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mm \What are Short-Range Correlation (SRC) -

* Are close together (wave function overlap)

 Have high relative momentum and
low c.m. momentum compared to
the Fermi momentum (k)

COLD dense
nuclear matter

Correlated Partner
Proton or Neutron




i Why Study High-Momentum Nucleons?

Neutron Stars

(P0=0.17 fm3)
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mm Beyond the Shell-Model: NN Correlations

A A -

* Spectroscopicfactors
extracted from A(e,e’p)
measurements yield
only 60-70% of the
expected single-particle
strength

* Missing:
— ~20%: Long-Range
Correlations
— ~20%: Short-Range
Correlations (SRC)
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i Jefferson Lab (JLab)

* High intensity -
polarized electron
beam.

— 1994 — 2012: 6 GeV
— 2015: upgraded to
12 GeV

* 3 (now 4)
experimental halls.

* 7 years of 12 GeV

program already
approved.
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Hall-A: High-Resolution Spectrometers




mm Hall-A: High-Resolution Spectrometers




mm Hall-A: High-Resolution Spectrometers
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12C(e e’pN) Results

* Knockout high- |n|t|al momentum proton, look for
correlated nucleon partner.

* For300<P_...< 600 MeV/c all nucleons are part
of 2N-SRC pairs: 90% np, 5% pp (nn).

SRC Pair Fraction (%)

10 [

10 |

M ppinp from ['“C(e,e'pp) /"°Cle,e’pn) ] /2
| ® pp/2Nfrom [°Cle,e'pp) /°Cle,e’p) 1 /2

WV np/2N from '2C(e.e'pn) I'IC(e.e'p)

A np/2N from 'ZC(p,zpn) r zC(p,Zp)

. ~90% np-SRC |

repulsive core

D Single nucleons

~5% Pp'SRC .n-p .n-n Dp-p

03 04 05 06
Missing Momentum [GeV/c]

short range attraction

A. Tang et al., Phys. Rev. Lett. 90 (2003) 042301 R. Shneor et al., Phys. Rev. Lett. 99 (2007) 072501
E. Piasetzky et al., Phys. Rev. Lett. 97 (2006) 162504 R. Subedi et al., Science 320(2008) 1476
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T 12C(e,e’pN) Results

* Knockout high-initial-momentum proton, look for
correlated nucleon partner.

* For300<P_...< 600 MeV/c all nucleons are part
of 2N-SRC pairs: 90% np, 5% pp (nn).

Neutrons
\ v heat protons
?ntié’?fcﬁ?n“?} “ateon \“_‘ ¥ in neutron
‘ stars?
A. Tang et al., Phys. Rev. Lett. 90 (2003) 042301 R. Shneor et al., Phys. Rev. Lett. 99 (2007) 072501

E. Piasetzky et al., Phys. Rev. Lett. 97 (2006) 162504 R. Subedi et al., Science 320 (2008) 1476
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Correlations in Heavy Nuclei

* Bridging the gap between light
nuclei and neutron stars?

208ph ) CHrY

 General properties of Fermionic %P (p)_ = s
systems?

Shell Model of Nuclel



- CEBAF Large Acceptance Spectrometer

sies

Hall B Large Acceptance Spectrometer




mm  Mining CLAS Data for SRCs

Reanalyzed existing CLAS data
via a data-mining initiative -

©

00—
600 —

400 —

5 GeV electrons on 12C,
277l 2Fe, and 298Pb:

1. Cut (e,e’p) kinematics
to simulate previous
measurements-.

2. Look for a correlated
recoil proton.

D
(=]
LI

200 —

6,4 [degrees]

N

O. Hen et al. (CLAS Collaboration), Phys. Lett. B772, 63 (2013)

*Quasielstic knockout of high-initial-momentum protons S M. [Gevic?]
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Back-to-back =
SRC pairs!
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Pair c.m. motion

“... high relative momentum and low c.m.
momentum compared to the Fermi momentum (k)"

* Reconstructed total
(c.m) pair momentum
insensitive to FSIin
the pair.

e Observedto be
Gaussian in each
direction.

 Small width,
consistent with
calculations.
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M Selectivity of SRC Pairs

e Extract the number of
pp (np) SRC pairs in
nuclei relative to 12C.

relative number of SRC pairs

C. Colle and O. Hen et al., Phys. Rev. C92, 024604

All pairs

10t




I Selectivity of SRC Pairs

e Extract the number of
pp (np) SRC pairs in
nuclei relative to 12C.

e Pair number increases
very slowly with A

* consistentwith 1S, (3S,)
pairs creating SRCs.

relative number of SRC pairs

C. Colle and O. Hen et al., Phys. Rev. C92, 024604 (2015)

All pairs /¢ pairs]

10t

o
]

pPn
100 A
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I Selectivity of SRC Pairs

——————————
) All pairs pgi]gsf
e Extract the number of -E -
pp (np) SRC pairs in 8‘ 1 ]
nuclei relative to 12C. C
. 9
* Pair - 1
o % ]
Y ¥ C - i I
® 10f E
° 0 (350) % ]
eating SRCs. — |
© & pn
1
10 100 A

C. Colle and O. Hen et al., Phys. Rev. C92, 024604 (2015)
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T. Neff, H. Feldmeier and W. Horiuchi, Phys. Rev. C 92, 024003 (2015).
|. Korover, N. Muangma, and O. Hen et al., Phys. Rev. Lett 113, 022501 (2014).
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i Sensitivity to SRCs

Assuming scattering off 2N-SRC pairs:
* (e,e’p) is sensitive to np and pp pairs

* (e,e’pp) is sensitive to pp pairs alone
=> (e,e’pp)/(e,e’p) ratio is sensitive to the np/pp ratio

A(e.e'pp)e<#pp,-20, Assuming
A(e,e'p) <#pp,-20,+#pn, o, No FSI

1 #
=#pp,-20,|1+— Pl
2 #pp,

38



i Sensitivity to SRCs

Assuming scattering off 2N-SRC pairs:
* (e,e’p) is sensitive to np and pp pairs

* (e,e’pp) is sensitive to pp pairs alone
=> (e,e’pp)/(e,e’p) ratio is sensitive to the np/pp ratio

A(e,e'pp) o< # pp,-20,
A(e,e'p) o#pp,-20,+#pn,- o,

1 # pn
:#ppA~26p{l+5#ppA}
A

#np, :2.[ A(e,e'p) _1}

: !
#pp, A(e,e' pp)
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mm hp-pairs dominance in heavy nuclei

np fraction
[ W S— SRR |

C Al Fe Pb
068% C.L.

pp fraction 095% C.L.

A A A A A A A " 1 A l

50 100 A

N
o
8J[IIIIHI[I”]Hl]llll!ll

0. Hen et al. (CLAS Collaboration),
Science 346, 614 (2014)

Mir 2



mm hp-pairs dominance in heavy nuclei
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Kinetic Energy Sharing

n(k) A Majority ' --- non-interacting

............ . | | Momentum
i —Interacting

distribution of an
""""""" imbalanced two-
component Fermi

0. Hen et al. (CLAS Collaboration),
Science 346, 614 (2014)




“Kinetic Energy Sharing in Asymmetric Nuclei

Pauli Principle:

Maijority (neutrons) fermions

move faster (higher Fermi
momentum)

np correlations:

Minority (protons) fermions
move faster (greater pairing
probability)
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Cold fermio
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“Kinetic Energy Sharing in Asymmetric Nuclei

A -

Pauli Principle:

Maijority (neutrons) fermions
move faster (higher Fermi
momentum)

np correlations:

Minority (protons) fermions
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Intermediate summary: ,
Universal structure of nuclei

e A A —————-—
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LOG MOMENTUM DISTRIBuTION
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Who Cares?

o, b Atomic Gas % Atoms
i Y .ﬁ-l v -+ LiAtoms
- Qv 1 T -# Nuclei
IV @
i ° ¢
21
1
i k = 2.5x108 eV/c
L — - p=10%m?3
O..y..H‘I.H‘\.‘.yl.y‘.l.‘y
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Two-component interacting Fermi
systems

The contact term




! The Contact and Universal Relations

- A~

A concept developed for a dilute two-component Fermi

. . . Scattering
systems with a short-range interaction. length
dilute = r,, <<a,d
Distance between
fermions

S. Tan Annals of Physics 323 (2008) 2952, ibid 2971, ibipl 2987
Mir 49




I The Contact and Universal Relations

R A -

A concept developed for a dilute two-component Fermi

' i : Scatteri
systems with a short-range interaction. Claengtfl'q”g

/

<<a,d

dilute

I"eﬁ
Distance between

These systems have a high-momentum tail: fermions

n(k)=C/k* for k>k,
/"

Cis the contact term

S. Tan Annals of Physics 323 (2008) 2952, ibid 2971, ibipl 2987
Mir 50




The Contact and Universal Relations

A concept developed for a dilute two-component Fermi

' i : Scatteri
systems with a short-range interaction. Claengtfl'qng

/

dilute = r,, <<a,d

Distance between

These systems have a high-momentum tail: fermions

n(k)=C/k* for k>k,
/

1. Measures the number of SRC different fermion pairs.
2. Determinesthe thermodynamicsthrough a series of universal
relations.

S. Tan Annals of Physics 323 (2008) 2952, ibid 2971, ibi_q_2987
Mir 51




Experlmental Validation

Two spin-state mixtures of ultra-cold °K and °Li atomic gas

systems.

=> extracted the contact and verified the universal relations

~~
-
~—"
c
v
A

0-

8

6
4.

2

K

Stewart et al. PRL 104, 235301 (2010)

o  (kpa)y'=0
o Co TT=0.11 "
¢ ®
% ; °
- _o: _____ .: “Q_Qéj §_§_‘
—-Q.. . . . . . . . .
O 05 10 15 20 25

the
Contact

- (in units
of kg)
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T Experimental Validation

Two spin-state mixtures of ultra-cold 4°K and °Li atomic gas
systems.

=> extracted the contact and verified the universal relations

Stewart et al. PRL 104, .

Mir 53



e, (Em
Ultra-cold atoms in a trap m
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o, =1 person/m”

o, =1 person/km’

‘71/ ~10°
02
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A Nuclear Contact?

A

Are nuclei dilute? (i.e. r.s << a,d)

—1/3
d= (%) ~23 fm

~ (.7 fm [Tensor force]

h
r =
T 2om_-c

a(’s,)=542 fm

[The high-momentum

tail is predominantly
3S1 (°Dy)]

57



A Nuclear Contact?

e A -

Are nuclei dilute? (i.e. r.s << a,d)

—1/3
d = (%) ~23 fm

~ (.7 fm [Tensor force]

h

r =
T 2om_-c

a(’s,)=542 fm
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T A Nuclear Contact?

R A -

Is there 1/k* scaling regardless?

1.5k, <k <3k,
n, (k) = a2<A/d>-ndQ
Constant Deuteron

Momentum
Distribution




I A Nuclear Contact?

A -

Is there 1/k* scaling regardless? YES!

- (a) ==AVi§  ==CDBomn 11 K
1.5k, <k <3k, 2 Tt vl i\:
nk)=a(Ald)ng (k) s T
12— Rd __“ .
-

7] S 2t by

0 05 1 15 2 25

]
O. Hen et al. Phys. Rev. C92, 045205 (2015) K



I A Nuclear Contact?

A A

Is there 1/k* scaling regardless? YES!

1.5k, <k <3k, S S R -

ny (k) =d, (A/d) ‘N, (k) 1.5 — e N T: : :B
1F i

s [ 3y

Why 1/k*? : P20

Effect of the one pion exchange X
(OPE) contribution to the tensor

potential acting in second order 4 ’ |
(_B —-H, )| \PD> =V; ‘ \PS> 2 ;___:. ______ Jfﬁi?}l’_
V=V (-B=H,) 'V, O§"G5 T 15 2 25

]
O. Hen et al. Phys. Rev. C92, 045205 (2015) K



I A Nuclear Contact?

- A~

Is there 1/k* scaling regardless? YES!

- (a) m=AV18 == CD-Bonn __|
1.5k, <k <3k, 2 b T e T
| FANE - R
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1 ]
O = S5¢
/] S 3
= A C
o e 3 < 0
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30 o B
1 12 14 16 1.8 2 n
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2N
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]
O. Hen et al. Phys. Rev. C92, 045205 (2015) k



A Nuclear Contact?

- A~

Is there 1/k* scaling regardless? YES!
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O. Hen et al. Phys. Rev. C92, 045205 (2015) k



mm Comparing with atomic systems
Finding the same dimensionless interaction strength

— °Li Atoms

/
O ‘<(LL al 40k Atoms /f
'

Stewart et al. Phys. Rev. Lett. 104, 235301 (2010)
Kuhnle et al. Phys. Rev. Lett. 105, 070402 (2010) 64



Comparing \ with atomic systems

Flndlng the same dimensionless interaction strength

<
OL‘LL .

Stewart et al. Phys. Rev. Lett. 104, 235301 (2010)
Kuhnle et al. Phys. Rev. Lett. 105, 070402 (2010)

- %K Atoms
— °Li Atoms

For Nuclei:

ke=1.27 fm™
a=54fm
=> (k;a)! = 0.15

65



mm Comparing with atomic systems
Equal contacts s for equal interactions strength'

OHL C AtomicGas x40 Atoms For Nuclei:
X4 OWO . Linoms ke = 1.27 fm?
i ; .
FO°%es e Vhetumal  assafm
— & v v '
- oY _C ¢ => (k;a) = 0.15
- - ‘v
2 ke = 1.6 eV/c Nuclei
. p=10"m? p Q'
i Nucleus ,CFLA
1 “C 3.04+0.49
i ke = 2.5x108 eV/c *°Fe [3.33+0.54
_ 1 | Q 1044 m™ TAu |3.30 +£0.53
0 PR AR el S R R TR S L ]
-2 15 -1 -0.5 0 O 5 C
(k a) kF.A=a2(A)'Rd

O. Hen et al. Phys. Rev. C92, 045205 (2015)
Stewart et al. Phys. Rev. Lett. 104, 235301 (2010)
Kuhnle et al. Phys. Rev. Lett. 105, 070402 (2010) 66



mm Comparing with atomic systems

At unitary (| e.
(kra)t=0) the SRC

< Atomic G 7 e
O‘x“'4 (,032 Y +:0LK:t°ms /i/ probability is
- "Li Atoms
g . €. ~ 0
v LT = Nuckei &7Cu, 197Au 20% for both
'OV 12¢ systems
Nuclei

ke = 2.5x10% eV/c
g 1044 m-3

05
(k.a)’

O. Hen et al. Phys. Rev. C92, 045205 (2015)
Stewart et al. Phys. Rev. Lett. 104, 235301 (2010)
Kuhnle et al. Phys. Rev. Lett. 105, 070402 (2010) 67



Al Comparlng with atomic systems
At unltary (| e.

RC

Can approximate universal
relations ( similar to Tan’s ) be
extracted for the nuclear physics
case?

g 10“‘*m3
-1 -0.5 O 0 5
(k a)

Hen?\ JReV- C92, 045205 (2015) i
[ Rev. Lett. 104, 235301 (2010)
7 Rev. Lett. 105, 070402 (2010) 68




Neutron Star

Mass ~ 1.5 times the Sun
~12 miles in diameter

ot onye (2 —_ 3) ) IOO

Heavy liquid interior
Mostly neutrons,
with other particles

0
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T Summary
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The group
MIT: e Tel-Aviv:

d Erez Cohen

" Meytal Duer

*’:'ﬂ 4 Navaphon (Tai)

“S® Muangma
| Igor Korover
Reynier Torres
— Or Hen — Eli Piasetzky
_ Shalev Gilad * Many theory friends ©
* ODU:
. WE ARE

EXPANDING!

- Larry Weinstein

+ Looking for 2 new postdocs to join the MIT grou







i@ pp/np ratio increase with P_. .
151 #0P [0y
10 #pn[ | ____.7(

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

llllllllllllll

4 '
5 He(e’e pp)/2 |. Korover, N. Muangma,
S A 4He(e,{e'pn) and O. Hen et al., Phys.
00304 05 08 07 08  Revlewiis 022501

Missing Momentum [GeV/c] (2014)-

Pair density calculations:

Ciofi and Alvioli PRL 100,
162503 (2008)

Sargsianetal.,, PRC71
044615 (2005)

Prn(@Q=0) (")

T~ o } -3f
e q (fm’”) 1k

0 ‘I1 é :]3 krj [fm-1]% SCh|aV|”a et al,' PRL 98,132501 (2007) 1"-40: N R TR Y TR YT o.lsp?gw/cl
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Conversion of the Chiral Series?

Phase Shift (deg)

Phase Shift (deg)

.r
L
m o
|

0 100

Lab.

200
Energy (Mev)

N4LO |
S N@Li

300 400

1

1

NSLO
N4LQ |

0 100

200

300 400

Lab. Energy (Mev)

Phase Shift (deg)

Phase Shift (deg)

0.8

0.6

0.4

0.2

0.6

0.5

0.4

0.3

0.2

0.1

100 200 300 400
Lab. Energy (Mev)

i 1 1
100 200 300 400

Lab. Energy (Mev)

———



Conversion of the Chiral Series?

Phase Shift (deg)
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Conversion of the Chiral Series?
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i conversion of the Chiral Series?
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Nuclear Symmetry Energy

Energy of asymmetric nuclear matter:

E(pn, pp) = Eo(pn=Pp) +0(6%)

v

Energy of symmetric
nuclear matter
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Nuclear Symmetry Energy

Energy of asymmetric nuclear matter:

E(pn, pp) = Eo(Pa=pp) £, (p) +0O(3%)

symmeltry enerqgy

\Esym (P) = E(P)pnm — E(P)snm

Relates to the energy change when replacing n with p
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Nuclear Symmetry Energy

Energy of asymmetric nuclear matter:

__ _ pn_pp - 4
E(pupy) = Eo(pa=py) }zym(p)( 7)o

symmetry energy

\Esym (P) = E(P)oxm — E(P)snm

Relates to the energy change when replacing n with p

* equation-of-state of < r-process nucleosynthesis
neutron stars * core-collapse supernovae
* heavy-ion collisions e« more...
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Thomson Research Fronts 2013

ASTRONOMY AND ASTROPHYSICS

CORE MEAN YEAR OF
RANK RESEARCH FRONTS PAPERS CITATIONS CORE PAPERS

1 Calileon cosmology 34 1,584 2010.7

5 Probing extreme redshift galaxies in the Hubble Ultra 3 2,415 2010.3
Deep Field

3 Sterile neutrinos at the eV scale 41 2,472 2010.2

4 Herschel Space Observatory and initial performance 9 1,456 2010.2

5 Kepler Mission and the search for extra-solar planets 47 4.1 2010.0

‘ 6 Neutron star observations and nuclear symmetry 18 1536 2009.9

energy

7 Evolution of massive early-type galaxies 18 1,724 2009.6

8 Camma-ray sources detected by the Fermi Large Area 8 1531 2009.5
Telescope
Data from Hinode (Solar-B) Solar Optical Telescope

9 and Solar Dynamics Observatory (SDO) 4 3.023 20094

10 Supernova Type la light curves and dark energy 19 5,920 2009.2

Source: Thomson Reuters Essential Science Indicators



.M Nuclear Symmetry Energy

Energy of asymmetric nuclear matter:

[SNM: Symmetric Nuclear Matter, PNM: Pure Neutron Matter]

neutron stars * core-collapse supernovae
* heavy-ion collisions e« more...




density dependence: L(p,) [MeV]

60

i Symmetry Energy @ Saturation Density

T I T T T T T T T I T T T I T
-~
-
-

"N )
1‘-ey~thn Sk -
\\\\\\,p /I/ %\C}

| ! ‘ 1 1 | | 1 1 1 [ 1

26 28 30 32 34
symmetry energy: E,,.(0o) [MeV]

J. Lattimer and Y. Lim, Astrophys. J. 771, 51 (2013)
J. Lattimer and A. Steiner, Eur. Phys. J. A 50, 40 (2014)

Global analysis
of world data:

30.9 < Eg,m(po) < 33.1
45 < L(p,) < 67

“L(po) = 3p[dE/dp] | 50



mm Constraining the Symmetry Energy

) (ﬂj E2(p,) (" ]

P, P,
E;,m(P) requires separate knowledge of the
kinetic and potential parts.

Fermi-Gas Model: a common approximation
for the kinetic term

M.B. Tsang et al., Phys. Rev. Lett 102, 122701 (2009)
A.W. Steiner, J.M. Lattimer, and E.F. Brown, Astrophys. J. 722, 33 (2010).
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mm Constraining the Symmetry Energy

[Fermi-Gas Picture]

E,.(P)=E (po)( j +E“(P0)( OT

\(Ferml Gas
l Model
ki

£ (p)=~E,




Constraining the Symmetry Energy

[Fermi-Gas Picture]

/
. v ’ &

E. (p)=E™" (Po)'(p%)/ +E™(p, ) [ﬁ]

\(Fermi-Gas

l Model

@ E (p,)=12.5 MeV




Constraining the Symmetry Energy

[Fermi-Gas Picture]

(o) o ()
£ o)-ln) [ 2] <20 2]
N Po)) Po
\(Fermi-Gas
Model
1 p 2/3
()35 2

@ E™(p,)=12.5MeV
o Esf;‘;j(po) = Esym(po)—Ef;;(pO) ~18.5 MeV

—————
Illl-
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mm  Constraining the Symmetry Energy
E [Fermi-Gas Picture]

£ )5l (2] {27
/ 0
\/Ferml Gas
/ Model

[ lin (p —E | P Only unknown is v,

sym 3 F p . ..
0 probed in HI collision

7 o = % measurements and

neutron stars

| E’“’” =12.5 MeV ,
(pO) observations

1 g»;t(pO) Sym(po)—ESZ(pO)zIS.SMeV

Mir 88




mm  Constraining the Symmetry Energy
: ~ [With SRCs]

E,u(p)- SZ(PO)( j;* £2lo) (ﬁ)

\/Ferml Gas C |
/ voqe + Correlations

Eﬁm( (ﬁ + ASRC(p) Only unknown is ¥;
Py probed in HI collision
Mo = % measurements and

neutron stars

| E’“’” =12.5 MeV ,
(pO) observations

1 g»;t(pO) Sym(po)—ESZ(pO)zIS.SMeV

Mir 89




mm  Constraining the Symmetry Energy
: ~ [With SRCs]

E,u(p)- SZ(PO)( j;* £2lo) (ﬁ)

\/Ferml Gas C |
/ voqe + Correlations

Esym( (p_ + ASRC(p) Only unknown is ¥;
0 probed in HI collision
M o = % measurements and
neutron stars
E’“" =1 € MeV ,
po x observations

1 g»;t(pO) Sym(po)—ESZ(pO)zIS.SMeV

Mir 9




mm  Constraining the Symmetry Energy
: ~ [With SRCs]

E,u(p)- SZ(PO)( I: £2lo) (ﬁ)

\/Ferml Gas C |
/ voqe + Correlations

Esym( (p_)-l- ASRC(p) Only unknown is ¥;
0 probed in HI collision
M o = X measurements and
neutron stars
E’“" =1 € MeV ,
po x observations

1 g»;t(pO) Sym(po)—ESZ(pO)zIS.SMeV

Mir 91




mm  Constraining the Symmetry Energy
: ~ [With SRCs]

I d f P
£ )5l (2] <20 2
\/Ferml Gas C |
/ odel + Correlations

- |
ESZ(P):gEF(Po (ﬁ + ASRC(p) Only unknown is v,
Py probed in HI collision
o azx measurements and

| neutron stars
2 £ (p,) = DMV

| observations
9 B (p,)=E,,(p,)- B2 (p,) = 1P Mev

Mir 92




mm  Constraining the Symmetry Energy
: ~ [With SRCs]

oo 2

\/Ferml Gas C |
/ vogel + Correlations

- p
E™ ( [p_0)+ ASRC(:O) OnI unknow |sy

E,,(p)=E

/_\

2 £ (p,) = DMV
0 _ ki

Mir 93



mm  Constraining the Symmetry Energy
: ~ [With SRCs]

Adding np-SRCs breaks the Fermi-
Gas picture

=> Need a correlated Fermi-Gas




nCFG(k) =

Ne

SNM
A,
C_/k*
0

Correlated Fermi-Gas Model (CFG)

[Fermi-Gas with an SRC tail]

9

)

9

PNM
A k <k,
0 k,<k<Ak,
0 0k> Ak

O. Hen et al., Phys. Rev. C91, 025803 (2015).

C/k*is a good parameterization
of the high-momentum tail:

— AV18 —-AV18 (S-Wave) 4.4
B =+ CD-Bonn --- AV18 (D-Wave) |
— B — N3LO600 1.2
— WJC1 - =WJC2 1
| —NIUM1  ==NIJM2 ] 1
=== NIJM3 i
—o.8
- —{0.6
ool N Ten M
e e T 04
o B N
i -{0.2
4 . | L ] L . o
0 0.5 1.5 2 2.5
kl




nCFG(k) =

SNM Model:

Correlated Fermi-Gas Model (CFG)

[Fermi-Gas with an SRC tail]

9

)

9

PNM
Al

0 k,<k<Ak,

0

k <k,

0k > Ak

* Depleted Fermi Distribution (A,)

* High-Momentum tail (C/k*)

e  Momentum cutoff (A)

O. Hen et al., Phys. Rev. C91, 025803 (2015).

C/k*is a good parameterization
of the high-momentum tail:

— AV18 —-AV18 (S-Wave) |

=+ CD-Bonn --- AV18 (D-Wave) |
— B — N3LO600 ]
= WJC1 - =WJC2 1
—NIJM1  ==NIJM2 ]

=== NIUM3




mm  Correlated Fermi-Gas Model (CFG)
: [Fermi-Gas with an SRC tail]

R
SNM PNM
)
A, A k<kg,
nCFG(k) = S Cm/k4 00 ks <k<lk2
0 1Y ) ok>al | -
k C/k*is a good parameterization
of the high-momentum tail:
PNM Model: < of e oy | -
. . — B ~— N3LOB00 1.2
* FreeFermiGas < | et --wie :
e T
! o.8
1 :
- ] 0.6
b= 4
5 RN N
- 0.2
04 | | L | , :0
0 0.5 1 1.5 2 25
O. Hen et al., Phys. Rev. C91, 025803 (2015). K’




Benchmark Against Microscopic Calculations

- A~

Average kinetic energy - Nuclei

45

Atomic Nuclei (p = po)

1N
(=]

21.2
Byin = 1 / WK )k dk.
m 0

2m Many-Body Theory

W
(=]

Fermi-Gas
+ Correlations

<Ekin>NucIei [MeV]
&

N
%))

_‘IIIIIIIIIIIII

O Symmetric Nuclear

of  Matter (p=p) a0 ermi-Gas, No Corme bt
Sl . N 2.5 3 35
> PBHEAVABL s i
S s (cutoff parameter)

=
Af aF T T T T T T
L\lle 30 SCGF (N3LO) = _ i - az(A) =5.0+£0.3
a(e=) =7.0%£1.0
1 e D——

T 15 2 25 3 3.5
A (cutoff parameter)

O. Hen et al., Phys. Rev. C 91, 025803 (2015). |Ilif" o



Extracting the Kinetic Symmetry Energy

A

Kinetic symmet

'y energy

| Fermi-Gas, No Correlations

> |
) FHNC
Y T——ew e——
_s% _ Heavy-lon C lated
Ty [ Collisions RITOIES
10k Fermi-Gas
: (CFG)
- PR
PR S TR T NN TR WA SR TN NN S SN '
s 25 3 35

}"(cu

toff parameter)

O. Hen et al., Phys. Rev. C91, 025803 (2015).

Transport calculation
of 1245n+124Sn and
11261 +1128n collisions
also yield reduced
kinetic symmetry
energy




Extracting the Kinetic Symmetry Energy

A A -

Kinetic symmetry energy

| Fermi-Gas, No Correlations

£
£ > | Heavy-lon
Ty [ Collisions Correlate.d
10 Fermi-Gas
i (CFG)
- PR,
A | ..
T 5 2 25
A

O. Hen et al., Phys. Rev. C91, 025803 (2015).

3.5

SRCs reduce the
kinetic symmetry
energy

[Enhance the potential
symmetry energy and alter
its density dependence]

S0000F™  Steiner et al. (2010)

Tsang et al. (2009)
40000 :— 5'5. E, =-10+6
30000 :

20000

10000




Next Step — Incorporating CFG model
into:
* neutron stars equation-of-state fits

* Transport models for HI collision
analysis




ext (ongoing) Step — Incorporating
CFG model into:

* neutron stars equation-of-state fits
* Transport models for HI collision
analysis

| Bayesian analysis of
| n.star observables
1show large difference
in the extracted vy
parameter.

Probability (integral normalized)
w
T

| CFG model supports
| atwo solar-mass
16 neutron star

10 11 12 13 14
R [km]

O. Hen, A.W. Steiner, and E. Piasetzky, In-Preparation (2015)




Deep-Inelastic Structure Functions

Quark —
Anti-quark
Pair

e A A ——-—

Three valence quarks

=>

1/3




T Deep Inelastic Scattering

- A~

DIS: Study of the partonic

structure of the nucleon P L
DIS scale: several tens of GeV ~ »»»© v //
DIS |
2
Xp = 0
O<xg<1: 2m

equals the fraction of nucleon
momentum carried by the struck
parton (in the infinite momentum
frame).




mm Deep Inelastic Scattering Off-Nuclei

DIS scale: several tens of GeV
Nucleon in nuclei are bound by a few MeV

Naive expectation :

DIS off a bound nucleon = DIS off a free nucleon
(Except some small Fermi momentum correction)




mm Deep Inelastic Scattering Off-Nuclei

DIS scale: several tens of GeV

Nucleon in nuclei are bound by a few MeV
Naive expectation :
DIS off a bound nucleon = DIS off a free nucleon
(Except some small Fermi momentum correction)

Deuteron: binding energy ~2 MeV
Average nucleons separation ~2 fm
Naive expectation :

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




mm Deep Inelastic Scattering Off-Nuclei

DIS scale: several tens of GeV
Nucleon in nuclei are bound by a few MeV

Naive expectation :

DIS off a bound nucleon = DIS off a free nucleon
(Except some small Fermi momentum correction)

-

“

ol
&
Deuteron: binding energy ~2 MeV
\  Average nucleons separation ~2 fm
& Naive expectation :

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

General Naive Expectation :
DIS off nucleons in nuclei
= DIS off nucleons in deuterium




mm Deep Inelastic Scattering Off-Nuclei

-

Focus of this talk —
connection between S
DIS and QE = S
0 P

v7 o

cutron pair

General Naive Expectation:
DIS off nucleons in nuclei
= DIS off nucleons in deuterium




T JEIVIC Effect

e Deviation of the per-nucleon DIS cross section ratio
of nuclei relative to deuterium from unity.

* Universal shape for 0.3<x<0.7 and 3<A<197.

* ~Independent of Q2. 2 [ 56p, |
b - ('\
* Overall increasing as a L1}
function of A. e
2. 09
* No fully accepted <
0.8 R
theoretical explanation- 0.7 b - ;;:fl(i—r(‘(:\l(' experiment
0 Experiment (Gomez 1994)

0 0.2 0.4 0.6 0.8 1
L

2 2112
d’o =0, = o’k 2 d sin2(9)+£cosz(gj Fz(x’Qz):zeiz X fi(x)
dCQdE' M 2 1% 2 i



T JEIVIC Effect

e Deviation of the per-nucleon DIS cross section ratio
of nuclei relative to deuterium from unity.

* Universal shape for 0.3<x<0.7 and 3<A<197.

* ~Independentof Q2. 2 ooy i
b - ('\
* Overall increasing as a 1t
0.8 ]
1

] D

Fe
)

I

function of A. o 1] ﬁ"l‘b;ﬁ\\\/\
* No fully accepted e 3

theoretical explanation. oL (Ant) | enc Region|  Ferm
-Shadowing & Motion

0 0.2 0.4 0.6 0.8

2 2112
d’c :GA:4a 2 {ZEsin2(9)+£cosz(gﬂ Fz(X, 2)=z€i2'x'fi(x)
dC2dE' M 2 2



mm  Universality of the EMC Effect
— T JLab

11k “He I_| | :_.; %Be | lI[ ?

E03103 12C ¢

t
%

11}

oc/op
—

09}

(=]
L
@
©
(=]
L
z
0 02 04 06 o 2 04 06 08 1 o |
SLAC X X 09+
J. Gomez et al., Phys. Rev. D 49, 4348 (1994). : T T— L
02 03 04 05 06 07 08 09
X
J. Seely et al., Phys. Rev. Lett. 103, 202301 (2009).
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Nuclear Structure

LOG MOMENTUM DISTRIBuTION

#

~k. ~20%

novcreorn MoMeENTUM




T Wher_e_iithe EMC Effect?

AV(r)
;wve core

~80% nucleons
~30% kinetic

— RC “,, y energy
short range attraction ~20% nucleons 1
~70% kinetic enV 1
Largest attractive force BN -

7’
7’
7’
7’
7’

’ High local nuclear matter

density, large momentum,
/ large off shell, large virtuality

’ (v = p*2-m?)
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Where is the EMC Effect?

Av(r)

repulsive core

~80% nucleons
~30% kinetic

short range attraction o energy
~20% nucleons

Largest attractive force | ~70% kinetic energy

he High local nuclear matter
Ty YNl density, large momentum,
I large off shell, large virtuality

Scaled Nuclear Density [fm‘s]

H

= 2 pi
J. Seely et al., Phys. Rev. Lett. 103, 202301 (2009) ] (v = p*¢-m?) 7,



T EMC-SRC Correlation

5 04[22/ naf 5.673/5 "9TAu
o [la -0.07004+ 0.003658
E -
w 0.3 B [®)
e [ .-
QT
0.2 — (=~
N. -
S L
Vi - L ~
-
> = ~—
o M T /—/
S m o
m O | | | | | | | | | | | | | | | | | I | | | | I | | | |
LEJ 1 2 3 4 5
L SRC Scaling factors Xz > 1.4 az(Ald)

O. Hen et al., Int. J. Mod. Phys. E. 22, 1330017 (2013).
O. Hen et al., Phys. Rev. C 85(2012) 047301.
L. B. Weinstein, E. Piasetzky, D. W. Higinbotham, J. Gomez, O. Hen, R. Shneor, Phys. Rev. Lett. 106 (2011) 052301.




i EMC-SRC Correlation

Practical Implications:

1. NUTeV anomaly [ask me later if interested]

2. Free neutron structure [uen etal. pre 2012]

d/u ratio at large-x; and SU(6) breaking ixenetal. pro

O. Hen et al., TNT. J.IVIOA. PNYS. E. Z2Z, UU
O. Hen et al., Phys. Rev. C 85(2012) 047301.
L. B. Weinstein, E. Piasetzky, D. W. Higinbotham, J. Gomez, O. Hen, R. Shneor, Phys. Rev. Lett. 106 (2011) 052301.




INTERNATIONAL JOURNAL OF HIGH-ENERGY PHYSICS

CERN

VoLume 53 NumBer 4 May 2013

cf
i e EMC effe
n short range correlations and th
i ee
he connection betw *
o ' 1 and L. B. Weinsteil
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OtheLCorreIations...

b
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—
o
»

Total US Highway Fatality Rate
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Sources:
1U.S. NHTSA, DOT HS 810 780
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200
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(Metric Tons)
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mm  Physics Behind the Correlation?

e The EMC-SRC Correlation is robust.

— Independent of different experimental and theoretical
corrections applied to the SRC scaling data

 Models suggested that the EMC effect depends

on the average kinetic energy, <T>, carried by
nucleons in the nucleus

— <T>is dominated by 2N-SRC

O. Hen et al., Phys. Rev. C85 (2012) 047301 J. Arrington et al., Phys.Rev. C 86 (2012) 065204




I Experimental Tests ?

* Goal: measure the virtuality (nuclear den5|ty)
dependence of the structure function

» (our) Method: tagged DIS using d(e,e’N
reactions

recoﬂ)

Deuterium is the only system in which the
momentum of the struck nucleon equals that of
the recoil (Assuming no FSl)

In Medium Nucleon Structure Functions, SRC, and the
EMC effect

Study the role played by high-momentum nucleons in nuclei
A proposal to Jefferson Lab PAC 38, Aug. 2011
O. Hen (contact person), E. Piasetzky, 1. Korover, J. Lichtenstadt, I. Pomerantz, 1.

Yaron, and R. Shneor

Tel Aviv University, Tel Aviv, Israel




OJur Concept...

SHMS | |HMS * High resolution
spectrometers for
e e (e,e’) measurementin

DIS kinematics

: * Large acceptance
____________________ 10.cm LD, target recoil proton \ neutron

a detector
' GEM

| * Long target + GEM
LAD | detector—reduce

’ o
~d(e,e’'Nyecoi)  random coincidence
beam

i



mmi ...Its realization (LAD / BAND) ©

Large Acceptance
Detector (LAD@Hall-C)

e 2 X

10,

‘Backward Angle Neutron
Detector (BAND@Hall-B)




-

@~ Kinematics and Uncertainties

* Tagging allows to extract the structure fu nction in the
nucleon reference frame: ,._ <

W2> 4 [GeV/c]?

Binding / ;‘:’ 1.1 F bound/F free(x =0. 6)

:.',_’_:;»:Z ............. Off-Shell !

} { .. 0.9 ~._\\\ ‘- ..
0.8

Model 0.7
0.6
LAD@Hall-C 0
PLC ™ i
Suppressioﬁ 0.4 BAND@Ha"'B
0.3
11 1.2 13 14 15 «
02 7 1.1 1.2 13 14 1.5 1.6

Melnitchouk et al., Z. Phys. A 359, 99-109 (1997)
Mir




