, March 23: EMC Effect

Time Presenter "Title
0:00 - 9:30 b5 +5' Gerald Miller [|Short intro & new model
lo:50 - 0:50 li5+5  |[Barak Schmookler [[New 6 GeV results (CLAS)

Quest for nonnucleonic

9:50 - 10:15 =0+5 Mark Strikman degrees of freedom in nuclei

Discussion: Understaning the dynamies behind the

10:10 - 10:40 30 EMNC Effect

3N SRC
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SRC kinematics ey

high-Q2,

Xg > 1.

Large Pmiss

1C MEC
* * FSI suppressed in
/4 /4 . :
/ l‘% Kinematics.
,LL'% A Treated using
7




Why FSI do not destroy the 2N-SRC signature ? %

For Iar%e Q2 and x>1 FSl is confined within the SRC : TEL AU UNIVERSITY
e factorize and approximate by Glauber calculations

or can

< 1fm FSI| in the SRC pair:

Conserve the isospin structure of the pair .

Conserve the CM momentum of the pair.
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Canceled in some of the measured ratios.

FSI| in the SRC pair:

These are not necessarily small, BUT:
* Conserve the isospin structure of the pair .

* Conserve the CM momentum of the pair.
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Glauber agrees with data! ey Uerso
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Glauber agrees with data! %
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C. Colle, W. Cosyn, Phys. Rev. C 93, 034608 (2016).
L. L. Frankfurt, M. |. Strikman, and M. Zhalov, Phys. Lett. B. 503, 73 (2000).
V. 1. Pandharipande. and S. C. Pieper. Phvs. Rev. C 45. 791 (1992).

M. Duer et al.
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Glauber agrees with data!

—
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[8] C. Colle, W. Cosyn, Phys. Rev. C 93, 034608 (2016).

M. D | [9] L. L. Frankfurt, M. |. Strikman, and M. Zhalov, Phys. Lett. B. 503, 73 (2000)
.Dueretal. 107V ) pandharipande, and S. C. Pieper, Phys. Rev. C 45, 791 (1992)




Part |I. study properties of SRC pairs

(Part Il1: study NN interaction via SRC)



Piasetzky et al., PRL. 97 (2006) 162504. %
R. Subedi et al., Science 320, 1476 (2008). TEL AU UNIVERSITY

BNL / EVA 12C(e,e’pn) / 12C(e,e’p)

102

12C(p,ppn) / 12C(p,pp)

12C

L B pp/np from [1ZC(e,e'pp) I1ZC(e,e'pn) 1/2

T 12 12

‘E B pp/2N from [ "C(e,e'pp) / "C(e,e'p)]/2 O -
o v np/2N from12C(e,e'pn) I12C(e,e'p)
o) A np/2N from "“C(p,2pn) /*C(p,2p)

Y 10

‘P

E [12%(e,e’pp) | 12C(e,e’pn)]/ 2
B 0 |
s |

\ \ \
0.3 04 0.5 0.6
Missing Momentum [GeV/c]

The high momentum tail in nuclel is dominated by SRC pairs

Most of the SRC pairs (90%) are np only 5% pp and 5% nn




gl=lE >

%1
[V}

/

~~
| \W)
=]
SN—"

50(f(P2)) [Pan(|(P1 — p2)/2))|° n&(p1 + p2)



C.M. Motion of the SRC pairs
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measured (corrected)
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Low Pair C.M. Motion

E beam > Pe

P
®,q
E i»Pi
A 2N-SRC 0 .
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LJ—F'JZ e FSI permitted
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Erez Cohen (TAU), PRL. 121, 092501 (2018)., arXiv: 1805.01981




FSI

For SRC kinematics (large Q?, x>1):

© Il 2 1;‘

. . Attenuation SCX:
Calculate using Glauber.

Rescattering within the pair

Does not change the reconstructed
CM momentum

17
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M. Duer (TAU) , Reviewed by PRL (2019)



At 300-600 MeV/c there is an excess strength in %
the np momentum distribution due to the strong TEL AU UNIUERSITY
correlations induced by the tensor NN potential.

) A

repulsive core

...n-""""’
This experiment

short range attraction

ﬁ ‘@) pp- nn- np- SRC Vi (1) =V (r) +V; (r)S,,
@ Sy, =3(0;y-1)(o, - F)— 0,0,

Only np-SRC

A

Schiavilla, Wiringa, Pieper, Carson, PRL Ciofi and Alvioli Sargsian, Abrahamyan, Strikman, Frankfurt
08,132501 (2007). PRL 100, 162503 (2008).  pR C71 044615 (2005).



Generalized Nuclear Contact Formalism %

TEL ALY LIMIVJERSITY
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The nuclear contacts and short range correlations in nuclei

R. Weiss,! R. Cruz-Torres,? N. Barnea,! E. Piasetzky,? and O. Hen?

Phys. Lett. B780 (2018) 211.

(E:ompering ab-initio“.
VMC and nuclear
~_1contact calculations,

n,(k)—C

k—co

@ ot ()| + €0 ]0% (| + 202, |02 (k)|

I:0,23:1j:1][ l=s=]=

np pairs pp, NN, np pairs

Residual




Friday, March 22: NN Interaction and Knock-out
reactions

Contact Formalism + Spectral

Fonen Weiss .
Function




Friday, March 22: NN Interaction and Knock-out
reactions
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10 ® This Work

(SCX corrected)
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Who are the parents of the 2N-SRC pairs ? %
Asymmetric nuclei N>Z: TEL AU UNIERSITY

Correlation Probability:
Neutrons saturate Protons grow
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M. Duer et al. (CLAS Collaboration). Nature. 560 (2018) 617-621



Asymmetric nuclel N>Z: Taﬂu%;emw
Who are the parents of the 2N-SRC pairs ?

36K 37Ca  Sc 22
Ar 37K 38Ca | Ti 23
38K 39Ca 4°Sc ‘“T A"/ 24

™

;tf{ 43g5¢ 1“11 asy |46Cr ] Fe 27 |
a 44Sc 45Ti 46V 47Cr “8Mn “°Fe Co
455c 46T 47\ 148Gy 49Mn 5°Fe.5‘Co'
i 48v 490r SOMn | 's1Fe 52Co |
| 51Mn 52Fe 53Co |

54Co

a1 }42Ar 43¢ 4
v :42C| 4A3Ar -
43C| 44Ar °Ca
44| 45A, 46K 47(Cn 4BC 49T 5
7=20 Cl | “2Ar |*°K |*Ca |*°Sc

N=28 28 “CAr “7K.

29 48K |49Ca |50Sc |51Ti |52V SR **Mn 555Fe 58Co

, ;> Z=26
Add 8 protons N=28



From tensor to scaler dominance %

TEL ALY LIMIVJERSITY

Scalar Limit

e ———————————————————— —————————

With experimental
corrections

%.4 0.5 0.6 0.7 0.8 0.9 1
DPiniss [(;e\f/(..]

Probing the strong nuclear interaction at neutron-star densities

A. Schmidt et al. (CLAS Collaboration)
See a talk by Axel on Friday



triple — coincidence
measurements



Friday, March 22: NN Interaction and Knock-out
reactions
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Inverse kinematics p G | el

nuclear beam

recoil proton

32




SRC@JINR :

P \ Super exclusive measurement!
1

Lab Frame:
. 0, P\ J I Detect (4 particles):
P the scattered probe,
2

, the knocked-out nucleon,

the recaoill,

Inverse kinematics and the A-2 system!

A(p, 2p n A-2) — Dubna



SRC@JINR : Experimental setup
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Friday, March 22: NN Interaction and Knock-out

reactions

|Ti111e-

Presenter Title

0:00 - 9:20

d

0:20 - 9:40

0:40-10:00

10:10 - 10:30

i

High-momentum in NN

- -'Ill'-" .y c . .
Robert Wiringa mteractions
EFT potentials above cutoff (2N
Dick Furnstahl truncation and effective 3N

connstruction)

Omar Benhar Potentials

Guided Discussion: high-resolutions high-momentum: the
role and properties of 2N and 3N interactions

10:30 - 11:00

|

11:00 - 11:30

11:30 - 11:50

1150 - 12110

12:10 - 1230

|

12:30 - 14:00
14:00 - 14:25
14:25 - 14:40
14:40 - 15:00

i
i3

15:00 - 15:30

i

Morning Coffee Break

QMC overview + two-body

Diego Lonardoni "
densities

spectral function from two-body

Alessandro Lovato .
densities

Contact Formalism + Spectral

Ronen Weiss .
Function

Guided Discussion: High-momentum vs. short distances;
Ab-initio vs. factorized theory

Lunch Break

Speaker TBD (GCF Generator
Izor Korover | (e.e'pn) in heavy nuclei
Efrain Segarra A-2 in SRC

Discussion: probing the NN interaction with SRC data




What's needed?

« spectral function from NN interaction
* FSI under control
* Acceptance /efficiency under control

d'o /I N
00y deydSy, de; - P17eN ST (P )
A |

Similar expression for triple coincidence

38
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Friday, March 22 :" Axel Schmidt "GCF Generator I
rHr--ee_e_e_e_—,rs
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What's needed?
* Acceptance /efficiency under control

We bring the theory to the data:

- Generate A(e,e’'NN) events following
assumed reaction mechanism.

[ |

E;'p;

E2r p:?

40



What's needed?
« spectral function from NN interaction

SP(p,e) = Con'-Spn'(p,e) +
Sum of pairs: Con® - S “0(p,e) +
2C5p° - S °(p,€)

Each pair is convoluted with c.m. motion:

1

5= 1= [ st 2)) o1 = p2) 2D s (1 + )

Weiss, Phys. Lett. B (2018); Cruz Torres, Phys. Lett B (2018); Weiss arXiv: 1806.10217 (2



What's needed?
 FSI under control

For SRC kinematics (large Q?, x>1)

© Il 2 1;‘

Attenuation:
Calculate using Glauber.

Minimize by choosing

Pair rescattering: .
correct kinematics

42



A. Schmidt
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No evidence of FSI enhancements
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. Reaching the Repulsive Core
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- Reaching the Repulsive Core
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At 300-600 MeV/c there is an excess strength in %
the np momentum distribution due to the strong TEL AU UNIUERSITY
correlations induced by the tensor NN potential.

) A

repulsive core

...n-""""’
This experiment

short range attraction

ﬁ ‘@) pp- nn- np- SRC Vi (1) =V (r) +V; (r)S,,
@ Sy, =3(0;y-1)(o, - F)— 0,0,

Only np-SRC

A

Schiavilla, Wiringa, Pieper, Carson, PRL Ciofi and Alvioli Sargsian, Abrahamyan, Strikman, Frankfurt
08,132501 (2007). PRL 100, 162503 (2008).  pR C71 044615 (2005).



Correlation Probability:
Neutrons saturate Protons grow
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M Duer et al (ClL AS Collaboration) Nature 560 (2018) 617-621



Asymmetric nuclei A(e,e'p) A(e,e'n)
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=» Same # of high-momentum protons and neutrons

M. Duer et al. (CLAS Collaboration), Nature, 560 (2018) 617-621




Generalized Nuclear Contact Formalism %

TEL ALY LIMIVJERSITY
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The nuclear contacts and short range correlations in nuclei

R. Weiss,! R. Cruz-Torres,? N. Barnea,! E. Piasetzky,? and O. Hen?

Phys. Lett. B780 (2018) 211.

(E:ompering ab-initio“.
VMC and nuclear
~_1contact calculations,

n,(k)—C

k—co

@ ot ()| + €0 ]0% (| + 202, |02 (k)|

I:0,23:1j:1][ l=s=]=

np pairs pp, NN, np pairs

Residual




C.M. Motion of the SRC pairs

TEL ALK LIMIJERSITY

measured (corrected)
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A universal description of SRC.: TEL AU UNIVERSITY
850'35 B K, =000fm"  Kpo=1.50 fm" 4 H e (e’ e ' pp)
CI\)Q 0.3 _Kmax=0.50fm".Kma,=2.00fm"
OQ Kmax = 1.00 fm™ 555 Ko = o 4 :
’ H.(e,e" pn)

Contact
Formalism

Korover et al.




Asymmetric nuclel N>Z: Taﬂu%;emw
Who are the parents of the 2N-SRC pairs ?

36K 37Ca  Sc 22
Ar 37K 38Ca | Ti 23
38K 39Ca 4°Sc ‘“T A"/ 24

™

;tf{ 43g5¢ 1“11 asy |46Cr ] Fe 27 |
a 44Sc 45Ti 46V 47Cr “8Mn “°Fe Co
455c 46T 47\ 148Gy 49Mn 5°Fe.5‘Co'
i 48v 490r SOMn | 's1Fe 52Co |
| 51Mn 52Fe 53Co |

54Co

a1 }42Ar 43¢ 4
v :42C| 4A3Ar -
43C| 44Ar °Ca
44| 45A, 46K 47(Cn 4BC 49T 5
7=20 Cl | “2Ar |*°K |*Ca |*°Sc

N=28 28 “CAr “7K.

29 48K |49Ca |50Sc |51Ti |52V SR **Mn 555Fe 58Co

, ;> Z=26
Add 8 protons N=28
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=
-

#np / (#np + #pp) Pb

: O 1o
np Dominance 0 2

#pp / (#np + #pp)

Fe

c Al

oy OO
= o

M
=

EIlIIIlIIIlIIIlIIIlIIIlI

SRC Pair Fraction
I
—

=

—20 40 B0 80 100 120 140 160 180 ED{}A

Hen et al., Science 346 (2014)
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A(e,e'np)
Ale,e’ pp)

pp/np ratios [%]

LI l AT (S | I FIND TEEE | l LI I UL

np Dominance .

0
Preliminary A

Detector
@ JLab
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Nucleons has Isophobia
(np —dominance)

LOG MoMENTUM D!ST/%IBUTrorf

~ke ~20%

|

NUCLEON MoMENTUIM




At 300-600 MeV/c there is an excess strength in %
the np momentum distribution due to the strong TEL AU UNIUERSITY
correlations induced by the tensor NN potential.

) A

repulsive core

...n-""""’
This experiment

short range attraction

ﬁ ‘@) pp- nn- np- SRC Vi (1) =V (r) +V; (r)S,,
@ Sy, =3(0;y-1)(o, - F)— 0,0,

Only np-SRC

A

Schiavilla, Wiringa, Pieper, Carson, PRL Ciofi and Alvioli Sargsian, Abrahamyan, Strikman, Frankfurt
08,132501 (2007). PRL 100, 162503 (2008).  pR C71 044615 (2005).



Two-component interacting Fermi systems %

TEL ALY LIMIJERSITY

For ulta-cold atomic gas systems of
two different type of fermions with

short-range interaction
a>>d >>rg,

Thermodynamics can be describe by a single
parameter: ‘contact’

o
d from Debora Jin (JILA).

The contact measure the number of

close different —fermions pairs Adapte

S. Tan Annals of Physics 323 (2008) 2952, ibid 2971, ibid 2987



Generalized Nuclear Contact Formalism %
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?",;j—>0
vy — Z goa(’!‘ij)A%(Rija {"'}k#j)

The nuclear contacts and short range correlations in nuclei

R. Weiss,! R. Cruz-Torres,? N. Barnea,! E. Piasetzky,? and O. Hen?

Phys. Lett. B780 (2018) 211.

(E:ompering ab-initio“.
VMC and nuclear
~_1contact calculations,

n,(k)—C

k—co

@ ot ()| + €0 ]0% (| + 202, |02 (k)|

I:0,25:1j:1][ l=s=]=

np pairs pp, NN, np pairs

Residual




np- dominance and Asymmetric Nuclel

--- non-interacting
— interacting

.........
-
-~
e

Y
& MOMENTUM DIST/?]B()TION\
%
‘\
y,

For nuclel with N>Z:

’

Protons have a greater probability than
neutrons to be above the Fermi sea.

NUcLEoN HMoMENTUM )

Lo




What do the outer shell neutrons do ?

M Duer et al (ClL AS Collaboration) Nature 560 (2018) 617-621



Correlation Probability:
Neutrons saturate Protons grow

n,(k}

-
oo

—
(@)

—h
~

|I1f[|||III|II1|III|][I|II

—

Al/C Fe/C

High-Momentum Fraction
o

12 14 1.6
Neutron Excess [N/Z]

M Duer et al (ClL AS Collaboration) Nature 560 (2018) 617-621



Simple np-dominance model

T (k K<k
np(k) = { W ( ) M (for neutrons: Z — N)
A

A a(ard}n(0) kk,

Kinetic energy sharing

Ale,e’N) JAle.e' N

“Cle,e' N/ Cle.e' N}, 1 25F e
| e 12 |
ﬁ - = 203p|y
Tt {'I L 56

: .J.”ﬂh I:* proiniE JART = §
E ' ! PG . . ~ 1.05} 12C
P E & F—— {~ 10 .......................................................
% BN gy . 27A|

L | T T N N N B
3 ik 1.2 1.4 1.6

o 12 14 'E Neutron Excess [N/Z]

MNeutron Excess [MN/Z]

Protons move faster than neutrons in N>Z nuclei

[ Erhin [ pokan
'II!' 'L 'l: } ':'-. i "' ID

Pauli principle B> ( EX" )= EN")




1L/

Theoretical predictions (N>Z) .7 ..

Light nuclei (A<12) Heavy nuclei (A>12)

_11B ' |

|

e
Neutron Excess [N/Z]

‘He N/Z =1/2 (E""y/(E""y=1.31

Wiringa, Phys. Rev. C89, 024305 (2014) Ryckebusch, J. Phys G42 (2015) '
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In nuclel the momentum distribution of nucleons
can be divided into two distinct regions

Summary

np-SRC

!

z

= .0‘ dominance

?:: 4 0 . l Pb |

= e | Neutron Excess1[T\I/Z] e

=

—

—

= = . : ’

= — irrespectively of the neutron excess

S

NUcLEoON MoMEIYTUM E:G: W\

The fraction of correlated protons ¢ e
/neutrons is grow/constant , as a i
function of neutron excess, g e A

1.2 1.4 1.6
Neutron Excess [N/Z]

Generalized Nuclear Contact Formalism



Reduction of single-particle strength %
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Spectroscopic factors
for (e,e'p) reactions

=
S !
g L)
&
Only 60-70% of expected L. | 30/ hv ]
single-particle strength e e asess, E%ms s -
- @ n-removal: f:b.S:S"-SFJ MEBSIE 3;5 ]
ool @ Premoval:AS=SS, S S
-30 -20 -10 0 10 20
AS [MeV]

J. A. Tostevin and A. Gade, PRC 90, 057602 (2014)
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High-Energy Reactions and the Evidence for Correlations TEL AU UNIVERSITY
in the Nuclear Ground-State Wave Function*

| K. A. BRusckNER, R. J. EpeN,t axnp N. C. Francis
Indiana University, Bloomington, Indiana

(Received January 13, 1955)

V. CONCLUSIONS

We have analyzed evidence derived from a variety
of high-energy experiments which has bearing on the
problem of nuclear structure. This evidence is par-
ticularly significant since it is for these (or similar)
processes that the possible departure of the nuclear
ground-state wave function from an independent-
particle wave function is most apparent. The result
predicted uniformly by the group of quite diverse
experiments which we have examined is that the nuclear
ground-state wave function must have a very marked
admixture of high-momentum components and hence
must depart quite appreciably from an independent-
particle-model wave function. Consequently it follows
that the usual assumptions of the shell-model theory
of the nucleus, that the particles move independently
in a uniform potential, cannot be other than very
approximately correct.
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Single particle strength

) High-energy strength
high momenta due to SRC
and tensor force
i 15%
1
i
1
i :
1 - i
, contmuum ! Y100 MeV
1 ]
| @ |
1 i
1 4
1 '
) 10%
L) - .
! v Coupling to surface
! 1) ¢ phonons and
! 0 e Giant Resonances
L] |r,'
1 [ ]
: o F W\_M/\{-- - - L —
i o E— P 65% quasihole strength L Rc
1 s 3 .
I 2 " N
= 4
: £ ; 1%
i = : [
LD ; :
i -
! b
i = . . -
! s Coupling to surface
! = phonons and
! Giant Resonanceg
1
i
1
' 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
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Isospin dependence of single-particle strength

Single Missing strength
particle A

QF=1- - SRC

E. V. Litvinova and A. V. Afanasjev, Phys. Rev. C 84,
014305 (2011).

g N 1? T T T T T 7
g T spenic %I g o
W g tons L
E :i?AuﬂC % prﬂ LIE- 14t
2 : I E il Majorit
E - il- S 12} o
[= i fiﬂf’ﬂ”ﬂf}s i <
= oaf o 1ir o
= 08p ! T / Jdinority
ok ’ s 17
T 08 12 T3 N £ 0o
0.8 ' ' ' : :
N!Z 03 02 -01 0 01 0.2 0.3
(N-2)/A
N-Z) (N-Z7)
N>Z: ('?F|.5Rf3_y(1 % A ) N<Z: QFSRC_Y(I % A )

Paschalis Macchiavelli Petri Hen Piasetzkv arXiv. 1812 08051 Inucl-expl
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’ Data R = SFex/SF.
. Nucleus|(N-Z)/A| SF. R

o Li | 0.143 |0.42 £ 0.04 0.63 £ 0.06
Y 0.8 e 0 |L.72 £ 0.11] 0.60 £ 0.04
@ °0 0 |1.27 +0.13]0.64 + 0.07 *
o 06 M0Si | 0.067 [2.21 +0.20] 0.58 + 0.05
£ TP | 0.032 |0.40 £ 0.03| 0.69 £ 0.04
2 4 “Ca 0 [2.58 £ 0.19(0.65 £ 0.05 *
S SRC (22+8%) *®Ca | 0.167 |1.07 £ 0.07|0.54 + 0.04 *
C —— "IV | 0.098 [0.37 £ 0.03| 0.49 £ 0.04
0.2 WZr | 0111 |0.72 £ 0.07| 0.56 £ 0.05
LRC (144_:10%) | | *®Pb | 0212 ]0.98 £ 0.09]0.49 £ 0.05 *

I::!{]-_1 0.05 01 G. Kramer, H. Blok, and L. Lapikas, Nucl. Phys. A 679,

267 (2001).
(N-Z) /A

A(e,e’p) g.s->g.s

Paschalis, Macchiavelli ,Petri, Hen, Piasetzky, arXiv. 1812.08051 [nucl-exp]
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Quenching Factors

fd-b-l--l s

dlc mn

0E

TEL ALY LIMIVJERSITY

H-H:,"E'r.n i
04 - _15:5'5, ’5: ap -
[ r r r |1 1 11 . [ 1.1 11 o rremovd: A3:5 5, ESI‘ ;
L, pal Mrr-nrsl A58 - E- - o
11— T EI] -1[} i 1l i)
L A5 [MeV]
R L —

I'-I.I'I"II' I'-II-‘I I'I"I I'III-
e ]

Majority

Proton High-Momentum Fraction

11 *
1 [ e
09 "'%/
08
- 03 02 01 o o1 02 03 -
N-2) /A

0.2 _
=30 20 0 0 0 20

AS [MeV]

The difference) in proton and neutron separation energies,

Paschalis, Macchiavelli ,Petri, Hen, Piasetzky, arXiv. 1812.08051 [nucl-exp]




Implications for neutron stars -
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L At T=0
p e
k Fermi k k

Fermi

(ES) (ke (n, )" (5 10%)2’3~ 1
(E)) ki) n, 90-95% )

P
‘ SRC in neutron > 1 ) )
rich nuclei n in neutron stars
ch nucle <Ek >

Fermi
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What happens in N>>Z? s -

TEL AU UNIVERSITY

protons g2 126 R
neutrons

26 30
o' M

. 1.6 n-star
T 14F
= e ? > ~5% 5%
2 s 1.21 Fe
I BT -

1F @ " ¢

i , I kFermi kp B I(Fermi
Fermi
1 10

Neutron Excess [N/Z]

V cooling
N > prery

Neglecting LRC assuming 0.2 np- SRC

With n(k)=1/k -
<Ek >SRC
=25

< Ekp >SFG :

Magnetic field
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In nuclel the momentum distribution of nucleons
can be divided into two distinct regions

Summary

np-SRC

!

z

= .0‘ dominance

?:: 4 0 . l Pb |

= e | Neutron Excess1[T\I/Z] e

=

—

—

= = . : ’

= — irrespectively of the neutron excess

S

NUcLEoON MoMEIYTUM E:G: W\

The fraction of correlated protons ¢ e
/neutrons is grow/constant , as a i
function of neutron excess, g e A

1.2 1.4 1.6
Neutron Excess [N/Z]

Generalized Nuclear Contact Formalism



Summary (I1)
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TEL AU LINPERSITY

-
L=
o N

-
(=3
o

(Epkiny>(Enkiny

-y

N B
1.2 1.4

Neutron Excess [N/Z]

_12(:e
0
|
T

1Pt

04

Quenching Factors

0.2

-20 =10

@® In neutron stars: AS [MeV]

=] .
=]

L
=)

O proton momentum > Simple Fermi Gas prediction.
O consequences ?
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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!
arXiv. 1812.08051 [nucl-exp]

Single Missing strength
particle A
QF =1- (QF PVC QF Pairing QF SRC )
Y )Shurt-Range
Long-Range Correlations Correlations
N-Z o ern (N=Z
N>Z: QF = Y[I+SL£RC( J) N<Z: QF = Y(l+SLSRC‘—))
, -
QF o= (1+ 33(N-Z) ] Particle Vibration Coupling
o1l A

(N-Z) 2)2 Nuclear Physics A431
) | (1984) 393-418

Q Pmring = 0 0324[ ]- 6 07 (



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

0.6

Quenching Factors

Kramer

R3B Oxygen data

04 even even
i 5\‘\0‘1
02 :_ I Long range for Kr
B Pairing
0 —
-0.2 0 0.2 0.
(N-2)/A

amer

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

arXiv. 1812.08051 [nucl-exp]

SRC fraction -
20%
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The European Muon Collaboration (EMC) effect %
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1.2 |

After 30 years no consensus on cause of EMC effect




Nuclel are dense

Even denser nuclear systems in nature:

Neutron Star

Mass ~ 1.5 times the Sun
~12 miles in diameter

Solid crust
~1 mile thick

Heavy liquid interior
Mostly neutrons,
with other particles

¥

. 175
R =1.2A f’f TEL AU LINIVERSITY
i T il . Z
Volume = =k~ =~ 1400fm"

A single nucleon, r = 1 fm, has a volume of 4.2
fm¥:==3197 times 4.2 fm® = 830 fm’

-L

repulsive core

R=R,A" 4 "5'""1 4

short range attraction



http://upload.wikimedia.org/wikipedia/commons/e/ed/Neutron_star_cross_section.jpg
http://upload.wikimedia.org/wikipedia/commons/e/ed/Neutron_star_cross_section.jpg

sym

E_ (p)/MeV

L (MeV)

Adapted from Bao-An Li talk

40

304

20

Lattimer and Steiner (6 out of 30 constraints)

IAS+n-skin

Iso. Dff.
(ImQMD,

(2012)

double n/p

Iso.Diff. &  (2007)

Analyses of Terrestrial Experiments

Optical Po.

DM+n-skin (2010)
Isospin (2009)
Diffusion

TF+Nucl.

Isoscaling PDR (2010)

200 s o
o e e

Trans.
Nucl. Mass

Flow
(ImQMD, (2010) (2010)
2009) Nucl. Mass
(2012)
Z*gfg;‘*k'" Average=31.5542
‘With no or incomplete error information

PDR (2007) Mass energy

a-decay

Mass-defference
and n-skin

p-decay

energy
Dipole
polarizability

e -

Analyses of Astrophysical

NStar crust oscillation
(Gearheart etal. 2011)

NStar r-mode

instability NStar M-R analysis
(Vidana, 2012)  (Steiner, Lattmer &

Gandolfi 2012)

r-mode instability

(Wen etal., 2012)

Observations

NStar gravitational
binding energy
(Newton & Li, 2009)

NStar crust oscillation
considering neutron
superfluidity

(Sotani et al., 2012)

M. B. Tsang et al., Phys. Rev. C86, 015803 (2012)

0.5

1.0

Density p/p,

1.5

2.0



http://xxx.lanl.gov/find/nucl-ex/1/au:+Tsang_M/0/1/0/all/0/1

Neutron Star

Nuclear density

Asymetry

- A< 200 (300)
N/Z<1.5 (2.5)

" p,=0.17 N/ fm*=0.16 GeV / fm®




Neutron Star

N/Z ~95%/5% =20

12057 T 3 3 T T T T 3 O
‘ 5 -~
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3 60F R
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A feW tlmeS ) \ ..o;h;m;mﬂ;. v Neutron Star

\ -
average nuclear AESRANEEEEE

density

e LS

2N-SRCs: pairs of nucleons
close together in the nucleus

+ A< 200 (300) _
(wave functions overlap)

N/Z<1.5 (2.5)
0, =0.17 N/ fm®




n e At T=0

kFermi kp _ kFrmi
(ES) kP np”?’_(5—10% j1’3~ 1
(E7) k& (n, 90 —95% 2-3




Nuclear Physics
101

A

repulsive core

short range attraction

Coulomb repulsion
adds to proton wedl
" ~._ potantial

[

7

1'_
|
|
|
|

Results In an “atom-like |
shell model: e
I

« Ground state energies " pa < S
* Excitation Spectrum . E.Wigner, M. Mayer, and J. Jenson,

1963 Nobel Prize

Beyond the Mean Field: NN Correlations
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Mean Field Theory

Spectroscopic
factors
for (e, e’p)

40,48 a9°zr 208 p,

reactions

show only
60-70%

VALENCE PROTONS

0.0 lllllll i 1 lllllll
10° 107

L. Lapikas, Nucl. Phys. A553,297¢ (1993)

Benhar et al., Phys. Lett. B 177 (1986) 135.

Momentum Distributions in "C (Ciafi, PRC-96)

MISSING :

Correlations Between Nucleons Fl
SRC ~Ry LRC-~R, 1 Ry TS

m Distribution [fm*3]
L n(p)(fm)




What are Short Range Correlations in nuclei ? #
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SRC~R, LRC~R,

0, =0.16 GeV/fm3 ~ Muken

\K e
I‘<rel = KF %
Kem < Ke -

A pair with large relative
momentum between the
nucleons and small CM
momentum.

In momentum space:




W

Hard scatteri ng . TEL AU UNIVERSITY

~1 fm 503




At high nucleon momentum %

) ) ! . TEL AU UNIVERSITY
distributions are In shape for ‘

light and heavy nuclei:

W AU v \J

probability of 2N-SRC in any nucleus, from the scaling factor.

In A(e,e’) the momentum of the
struck proton (p;) is unknown.

But: For fixed high Q% and xg>1, Xg
determines a minimum p;

2 _ U _ 2 2
£ Q= 99" =9 —o
Prediction by N w=E'—E £ kel
a 0 . 5 Interestini
Frankfurt, Sargsian, .= - ) -, e
d Strikman: [y Q sl ]
an . Z15 _ 5
£ XB_2 RPN B ]
2 ﬂ}'?m Mo = Forbidden

| | I I I
08 1 12 14 16 18 2



Inclusive scattering results from data mining (EG2c) %

Q2=1.55 GeV?

Fomin et al. |Fomin et al.

e [excluding the CM

motion D-:rrrm:tion]

-
s o 6

fHe 1.03+010 (2,13 +0.04
e 3024017 [3.60+0.00
9pe 337017 [3.91+0.12
120 4004+024 |4.754+0.16
6pe(®4.33 £ 028 (5.21 +0.19
1974, 4.26 £ 020  |5.16 +0.21

More r(A,d) data:

TEL ALY LIMIVJERSITY

3 6
3 *x,,mﬁr"‘?* 4
3 X 2
8 1 1.22 1.4 1.6 1.8 0.
Xp Xn
Freia orPord°
3 X ¥
08 1 1.221.4 16 1.8 08 1
XB

Barak Schmookler (MIT)

Jlab /Hall B: K. Sh. Egiyan et al. PRC 68, 014313 (2003)

SLAC D. Day et al. PRL 59,427(1987)

K. Sh. Egiyan et al. PRL. 96, 082501 (2006)
Jlab/Hall C: N. Fomin et al. PRL. 108:092502, 2012.
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Summary

Hard Semi inclusive scattering
A(e, e’p)

Mean Field Theory

Only 60-70% of the expected
single-particle strength.

Hard inclusive scattering
A(e9 e,) T R ey

LO& MOMENTUM DISTRIBuToN

ke ~20% N

NucLEoN MoMENTUM

This ~20% includes all three isotopic compositions
(pn, pp, or nn) for the 2N-SRC phase in 12C.

Hard exclusive scattering
II-
A(e, e’pp) and A(e, €’pn)
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Hard exclusive @ Uy
triple — coincidence measurements

Quasi-Free scattering off a nucleon
In a short range correlated pair

99









triple — coincidence measurements W
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triple — coincidence
measurements
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triple — coincidence
measurements
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triple — coincidence
measurements
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triple — coincidence < v

measurements
\




Quasi-Free scattering off a nucleon #
In a short range correlated pair e AU UNETSTY

Hard exclusive

B Ty

A L ) Y \
L € o Q™ Gt
SR t - y e
2 e A  §
. 2 ] : X y . 'y

triple — coincidence measurements[lj-"'-';f';“:

EVA/BNL 12C pn only 300-600
E01-015/ 12C pp and np  300-600
Jlab
EQ7-006/ “He ppand np  400-850
JLab




The EVA spectrometer and W
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the n-counters at BNL

11 meter N _
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M .::':3 at 1
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Simultaneous measurements of the . %
(e,e’'p), (e,e pp),and (e, € p n)reactions. TeL AU UNIVERSITY

RS EXP 01-015

P and

' EXP 07-006
Hall A JLab

electron

n array

V Pl P2 P3 P4 P5 PO

Aluminum cylinder

20 cm long Big Bite Lead wall -
2.5 " diameter |

IO O O O
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CEBAF Large Acceptance Spectrometer
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Back-to-back
= SRC




R. Subedi et al., Science 320, 1476 (2008). T AUN! UNIETSITY
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> 4 o 1

A

pp/np from [12C(e,e'pp) I12C(e,e'pn) 1/2
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np-dominance in 2N_SRC TEL AU UNLERSITY
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Nucleons has Isophobia
(np —dominance)
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At 300-600 MeV/c there is an excess strength in %
the np momentum distribution due to the strong TEL AU UNVERSITY
correlations induced by the tensor NN potential.

o
~
(93]
s
Ch
©
©
S~
=
©
PR

q(fm")

Schiavilla, Wiringa, Pieper,
Carson, PRL 98,132501 (2007).
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Generalized Nuclear Contact Formalism %

TEL ALY LIMIVJERSITY

A universal description of SRC without many-body calculations

|(fjpn(k)| +Cpn|§0pn(k)| + 2C pl@pp(kn

he nuclear contacts and short range correlations in nuclei

R. Weiss,! R. Cruz-Torres,? N. Bar

ea,! E. Piasetzky,® and O. Hen?

Phys. Lett., B 780, 211 (2018)

Compering a
initio VMC and

= nuclear contact g Tii 0 . {r)
- kpcalculatlonsl | #alTig) A3 (Rug, AT biezis)
= a factorized
. ' 3 4 15 ansatz
K {fm'] * Nucleus (A-2)
 Universal function: the zero specific fun?tlon

energy solution to the 2 body
problem



np-dominance Inh asymmetric nuciel

¥

TEL AU LIMMERSITY

: (k)A Majority (ni) --- non-interacting
--------- *~., ——interacting

------
~
~

’
y
y
i /

Protons have a greater probability than neutrons to be
above the Fermi sea

Protons probability increase (neutrons not) with
Increase N/Z.

p n
Protons move faster than neutrons <E k> - <E '<>
Impact on symmetry energy decomposition



Hard Neutron/proton Knockout % \
A(e,e'n) A(e’e' p) TEL AU UNIVERSITY
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Equal Number of Correlated .
Protons and Neutrons!

TEL AU UNIVERSITY
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M. Duer et al. (CLAS Collaboration), send for publication (2018)



More Neutrons => More Correlated Protons Y
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M. Duer et al. (CLAS Collaboration), send for publication (2018)



Simple np-dominance model

T (k K<k
np(k) = { W ( ) M (for neutrons: Z — N)
A
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Kinetic energy sharing
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Theoretical predictions (N>Z) .7 ..

Light nuclei (A<12) Heavy nuclei (A>12)
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Neutron Excess [N/Z]

‘He N/Z =1/2 (E""y/(E""y=1.31

Wiringa, Phys. Rev. C89, 024305 (2014) Ryckebusch, J. Phys G42 (2015) '
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What happens in N>>Z?
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Neutron Star

TEL AU UNIVERSITY

V cooling
N > prery

Magnetic field




Nuclear Symmetry Energy

Energy of asymmetric nuclear matter:

~r\2
E(Pn> Pp) = Eo(Pn=pp) + ]T%W(r)(c rr’) +0(3%)

symmetry energy

\ Only n 50% n 50% p
E (1) »E(Nenw = E(MNsam

sym

Relates to the energy change forn =2 p

» equation-of-state of e« r-process nucleosynthesi
neutron stars  core-collapse supernovas
* heavy-ion collisions + more...



with SRC :
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np- pairs

o
S

Global analysis
of world data:
28.9<E, . (py) <34.1

42.4<(p,) < 74.4

@
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o
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E (o) —EL(p) FEE(D)

201

density dependence: L(g,) [MeV]
»
o

24 98 28 30 37 34 35
symmetry energy: £, (pg) [MeV]

J. Lattimer and Y. Lim, Astrophys. J. 771, 51 (2013)
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Density dependence of Symmetry Energy

E, (p)=Em(p,)-| £
P

Eym(p) = Egym(p)lvc — AEg . (p)

where the SRC correction term is: 0 k > Ak
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Density dependence of Symmetry Energy %
Without Tensor Correlations (FFG) / with (CFG): R
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PHY SICAL REVIEW C 91, 025803 (2015)

Symmetry energy of nucleonic matter with tensor correlations

Or Hen.'"” Bao-An Li.? Wen-Jun Guo.>? L. B. Weinstein.* and Eli Piasetzky'



Bayesian analysis of neutron stars %
observations |lead to the same result et

A. W. Steiner, J. M. Lattimer, and E. F. Brown, Astro-
ohys. J. 722, 33 (2010), 1005.0811.

ermal spectra measurement of low-
mass
X-ray Binaries (LMXB

Probabi::ilty (integral normalized)

ER (p/po) = Spot - (p/po)”
= (Sy — Skin) - (p/p0)",

Analysis of Neutron Stars Observations Using a Correlated Fermi Gas Model

0. Hen,! A.W. Steiner,>*? E. Piasetzky,! and L.B. Weinstein®



Bayesian analysis of

neutron stars observatic
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SRC correlations:

Breaks the Fermi Gas picture

Reduce the kinetic symmetry Energy (at py)

Enhance the potential symmetry Energy (at p,)

Soften the potential symmetry density dependence

Impact on Compact Astronomical Systems ?




Short distance structure of nuclel

. The probability for a nucleon to have momentum
= 300 MeV / ¢ in medium nuclei is 20-25%

More than ~90% of all nucleons with momentum
= 300 MeV / ¢ belong to 2N-SRC.

g

Most of kinetic energy of nucleon in nuclei
Is carried by nucleons in 2N-SRC.

Probability for a nucleon with momentum 300-
600 MeV / c to belong to np-SRC is ~18 times
larger than to belong to pp-SRC

\l‘ In neutron - rich nuclei: <T,> > <T >

SRC probability for protons increase with N/Z

Dominant NN force in the 2N-SRC is
tensor force.

A(e,e'n)/A(e,e'p) ratios
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Impact on neutron star structure and properties
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Momentum sharing In ASymmetric e
(imbalanced) two components

Fermi systems

Majority Minority
K: > Ke

< Ekinl\/lajotiry > = < EkinMinority >

Majorit Minorit : '
jority y In a neutron-rich nuclei <T,>><T>



with short-range interaction : strong between %
unlike fermions, weak between same kind. TEL AU UNVESITY

non-interacting
— Interacting

K k Universal property

A minority fermion have a greater probability than a §

majority fermion to be above the Fermi sea s [k
F

.

Possible inversion of the momentum sharing :
In a neutron-rich nuclei <T,>><T >

\ 7/ \ TTTIE Tty



np-dominance in asymmetric nuclei %

TEL ALY LIMIVJERSITY

Simple np-dominance model

S alard)n(k) k>,

Probability

' (k k<k
np(k) = { L ( ) <k (for neutrons: Z = N)

ucleon momentum

A(e,e'N)mgth(e,e'N),w n stars ?
“Cle,e 'N)Mghfuﬂ(e,e'N),w

1.8 o o
E Prediction
(7, 16 - Data ..
2P e . i protons - 95%
u e
© 15FE 7
Sk 3, woee|  NEULrONS
B A A w—
d 0.8 - feutrons 1
D 6 a1 s s sl s aadaxaad o aaal e 26 30
‘ 0 01 02 03 04 05 06 6 6 134
Neutron E - i

Protons move faster than neutrons in N>Z nuclei
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At high nucleon momentum
In shape for

distributions are
light and heavy nuclei:
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-4
0 01 02 03 04 05 06 0.7 08 0.9

Full VMC Calculation

Full Contact Calculation

5
= -~ ¢ contribution
- -=== C;’ contribution
; -=== C;, contribution

107"

102 & g
~ 1]

I

Kk [fm”
Compering ab-initio VMC and nuclear contact calculations

pL(GeVic)

he nuclear contacts and short range correlations in nuclei

R. Weiss,! R. Cruz-Torres,? N. Barnea,! E. Piasetzky,® and O. Hen?

arXiv:1612.00923
p D, Z o (rij) A (Rij, {7} ks£4j)
a factorized ansatz

Session chair: Fabienne Kunne

Or Hen

11:30-12:00 | New Insights into Nucleon-Nucleon Correlations (M)




Scale-Separated Nuclear Structure %’

TEL ALY LIMIJERSITY

1. Use afactorized ansatz for the short-distance (high-
momentum) part of the many-body wave function

0a(Tij) AT (Rij, {7 trsij)

« Universal function of * Nucleus (/ system)
the NN interaction. specific function
- Taken as the zero energy » Depends on all
solution to the 2 body nucleons except the
problem SRC pair (primarily
mean-field)

2. Test by comparing to many-body calculations and data
from hard knockout measurements ™

Weiss, Cruz-Torres, Barnea, Piasetzky and Hen, arXiv 1612.00923 (2017)



Short distance structure of nuclel

r(*He,He)

. The probability for a nucleon to have momentum
= 300 MeV / ¢ in medium nuclei is 20-25%
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More than ~90% of all nucleons with momentum
= 300 MeV / ¢ belong to 2N-SRC.
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Most of kinetic energy of nucleon in nuclei
Is carried by nucleons in 2N-SRC.

Probability for a nucleon with momentum 300-
600 MeV / c to belong to np-SRC is ~18 times
larger than to belong to pp-SRC

\l‘ In neutron - rich nuclei: <T,> > <T >

3,

Dominant NN force in the 2N-SRC is
tensor force.
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Are nucleons being modified
In the nuclear medium ?

nmeson.cloud .

U

Do nucleons change their quark-gluon
structure in the nuclear medium ?

‘ Deep Inelastic
Scattering (DIS) . P
2’- A\ In-Medium vs. Free

,,2} -
£ B  Structure Function


http://differencegames.co/
http://differencegames.co/

Deep Inelastic Scattering (DIS) %

E E < TEL S LINIVERSITY
scattered
lepton 2 _ U 2 2
Q" = .4 =0 —w

(00) W2 ©=E-E
Q2 Q2

“2meo g

Incident
lepton

N Xg )

\/ 0<x; <1

Electrons, muons, neutrinos

Xpg gives the fraction of nucleon momentum

SLAC, CERN, HERA, FNAL, JLAB i
carried by the struck parton

E, E’ 5-500 GeV

Q? 5-50 GeV? Information about nucleon vertex is contained in
w2 >4 GeV? F,(x,Q?) and F,(x,Q?), the unpolarized structure
0<X;<1 functions
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Qlﬁﬂii—quark_ TEL AL LINIJERSITS
Pair

- ‘ (Except for small Fermi momentum corrections)
Badek- Astehie Farmi

N
SN
~ Nucleons L2 Smearing

Deuteron: binding energy ~2 MeV

Average nucleons separation ~2 fm

\
\
~ Nucleons

DIS off a deuteron = DIS off a free proton neutron pair



The European Muon Collaboration (EMC) effect muﬁmw

>30 years old
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SLAC Gomez et al., Phys Rev. D49,4348 (1994)
A review of data collected during first decade, Arneodo, Phys. Rep. 240,301(1994)
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JLab / Hall C

EMC is a not a bulk property of nuclear %

medium

TEL ALY LIMIVJERSITY

}3He

0.02
Ave. Nuclear Density [fm 7]

0.00

Seely et al. PRL 103, 202301 (2009)

0.04 0.06 0.08

Scaled nuclear density = (A-1)/A <p>
- remove contribution from struck nucleon

0.10

<p> from ab Initio few-body calculations

-2 [S.C. Pieper and R.B. Wiringa, Ann. Rev.
Nucl. Part. Sci 51, 53 (2001)]
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Well established measured effect
with no consensus as to its origin
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Binding effects
Fermi motion

Pions
Vector mesons
As

Multiquak cluster:
‘Photons’

ucleus #nucleons
bound N # free N

M*£M
R*zR

" Dynamical rescaling
Global changes I\ Confinement change

| Quark w,f. modification

. Rare configurations in mean field
review papers: Suppression

of PLC

Gessman, Saito,Thomas, Annu. Rev. Nucl. Part. Sci.
45:337(1995).

PR. Norton , Rep Prog. 66 (2003). U

Frankfurt and Strikman (2012)
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O - o here is the EMC Effect?

Mean-Field

: ' ~20% nucieons
. TR een , ~70% kineti
Largest attractive force e

Mean-Field

High local nuclear matter S RC
density, large momentum,
large off shell, large virtuality
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Inclusive electron scattering A(e,e’) T R Ea

Deep Inelastic Scattering

— Partonic (quark) Structure of Hadrons

Inclusive Scattering at XB>1 Ale,e’)

— Partonic (nucleon) Structure of Nucleus




Inclusive electron scattering A(e,e’)

Incident scattered Incident scattered
lepton lepton 2—_ 4 At =02 _ 2 lepton lepton
P P Q qﬂq 0 P P

w=FE-E

~ \
S~

Nucleons

H1 and ZEUS Combined PDF Fit

Q= 10 GeV?™

 April 200

HERAPDFO.2 (prel.)
exp. uncert.
model uncert.

xu,
I parametrization uncert.

™ HERA Structue Functions Working (iﬁmp




Comparing magnitude of EMC effect and SRC scaling factors %

TEL AU LIMIERSITY
O - _
A SRC
Oy : scaling factor +
pul a,, (Fe/d)
I EMC +
—  slope +
2__
— dRgyc ++
— dx
Ui ++i_
j|'IIII|IIII|IIII|IIII|IIII|IIII|II I‘# II|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|I
0.3 04 0506 0.7 0.8 0.9 11121314 15 16 1.7 1.8 1.
Xg
SLAC data:

Frankfurt, Strikman, Day, Sargsyan,
Gomez et al., Phys. Rev. D49, 4348 (1983). Phys. Rev. C48 (1993) 2451.

Q2%=2, 5, 10, 15 GeV/c? (averaged) Q2=2.3 GeV/c?
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PRL..106,.052301 (2011), also PRC 85 047301 (2012)



Is the EMC effect associated with large virtuality ?

TEL ALY LIMIVJERSITY

Hypothesis can be verified by measuring DIS off Deuteron
tagged with high momentum recoil nucleon

szoundIsznee(xB=0.6)

0.8
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0.5
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0.6}

dee’r) . T
PLC
Suppression

«Binding / Off-Shell
#=Rescaling Model

T 14 12 13 14 15 1.6 %
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o68% C.L.
095% C.L.

--- non-interacting
—interacting

Atomic Gas % Atorms

-+ Li Atoms
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kF =2.5x108 eV/c
p=10%m3
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sym
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SRC talks ﬁé’

TEL ALY LIMIJERSITY

Thursday, November 02

Nuclei (Athenaeum Ballroom)

Session chair: Fabienne Kunne

_ _ _ Axel Schmidt
11:30-12:00 | New Insights into Nucleon-Nucleon Correlations (MIT)
|
Parallel Workshops Wednesday, November 01 15:00-15:30

2. New Avenues in Lepton Scattering Session I: Nuclear & Nucleon Structure

Meytal Duer (Tel-
Aviv)

N-N correlations in nuclei
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| would like to thank the organizers
for the invitation.

Erez Cohen Axel Schmidt
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- N | Protons /nuclel

-

Protons at GSI
Inverse kinematics at Dubna


http://www.google.co.il/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjfhYmgleLKAhWKCBoKHe26AfMQjRwIBw&url=http%3A%2F%2Fwww.allworship.com%2Fhold%2F&psig=AFQjCNHlt3Y2xyR4byUVRbxSus4VwC8UOA&ust=1454814588903627
http://www.google.co.il/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjfhYmgleLKAhWKCBoKHe26AfMQjRwIBw&url=http%3A%2F%2Fwww.allworship.com%2Fhold%2F&psig=AFQjCNHlt3Y2xyR4byUVRbxSus4VwC8UOA&ust=1454814588903627

Scattered proton

Incident proton

Incide
eleg#fron

Knocked-out
proton

Correlated partner
proton or neutron

Complementary to JLab study with electrons
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Why H.E. protons are good probes of SRC ? TeL AU UNLETSTTY

RRRRRR

selective attention to SRC

Psychology Wiki

Selective attention. A type of attention which
involves focusing on a specific aspect of a
scene while ignoring other aspects.

Constituent Counting Rules



http://psychology.wikia.com/wiki/Attention

m Proton scattering enhances
SRC cross section

m Use existing HADES,
NeuLAND detectors

m Chance to look at 3-nucleon
correlations

Proton besm




Inverse kinematics at Dubna

to SRC

Projectile Free target
proton




triple — coincidence
measurements



triple — coincidence
measurements
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Inverse kinematics e U UversTY
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E07-006 (2011) “He (*2C W

TEL AUN LINIVERSITY

---------------

1.9 | 2.0
Missing Mass [GeV/c?]

Jlab Hall A experiment
|. Korover et al. Phys. Rev. Let. 113, 022501 (2014). 176



QE measurement with LAND/R3B@GSI

Projectile Free target
proton

T

Bl

S0

T

30

20

-(Fap gpo) / ;o)

byl leva s b sy lyara g d

10 300 40 5 6l 7
1 [deg]

- Plastic scintillator

- Drift chamber

[ ] -osso
I
{

= Position=sensitive PIN diode

[ - Scintillating fiber detector

[mb/{5MeV/ic)]
LLen

= o

L I

da'dP
= =
—_ b2

{}---I--..I.... l'-"---l_.:._‘a.
100 200
P [MeVic]
tiot

Energy limit at R3B around 1 GeV/nucleon
due to maximum rigidity of Super-FRS of 20 Tm
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'2C+p—->2p+'5'B QE

"C+p—2p+'{B+n npSRC bearr'

10

“C+p—2p+"'Be+p ppSRC
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Target ensemble

r

T0

Csignal ~22
Target

LS1: Two Sci counters

- 1071711 Vet

OCHT  DCH2

NeuLAND-
plane

support-
frame

removable-
transport-
structure

gwed 4 BT %hg@l\l

.......... 2997




LH,:
— Length: 15 cm
— Interaction probability: ~3%

CH,:
— Length: ~¥9 cm [equal hydrogen areal density]
— Interaction probability: ~10% [7% with C, 3% with H,]

Other considerations:
— CH, has increased BG from C-C interactions.
— CH, requires extra time for C subtraction.
— CH, maintenance free.
— LH, requires safety approval for used in BM@N area.




simulation

12C Frame

Recoil

((0,0, Poeam), fpgeam + mg)

(P miss’ Emiss ) ( P’Z ’ PZZ + mz)
2 14

D 2 2
( recoil Precoil + mn)

<_ﬁMI PC%’H + mﬁ—Z)

C.M. Frame:

Lab Frame:

P

Beam

W
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Angflac(]z'r'ela Kcm) o - Z 902N(Erel) S AQN(Rc.m.a {ka}a;éQN)

(Factorization) [R. weiss et al. arXiv:1612.00923]

In this work we will consider only the main channels
contributing to SRCs, namely, the pn deuteron channel
(£ =0.2 and s = 1 coupled to j = 1) and the singlet pp,
pn, and nn s-wave channel (£ = s = j = (). Using Eq.
(2), asymptotic expressions for the one- and two-body
momentum densities can be derived [38]:

n,,(k) 2Cs—0 ~a_0(k)l2+Cs—0|~s_0 l
+Cpn|@pn (k)P (3)
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Momentum Distributions in "*C (Ciafi, PRC-96)

Blue - Fe
Mage. - C
Red - He3

e.
Black - D

(k) =C,-no (k) |

-

.| Adapted from

Ciofi degli Atti R
10 0 01 02 03 D4 05 06 0.7 08 09 1
p(GeVik)

probability of 2N-SRC in any nucleus, from the scaling factor.
In A(e,e’) the momentum of the e\)/l
struck proton (p;) is unknown. A

But: For fixed high Q% and xz>1, Xg
determines a minimum p;

Q°=-0,9"=0¢" -0’

05

-;2 di"aﬁu
Prediction by ’\/P w=E-E

Frankfurt, Sargsian,
and Strikman:

QZ

5 2mw

X




Results from JLab Hall C (E02-019)
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More r(A,d) data:

SLAC D. Day et al. PRL 59,427(1987)

Jlab /Hall B: K. Sh. Egiyan et al. PRC 68, 014313 (2003)
K. Sh. Egiyan et al. PRL. 96, 082501 (2006)

Q2=2.5GeV?
0 I I I I I . | I I I
=
S 0T 4 1 63 >
@] He Cu ™ . ®
Fomin et al. |Fomin et al. = - -
(=] - - -.—.—.—.—.—
[excluding the CM f[:‘_ 3 | - 1 - _
motion correction)| t;: - u n
Tk 5 6 - n"n -'. e l..
He  1.03+010 |213+0.04 0 e nall . . | e ol . | |
tHe 3.02+017 [3.6040.00 | | | | ' ' ' ' ' |
pe 337017 |3.91 +£0.12 6 + £ R
12 5 197
' ¢ 400024 (475016 Be Au . []
(433 £ 028 |5.21+£0.19 =
197 A 426 £0.29  [5.16 +£0.21 3 r T n 7
o
L L™ |
0 | | | | L r Sup s L L 1 |
08 1 12 14 16 138 1 1.2 14 16 1.8 2
X X



A description of bound nucleons and nuclei at distance
scales small compared to the radius of the constituent

nucleons needs to take into account: N

complicated nucleon-nucleon interaction e
Short range repulsion

short range attraction

Intermediate- to long-range tensor attraction

( S=1T=0 S=1T=1 S=0T-1 s=0 T=0/eV

100

50

0
-50
-100
-150

Argonne V8 potential e T e T T e T T e Arxiv 1107.4956

Very difficult many-body problem
presents a challenge to both experiment and theory




Short range correlations %
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“The :

particularly at distance scales small compared to
the radius of the constituent nucleons,

(Nuclear Science: A Long Range Plan, The
DOE/NSF Nuclear Science Advisory Committee,
Feb. 1996 [1].)

This challenge for nuclear physics can experimentally
be effectively addressed thanks to high energy and
large momentum transfer reached by present facilities.




Hard scattering has the resolving power required to probe %
the internal (partonic) structure of a complex target Lol b UBL ST

Rutherford scatterin

Scale;
several GeV

~o N
Quark- ~~ Nucleons
Antiquark-

Gluon Pair

Scale:
several tens of GeV

partonic structure
of hadrons Fluctons -1 fm

Quark




Short /intermediate Range Correlations in nuclei %
A

repulsive core
“_’____,_.-—

\'4;5 attraction

Neutron Star

ass ~ 1.5 time:
~12 miles in diameter

TEL ALY LIMIJERSITY

. N(p)(fm")
o o - =

Solid crust

Heavy liquid interior

~o \
kF(P) |(F(n) k Mostly neutrons, (] S~ NUC|€0nS

with other particles

What SRC in nuclei can tell us about:
High — Momentum Component of the Nuclear Wave Function.

The Strong Short-Range Force Between Nucleons.

tensor force, repulsive core, 3N forces
Cold-Dense Nuclear Matter (from deuteron to neutron-stars).

Nucleon structure modification in the medium ?
EMC and SRC


http://upload.wikimedia.org/wikipedia/commons/e/ed/Neutron_star_cross_section.jpg
http://upload.wikimedia.org/wikipedia/commons/e/ed/Neutron_star_cross_section.jpg

A description of nuclel at distance scales
small compared to the radius of the

constituent nucleons needs to take into

A
account,

repulsive core

Short range repulsion

short range attraction

Intermediate- to long-range tensor attraction
( S=1T=0 S=1T=1 S=0T-1 s=0 T=0/eV

100
al 50
E -

-1 &0
-100
-150

4

Argonne V8 potential 4-3-2-1[:;]1 234 432101234 432101234 432101234

= [fm] = [frn] x [fm]

Very difficult many-body problem ArXiv 1107.4956
presents a challenge to both experiment and theory

This long standing challenge for nuclear physics

can experimentally be effectively addressed thanks

to high energy and large momentum transfer ‘
reached by present facilities.




Hard scattering has the resolving power required to probe %
the internal (partonic) structure of a complex target Lol b UBL ST

Rutherford scatterin

Scale;
several GeV

~o N
Quark- ~~ Nucleons
Antiquark-

Gluon Pair

Scale:
several tens of GeV

partonic structure
of hadrons Fluctons -1 fm

Quark
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The story of studying cold dense nuclear matter using high %
energy probes (70s) with the measurements of L AU UNIErSITY
Fast Backward Production at JINR and ITEP Moscow (p,5
and YerPhi (photons) .

Cumulative
kinematics
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Scattered proton

Incident proton

Incide
eleg#fron

Knocked-out
proton

Correlated partner
proton or neutron

Complementary to JLab study with electrons
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Why H.E. protons are good probes of SRC ? TeL AU UNLETSTTY

selective attention to SRC

Psychology Wiki
Selective attention. A type of attention which

involves focusing on a specific aspect of a
scene while ignoring other aspects.

Constituent Counting Rules



http://psychology.wikia.com/wiki/Attention

Other reasons Why several GeV and up protons
are good probes of SRC ?

e

They have Small deBroglie wavelength:

Large momentum transfer is possible

with wide angle scattering

Cross section is large

W
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From 172, p_l), and p_z)we can @

deduce, event-by-event what then compare

1_)}and the binding energy of ﬁ’n with f))f and see

each knocked-out proton is. if they are roughly “back to back.”




Scattered proton

Incident proton

Incide
eleg#fron

Knocked-out
proton

Correlated partner
proton or neutron

Complementary to JLab study with electrons



The EVA spectrometer and W
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the n-counters at BNL

11 meter N _
A B
Beam Hodoscope -, lL ' Particle 1 .
Tatgets Solenoid ‘ /" .
= ...n Return yoke =olenoid
l::- , > |
N
e
M .::':3 at 1
Lead
N s
frey Veto
E——
Array 1 and 2

Solenoid




W

TEL ALY LIMIVJERSITY

A. Tang et al. Phys. Rev. Lett. 90,042301 (2003)

"tk f— ‘o . .. E. o = . o.
P, — Incident proton L. . . .
06 - o Y . E %
p, and p, are detected E M e | .
-0.8 - ® e o " I @ g . 8
Pi =P+ P =Py 305 01 045 02 025 03 035 04 045 05 055

p,(GeV/c)
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Piasetzky, Sargsian, Frankfurt, Strikman, Watson PRL 162504(2006).

count rate was only ~1 per week

Only 18 12C(p,2p+n) events
with p,>ke

Did not observe pp-SRC. Upper limit of 13% for pp-SRC
contribution to protons with momentum above 275 MeV/c in *2C.




motion of the pair %
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The Relative and c.m. Motion of Correlated n-p
Pairs:
12C(p,2pn) at BNL

ap + ap

pz" = 2m(l— 5

)

pz= = mlap — anl.

12 a)

Events
[++]
[

6
a1
2
0

PO 5O vl vl vl | i 0 |8 B Wi | o S T S 1 e Al
-0.3 -02 -01 0 0.1 0.2 0.3
p,cm (GeV/c)

©) Theoretical prediction (Ciofi and Simula)

0-y=0.139 GeV/c PRC 53 (1996) 1689.

Events
°
| Al LA RN LA LA LA AL

E. o [ W O] , , , [, i o |
0 0.1 0.2 03 04 05 06 0.7

p,e! (GeV/c)

Figure 23: Plots of (a) pS™ and (b) pT® for correlated n-
P pairs in 12¢y. for 12C(p,2p~}—n) events. Each event has been
“s-weighted”.



Study of SRC at JINR #
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= -
ixed target experiments . " el n |'n n
area (b.205) :

Extracted beams from —

Nuclotron

SSvee eV

/_.

NudoUon
0,6-4,5 GeV/u

Nuclotron beam intensity (particle per cycle)

Beam New ion source
Current lon source type
+ booster

:
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2
0, .
Recoll
Lab Frame ®
I:)Recoil D
2
*SRC dominance Hard process
[Pyecon| = 250MeV / —t=—(pl- p3)* > 2(GeV /c)?
0.y >90° —u=—(pl-p2)* > 2(GeV /.c)?
s>7(GeV /c)’

0, =275 +75°,0,=-275+75 (9, ~90°)



0, [degrees]

simulated 90° cm scattering off a SRC pair
6, = 27.5° + 7.50,6?2 =275°+75°

| [GeV/c]

recoil

|P

-5
30F:
25
20
15:| T I R T T T N T N
45 40 -35 30 25 20 -15
0, [degrees]

1

o
o

0.6

50 100 150

0,..; [degrees]

W
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—

4
|P2| [GeV/c]

Simulated 6_,,~90° scattering of a pair

o, =140MeV /c

=/t
n(p,)=€e """ 0.25<P,<1GeVic
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Array : 3 layers of

Array : 3 layers of 42 10x10x200 16 10x10x100 cm?
cm? scintillators scintillators

‘start’ signal for TOF ?
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The CLASI12 Scintillator Setup

Scintillators:
BC-404; 6 cm x 6 cm x (50 - 200) cm and
BC-408 for the longer bars o
PMT: Hamamai‘W (2) No Light guides AP Pf'Olea'I'e Cost
R13089 PMT directly glued to SC
/ e The average scinfillator costs for the JLab
PMT PMT project was about $600 per scintillator.
This is the per scintillator cost for the
\ FTOF project with an average scintillator
(3) Scintillator wrapped in Aluminized Mylar (1) Corners masked with leng+h of 2 m.
(4) Light tight DuPont Tedlar encases entire black tape ® The cost for the Hamamatsu PMT is about
counter $800 per PMT.
Achieved Time Resolutions
Total 96 1m long and 252 2m long
80 . (350 counters are needed
i 1 e Time resolution after

calibration, event

g 60 gé};ﬁ) = selec’rio'n, time-walk
g §+ rh("? 3)‘%5@0%&?& @p@?@;o?&é_f‘@% E_SSO é?o @ﬁ’:@% correction:
T e, 1 ol PMs 700x800$=550k$
L r * e 7 _ _ .
2 o . 1 T bar Sci (96+2x252)x600=360k$
= L o Scintillator 6 cm x 6 cm x 203em |
i ®  Scinlilator6omx6cmx 69cm _ 1 M$
OD 1(‘)0 2(‘)0
Position (cm)

Adapted from a talk by Steffen Strauch
e . University of South Carolina
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GEM = Gas Electron Multiplier
GEM working principle

Ionizing\Particle GEM foil: 50 um Kapton + few
e L i I"’m COPPEF‘ on bGTh SidES wh‘h
S S RS R SR SRR Drift Cathode 70 um holes, 140 um pi"l'c.h

- Y Y €Y €Y e
UH"P“CGT'U" —_ [EEm e e | ST e s . — p— e
(x20) — 00 & B S & B B = - @ a8 & &

L

ﬂUITiplicutiﬂn e S e ) i LS

2 mm = Transfer

Aultiplication ——= =

NEE R KT

S T
— —

2 mm = Induction

Readout = i . Readout Plane . )
Strong electrostatic
field in the GEM holes

Recent technology: F. Sauli, Nucl. Instrum. Methods A386(1997)531
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np pairs

In 30 days (50% beam availability) 35,000 events

Triple coincidence 2C(p,pnn)
2 events/hour

In 30 days (50% beam availability) 700 events
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5.9 GeV/e, 98
8.0 GeV/e, 98

® 9.0 GeV/e, 98

5.9 GeV/e, 94
7.5 GeV/e, 94

S A ) ! Expecting 35,000
04l - ® . ! 12C(p,2p+n) events
. - | ® , . with p,>kg
'0.6_- . o e = . S ..
-o.af— T I . ¥ o ) R With 100ps TOF resolution:
L0 0 [ (300 03 os04 o4 05 oss | OPmiss *15MeV /C
p,(GeV/c)

Migdal jump -



Asymmetric nuclel N>Z: Taﬂu%;emw
Who are the parents of the 2N-SRC pairs ?

36K 37Ca  Sc 22
Ar 37K 38Ca | Ti 23
38K 39Ca 4°Sc ‘“T A"/ 24

™

;tf{ 43g5¢ 1“11 asy |46Cr ] Fe 27 |
a 44Sc 45Ti 46V 47Cr “8Mn “°Fe Co
455c 46T 47\ 148Gy 49Mn 5°Fe.5‘Co'
i 48v 490r SOMn | 's1Fe 52Co |
| 51Mn 52Fe 53Co |

54Co

a1 }42Ar 43¢ 4
v :42C| 4A3Ar -
43C| 44Ar °Ca
44| 45A, 46K 47(Cn 4BC 49T 5
7=20 Cl | “2Ar |*°K |*Ca |*°Sc

N=28 28 “CAr “7K.

29 48K |49Ca |50Sc |51Ti |52V SR **Mn 555Fe 58Co

, ;> Z=26
Add 8 protons N=28
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SRC Isospin Structure and the Tensor Force P S

pp/np from ["c(s,a'pp) I"c(e.a'pn) 112
Pp/2N from [“Ce,e'pp) /“Cle,e'p) ] 12
np/2N from "*C(s,e'pn) I'*C(e,6'p)
np/2N from "*C(p.2pn) /“C(p.2p)

R. Schiavilla, R. B. Wiringa, S. C. Pieper, J.
Carlson, Phys. Rev. Lett. 98 (2007) 132501

At 400-600 MeV/c. - : :
. . Sargsian, Abrahamyan, Strikman,
np SRC is "18 times pp (nn) SRCM ¢ uhiit PR C71 044615 (2005).

25
L #p ) “‘He(e,e’pn)

SRC Fraction [%)]

| L Korover, et al. Phys. Rev. Lett 113, 022501
s (2014).

g Momentum [GeV/c]

.At Nuclotron we propose::
First measurement below 400 MeV/c

Better statistics above 600 MeV/c
\

- - -
o o O oo uw o O
T

0~—%3 064 05 06
Missin
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C.M. and Relative Momenta Distributions: TeL AU UNIVERSITY

The Relative and c.imm. Motion of Correlated n-p

Pairs:

mnem
p-

E ’—Ij‘_’—l‘t R
E.. 1 L L 1 ), . .
-0.3 -0.2 -0.1 o 0.1 0.2 03 — |
p.cm (GeV/c)

b)

| Expecting 35,000

Events

12C(p,2p+n) events
with p >k

4] 011 0:2 0:3 0:4 015 ots 0i7
p,re! (GeV/c)
Figure 23: Plots of (a) p<™ and (b) pl® for correlated n-

p pairs in '2C, for '2C(p,2p+n) events. Each event has been
“s-weighted”.

~1000 12C(p,np+n)
events with p, >k

Can compare nn-SRC to np-SRC



Reaction Mechanism %
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Hard processes

high energy and large momentum-transfer

How low int, u, Q2 ... can we still use
the advantages of hard scattering ?




Questions for Next Generation

Properties of
SRC Pairs

entral vs. tensor correlations:
Mean-field to SRC transition (Migdal jump)?
c.m. and relative motion?
Nuclei far from stability?

Neutrino-nucleus interactions?
Neutron stars structure and cooling rate?
Universality of contact interactions?
Atomic traps studies of asymmetric systems”
Fluctons

Minority move faster?
Minority have larger pairing
probability?

Dynamics of pairing with symmetry?



The new facilities:

INR, Dubna

4 J-PARC

Japan: Proton Acce

TEL ALY LIMIVJERSITY

add new hall
.

g upgrade magnets
and power supplies

5 new cryomodules

CSR, Lanzhou ?



We would like to thank
A. Sorin for the invitation.

We will be here Thu /Fri and hope to come back with
a proposal to study 2N - SRC @ Dubna










Structure of SRC nucleons?
Proton vs. neutron modification?
Explaining the EMC effect?

CLAS12 Filllerg
Backward
Neutron

ILab E11-1075

Suppression



Quantum numbers?

Central vs. tensor correlations?
Mean-field to SRC transition (Migdal
jJump)?

c.m. and relative motion?

Nuclei far from stability? (FRIB)

Superconducting accelerator complex NICA P ro Dosal su b m Itte d to Lan Z h 0 L%‘ 7

(Nuclotron based lon Collider fAcility)

Array: 3 layers of 10x10x200 cm® 2 planes of GEM or W.ch. ~1m api

scintillators

Veto

=K

2
2 meter|

Array: 3 layers of 10x10x200 cm®
scintillators



\: /S (SIS
Minority move faster?
Minority have larger pairing
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EVA collaboration/ BNL
A. Carroll, S. Heppelman, J. Alster,

B. J. Aclander, A. Malki, A. Tang

Exp 01 — 015 collaboration Hall A / JLab

S. Gilad , S. Wood, J. Watson, W. Bertozzi,
D. Higinbotham, R. Shneor, P. Monaghan, R. Subedi

Exp 07 — 006 collaboration Hall A / JLab
O. Hen, I. Korover, M. Navaphon

Hall B/JLab K. Egiyan?
L. Weinstien Or Hen

. Sargsian, L. Frankfurt, M. Strikman:
or their theoretical support and guidance.




Number of hard Triple coincidence
events (World data)

EVA/BNL
EO01-015/JLab 263

EO07-006/JLab 50

CLAS/JLab 1600

Total <2000 <450 0

Why are we here ?

=2 >10k events

5GeV 10° protons/sec






A new experiment scheduled to run 2011 at JLab (E 07-006) %

TEL ALY LIMIVJERSITY

Measurement over missing momentum range from 400 to 875 MeV/c.

Compton wavelength, =" =~ 1.4 fm

(e,e’'pp)/ (e,e’pn
200 300 400 500 600 700 800 PQr:?SS (MWES(;E; (M ach I eldt) (Doi : Beane)
. 2N 3N 4N 600 100 —————r ————rT —
The data are expected to be sensitive NIV 2 ek |
to the NN tensor force and the (o) XH - | - e wp o o ]
= 400} 4, £
NN short range repulsive force. o() Xeflf 1 S S % T
A2 .:{,) fgx_k"'r Rl
= A
repulsive core

short range attraction
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How to relate what we learned
about SRC in nuclei to the

dynamics of neutron star formation
and structure ?

What is the role played by, xgs
short range correlation of
more than two nucleons 2

non nucleonic degre
freedom in SRC ? sell T

-PARC

;jc;)on Proton Acce

The new facilities will allow
even harder knockou®
reactions

Is theory well
enough established
to interpret the
data?

What are the o
observables ? Optimized

kinematics



EO01-015: A customized Experiment to study 2N-SRC
Q?=2GeVic, xg~1.2,P,=300-600 MeV/c, E,, <140 MeV
Luminosity ~ 1037-38 cm~2s-1

MEC are reduced as 1/Q?2.
Large Q? is required to probe high P, with xg>1.

FSI can treated in Glauber approximation.

Xp>1

Reduced contribution from isobar currents.

Large piss.@nd E ic~P%iss/2M

ﬂge_Pmiss Z



* Can be treated in Glauber approximation.

* Canceled in some of the measured ratios.

FSI| in the SRC pair:

These are not necessarily small, BUT:

* Conserve the isospin structure of the pair .

* Conserve the CM momentum of the pair.

W
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Why FSI do not destroy the 2N-SRC signature ? %

TEL ALY LIMIJERSITY

For large Q% and x>1 FSl is confined within the SRC

< 1fm FSI| in the SRC pair:

"™ Conserve the isospin structure of the pair .

forx>1.3

“s  Conserve the CM momentum of the pair.


http://www.allindiaarts.com/painting_detail.asp?paint_id=219&country=eu
http://www.allindiaarts.com/painting_detail.asp?paint_id=219&country=eu
http://www.allindiaarts.com/painting_detail.asp?paint_id=219&country=eu
http://www.allindiaarts.com/painting_detail.asp?paint_id=219&country=eu
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A virtual photon with xg >1
“sees” all the pp pairs but
only 50% of the np pairs.

X

(e.e'pp) _ X oy
(e,e'p) x+(1-2x)/2



BNL (p’zpn) — np - SRC _ np - SRC
(p.2p)  np-SRC+2 (pp-SRC) 2N -SRC

= (74-100) %

Jlab &P _ MP=SRC _ o) 100)%
(ee'p) 2N —SRC

pp-SRC  nn—SRC

Jab EEPP) 954 9y04 e _ =(5+1)%
(e,e'p) 2N-SRC 2N —SRC
> 1D — SRC

= (84 - 92)%

2N — SRC



Implications for Neutron Stars '%’
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Adapted from: D.Higinbotham,
E. Piasetzky, M. Strikman

CERN Courier 49N1 (2009) 22

At the core of neutron stars, most accepted models assume :
~95% neutrons, and ~5% electrons (B-stability).

*Neglecting the np-SRC interactions, one can assume three separate Fermi

gases (n p and e) I
H B

>strong np interactio
ke kP o KE

Fermi "*Fermi "“Fermi

See estimates in Frankfurt and Strikman - Int.J.Mod.Phys.A23:2991-3055,2008.

e n-gas heats the p-gas.




SRC in nuclel: implication for neutron stars

A
N LS,

TEL ALY LIMIJERSITY

'n

For  p=5p, Kem ®500MeVIc, K&, i =Kiemi =250 MeV/c
Pauli blocking prevent
direct n decay . .
n—>p+e+v,
n
p e
k Fermi k k

Fermi Fermi
Strong SR np
interaction




THE MEAN FIELD APPROXIMATION

4
[ Zz V2+Zt ] Oy = €0 Py

Variational monte carlo (Urbana Group)
Cluster expansion techniques ( Ciofi, Alvioli, Cda, Morita )



x> | is not automatically means 2N SRC
one needs also large Q2

=
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=
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=
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=
e
=
£
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Brookhaven Experimenf A.Tang et al, PRL 2003

P Number of (p,ppn) events (p;, pn > kr)

7

Number of (p,pp) events (p; > kr)

=04 J—n g for 275 < p;, pn < 550 MeV /c

. . Piasetzky, MS, Frankfurt,
Theoretical Analysis |-

e F relative probability of finding pn SRC in
pn/pX — T R the "pX” configuration that contains a
=Y proton with P > kp.

'J"ﬂ.l'lm oI ma:l: T X

Pg;

f f f f Dpn &'1 Ptis Xny Pnt, PR—I—) dzpt%dgptnd}jﬂ+

da dzpt dP R+




Polariztion Transfer

Copied from S. Strauch talk

1.0

® /P / PP,

06

0.5

Proton Virtuality: v = p? — mg?

Bound proton

09

0.7

preliminary

08 | —
® E03-104 Freliminary
--- Linear fit
~ = Madrid, RPWIA
. . —— Modrid, ROWIA
Q* = 0.8 GeV —— Madrid, ROWIA+QMC
L i 1 il
=0.06 =0.04 =0.02 0.00

Proton Virtuality (Gev?)

P /P / /P,

1.0

0.9 r

/ Free proton

| preliminary

08 |

07

06

0.5

® E03-104 Preliminary

oo+ Linear fit
= = Madrid, RPWIA
Q% = 13 Gev? — Madrid, ROWIA
= b — Madrid, RDWIA+QMC
L . i i
-0.06 -0.04 -0.02 0.0

Proten Virtuality (Gev?)

Polarization-transfer double-ratio data and calculations show
dependence on proton virtuality with the trend of R = 1 for p? = m?;

as it should be.

Excellent description of preliminary E03-104 data with the RDWIA
+ QMC (in-medium form factors) model.
see: C. Ciofi degli Atti, L L Frankfurt, L P. Kaptari, M.I. Strikman, Phys. Rev. C 76, 055206 (2007)

v T
Madrid, RDWIA
Madrid, RDWIA + QMC

Laget, FSIH-MEC+3C

e —_——— —

-

e T

preliminary

Schiavilla OPT + NEC}

! ' TEL AU UNIVERSITY
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® JLab E93-049
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~ 09 i
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T
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—— Modrid, ROWILA+HOMC
0.6 ‘ . ‘ ' !
=200 =100 0 100

Missing Momentum {(MeV/c)

M. Paolone at al. PRL 105,072001,(1020)
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Correlated
Region

EMC

Q2=4,8,10 GeV/?2

glucllear
caling
SRC Region

I:)min
Nucleon Momentum [GeV/c]

Py(xg) =27 _p?-ny(p)-dp

. in

na(p)=n_ (p)-a,(A/d)

_14 I | ] | I | ] | I | ] | I
0 02505075 1 12515 175 2

Pa(Xe) =27 p®-n,(p)-dp

On _ 1-P,(Xg)
oy 1-P;(Xp)

Direction with
respectto q

Xp

Higinbotham, Gomez, Piasetzky arXiv:1003.4497 [hep-ph]
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3
= - ; “FelD
©
Y
= 2ciD
O
-+ A i d  A—
g He/D
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N
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| -
O L .
*He/D
| | |
1.5
A 1- PA XB . .
Zd “1oP, EXB; interpolation a,(A/d) Xp

Higinbotham, Gomez, Piasetzky arXiv:1003.4497 [hep-ph]



O42¢/0p

14
12 -
- ‘+ﬂ‘
1 ;
_'I'-‘....--.'.:; _______ ,a'
TIr
{]8 | 1 1 | 1 1 1 | 1
04 06 0.a
Xg
14
12| :
I s
i “
" _ N
1 T ;
-\.‘."‘“N .'-:‘.
.
0s& | [ N RO N

W

TEL ALY LIMIVJERSITY

o 14
=
o
5
b i i
12 |
| i
1 e :i
T_-_‘lll*iﬁg"“‘ *
L ‘1“‘
D.B 1 | 1 1 1 | 1 1 1 |
04 0.6 0.3
Xg
14
) -'
o H
Lt% :
¢ | :
1.2 — i
1 Ill{
ey t"l"* - . .
et ~~-.__ Interpolation
0a ] | B L1 [ 1 RS
04 0.6 0.3
Xg
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Very weak Q? dependence

EMC
JLab SLAC

© Be AFe(E140) e Fe(E139/BCDMS) © Au
o Al xFe A Ca(E139/NMC)

d(c*/09)/dQ2
o
b
—o—":T-
i
E 3

Fe ;oD EE. r T T
Fy/F; at large x <" [
Lo E
IE‘ o
o b - %
Sob %
Ha b
(2"
g b
o2 LSLAC
t Hall B
L1 Fhane
_._) 5
w D | 1 PR | | |
/= 0 1 2 a3 B )

J. Arrington talk, Minami 2010.



EO01-015: A customized Experiment to study 2N-SRC
Q?=2GeVic, xg~1.2,P,=300-600 MeV/c, E,, <140 MeV
Luminosity ~ 1037-38 cm~2s-1

MEC are reduced as 1/Q?2.
Large Q? is required to probe high P, with xg>1.

FSI can treated in Glauber approximation.

Xp>1

Reduced contribution from isobar currents.

Large piss.@nd E ic~P%iss/2M

ﬂge_Pmiss Z



* Can be treated in Glauber approximation.

* Canceled in some of the measured ratios.

FSI| in the SRC pair:

These are not necessarily small, BUT:

* Conserve the isospin structure of the pair .

* Conserve the CM momentum of the pair.

W
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5 jig /g
S nNnorp a 2 2
4N @=2(Geviey Cey,,
99 + 50 q,=1.65 GeV/c P

X=1.245



Experimental setup BREEETRNENY

REVISED SIDE VIEW
Outer support bars are NOT shown

75 mm
Tempotary raiks for Somm  100mm  spacer
sliding onepart of the spager  SPacS!

veto layer in place
\ 100 mm
acst
— . o ™

4

50 % 50 MAI -1
3400 mm
FRONT OF REAR OF DETECTOR
DETECTOR
50 % 50 MAI -1
1
o ' E L v

—— 50 % 100 MAI-2

Big Bite Lead wall
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= /
“300 MeV/c”

£ ok
S asof
o E
© 400F

“500 MeV/¢”

v |
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

0 0.05 01 0.15 0.2 0.25 03 0.35 0.4
800 Emiss [GeV]

v

“400 MeV/c”

Emlss [GeV]
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Counts

I|IIII|IIII|II1IIII|IIII|III I|IIII|IIII|IIII|IIII|I

25 Pis= 500" Me

mis

J (Signal : BG=4:1)

P.i="500" MeV/c

Counts
onaz3z8822888

(Signal : BG= 1:7)




Triple Coincidence Events
Time-of-Flight (e,e'pp) ==
— Moan

RMS 869.7

pur PRELIMINARY! TEL AU UNIVERSITY
é: Triple coincidence
S protons inside peak

ik

300 4000
TDC CHANNEL

MCEEP Simulation with pair
CM motion o,=136 MeV/c

BG (Off peak) — s 3

—_

1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 1
-0.96 -0.94 -0.92 -0

o 088
cos(7)

1 | 1
-0.98

U/
_'.—|||




W

TEL ALY LIMIVJERSITY

Neutron TOF[ns]

MCEEP Simulation with pair
100l CM motion o,,=136 MeV/c

counts

I | I I | I
-0.95 -0.90 -0.85

cosy



CM motion of the pair: %
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»2 1 ndf 0.6241/-3
i po 22.72 + 2,784
..2 35 XZ ol " p1 -0.2975 = 0.05079
= - ‘ v o p2  0.0009933 + 0.0002
Q 30 . . . i
o MCEEP with pair ( ion: gl
25/ i
- ocu=50 MeV/c i
201 -
- ocy=100 MeV/c 65—
15 B
- ] s 2V/c -
10F — Ll a-
5 7777777777 :
- 2
o— e i
-0.6 0.4 0.2 0 0.2 0.4 0.6 i
vertical Lo v v b b v b v by by by Iy
Pcu 40 60 80 100 120 140 160 180 200

O [MeV/c]

2 components of P.,, and 3 kinematical setups ‘

This experiment }0,,=0.136 + 0.020 GeV/c

(p,2pn) experiment at BNL : 0,,=0.143+0.017 GeV/c

Theoretical prediction (Ciofi and Simula) : 0,,=0.139 GeV/c



CM motion of the pair (“old” data) %
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(p,2pn) experiment at BNL : o.,,=143 £ 17

CTT

o

—L—l—\_l'—
__— A. Tang et al.

PRI EPUFE SR SRR SPOraeare B

03 02 o 02 03 B. Phys. Rev. Lett. 90 ,042301 (2003)

a o F . - - 2 components of and 3 kinematical setups
E “f p_vertical 500 MeV/c “ setup P Pe
QO 30|
(&) -
25;—
2°§‘ MCEEP with pair CM motion:
15 Ocw=50 MeV/c  seseeeeee: R. Shneor et al.,
" ; ] Ocw=100MeVie PRL 99, 072501 (2007)
> A [ Ocy=136 MeV/c  =======

5 ©
[ 1 T

vertical
Pecu



Hard processes are of particular interest because they have %
the resolving power required to probe the partonic structure S e
of a complex target

Quark- D_IS

Antiquark-

Pait partonic structure of hadrons
Scale: several tens of GeV

Inclusive electron scattering A(e.e’)
. Hard knockout reactions A(e,e’p) and A(e,e’pN)

hadronic structure of nuclei

Scale: several GeV

\N

\
~< Nucleons




Deep Inelastic Scattering (DIS) #

E E < TEL B LIMIERSITY
scattered
lepton

Incident
lepton

(@,0)

Xpg gives the fraction of nucleon momentum
carried by the struck parton

Information about nucleon vertex is contained in
F,(x,Q2) and F,(x,Q2), the unpolarized structure
functions




Incident scattered Incident scattered
lepton lepton lepton lepton

~ \
S~

Nucleons

H1 and ZEUS Combined PDF Fit

Q= 10 GeV?™

 April 200

HERAPDFO.2 (prel.)

Bl <xp-uncesrt.

model uncert.
. N xu,
T BN S ——

™ HERA Structue Functions Working (iﬁmp




A. Tang et al.

Phys.

Piasetzky, Sargsian, Frankfurt,
Strikman, Watson PRL 162504(2006).

Removal of a proton with
momentum above 275 MeV/c
from 12Cis 92+% , %
accompanied by the emission
of a neutron with momentum
equal and opposite to the
missing momentum.

Rev. Lett. 90 ,042301 (2003)

04 "
06 - .

08 e,

‘.u‘ .

Al B W
335 0.1

o-y=0.143+0.017 GeV/c

0.15 02 025 03 035 04 045 05 055

p,(GeV/c)
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Principle of GEM Detectors Lz

« GEM = Gas Electron Multiplier
introduced by F. Sauliin mid 90’s, F. Sauli et al., NIMA 386 (1997) 531

« Copper layer-sandwiched
kapton foil with chemically | _

etched micro-hole pattern
> gas amplification in the hole e

'.L_-.Iil Drit :1||r i
e Cathode #

Dritt Gap

i - - GEI
e ()1 Transfer Gap =
9, - - - GEM i
R ;'il'l | Transfer Gap : . — e

- - - - - - - e

Induction Gap
- — — Readout
/ PCB
Readout I e ! L s r : : i | e
Electronics




A description of nuclel at distance scales
small compared to the radius of the
constituent nucleons is needed to take

: A
Into account,

repulsive core

Short- range repulsion

short range attraction

Intermediate-range tensor attraction
( S=1T=0 S=1T=1 S=0T-1 s=0 T=0/eV

100
50

-50
-100
-150

Argonne V8 potential 4-3-2-1[:;]1 234 -4-3-2-;[2-“]1 234 432101234 432101234

3 [fn] = [fm]

ArXiv 1107.4956

Very difficult many-body problem

presents a challenge to both experiment and theory




This long standing challenge for nuclear physics can
experimentally be effectively addressed thanks to
high energy and large momentum-transfer (hard
scattering) reached by present facilities.

structure of atoms
Rutherford scattering

structure of nuclei

&
&. -




The new facilities:
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Stable Beams

/ RIBLLI: tens AMeV (RIBs)

RIBLL2: hundreds AMeV (RIBs &gll-zlgl)

£ J-PARC

Japan: Proton Acce

PA@RICH BNL



CM motion of the pair (“old” data) mu%;mw

12C(p,2pn) experiment at BNL : o.,=143 £ 17 MeV/c
CM

A. Tang et al.
B. Phys. Rev. Lett. 90,042301 (2003)

- Only ~20 2C(p,2p+n) events
with p, >k

Events

[ L

e R
Aaassnalasaslosaslanas sl sanalonaal il
3 0.2 -0.1 0 0.1 02 03

p,cm (GeV/c)




Asymmetric nuclei N>Z:

--- non-interacting
— interacting

- - -
£ d
il S
~ 1' - e e
’,
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The probability for a proton to
be with momentum above k¢
IS higher than for a neutron
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Study of SRC at JINR ..
xed target experiments INUCIOtron based lon Collider fAcility

area (b.205) \
Extracted beams from o e atm!
Nuclotron i\

X

Nuclotron
0,6-4,5 GeV/u

Nuclotron beam intensity (particle per cycle)

Beam New ion source
Current lon source type
+ booster

S 00 | ouwpesmoron | 510%
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Guy Ron Eli Piasetzky
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Number of hard triple coincidence
events (World data)

EVA/BNL
EO01-015/JLab 263

EO07-006/JLab 50

CLAS/JLab 1533

Total <2000 <450 0

Wi 1y are we here ?
0'e-v'2 CeA\N
(2 WeA\n) . nciopou
rn-so itn-&
2bb 9uUq 208 = [
N —
4 -

=» >10k events
Before 2018
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Mean Field
Region

x- ————— — C I



VWe want to investigate SRCs with new probes.

Proposals:
Inverse kinematics at Dubna

Protons at GSI

Photons at GlueX



Glue-X: study SRC pairs with real photons.

forward calorimetsr

GLUEX WA ey o

m Glue-X detector at JLab Hall D
m Study neutrons with charged s

final states: P —
BYn— TP T

Saot o scole

m [ests of vector meson
dominance and transparency

For details talk with Maria Patsyuk




Projectile Free target
proton

12C

.......................... P/n
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Projectile Free target .
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k[‘[mThe nuclear contacts and short range correlations in nuclei

C}O

pp/np

0.15

0.1

0.05

12C

—— Contact Formalism

— Subedi et al.

Subedi et al.
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R. Weiss,! R. Cruz-Torres,2 N. Barnea,! E. Piasetzky,® and O. Hen?



E07-006 (2011) “He (*2 C) W
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*He(e,e'pn)
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- THe(ee'pn)
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Missing Momentum [GeV/c]

Ol
w|

|. Korover et al. Phys. Rev. Let. 113, 022529% (201
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k[‘[mThe nuclear contacts and short range correlations in nuclei

C}O

pp/np

0.15

0.1

0.05

12C

—— Contact Formalism

— Subedi et al.

Subedi et al.
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R. Weiss,! R. Cruz-Torres,2 N. Barnea,! E. Piasetzky,® and O. Hen?
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40
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— VMC+Contact 12C(e,e' pp)
@ This Work
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Data mining , CLAS/Jlab, analysis by Erez Cohen (TAU)
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Proposed experimental layout

Pasition resolution 2.5 mm / sqrt(12)
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SRC @ JINR Dubna

Eli Piasetzky Tel Aviv University, Israel April 2017
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Preliminary results from data mining (EG2c) %
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np-dominance in asymmetric NUC. sy

--- non-interacting
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Possible inversion of the momentum sharing 3




Neutron Star

Har Lite (3}

Z, Number of Protons

40}

Nw2d

L . - i R . b . . -
0 20 40 60 80 100 120 140 160 180

N, Number of Neutrons

A < 200 (300)
N/Z<1.5 (2.5)
,=0.17 N/ fm’







Magnetic field

n— p+e+ve*
n
er
1/




Jefferson Lab Hall A

Scattered
electron

Incident

electron 0
Knocked-out _
oD 1
‘




W

TEL AU UNIVERSITY

126

Pauli principle

In neutron-rich nuclei (N>2)

Protons move faster than neutrons

/ okin\ ‘ﬁ-'iu>
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Neutron Star

Mass ~ 1.5 times the Sun
~12 miles in diameter

Solid crust
~1 mile thick
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Heavy liquid interior
Mostly neutrons,
with other particles

J. A. Tostevin and A. Gade, PRC 90, 057602 (2014)

Reduction of the single
Neutron Stars particle strength
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in the Era of Gravitational Wave Astronomy T "
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At the core of neutron stars, most accepted models assume:

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

Neutron Star

Mass ~ 1.5 times the Sun

Neglecting np-SRC interaction, one can assume 3 separate Fermi gases. ~12 miles in diameter
~500 MeV/c T e sk
~250 MeV/c
t‘#iu ]_,‘L'iu
“n Heavy liquid interior
f} Mostly neutrons,
k n k p k e A —~ 1057 with other particles
Fermi Fermi Fermi
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Why FSI do not destroy the 2N-SRC signature ? %

For large Q% and x>1 FSl is confined within the SRC TEL AU UNIVERSITY

< 1fm FSI| in the SRC pair:

Conserve the isospin structure of the pair .

Conserve the CM momentum of the pair.






FSI

For SRC kinematics (large Q?, x>1):

© Il 2 1;‘

. . Attenuation SCX:
Calculate using Glauber.

Rescattering within the pair

Does not change the reconstructed
CM momentum

298
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Pair Rescattering
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M. Sargsian; Boeglin PRL (2011).



