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mm  Short-Range Correlation (SRC)

* Are close together (wave function overlap)

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




I Quasi-Elastic Scattering

QE: Study of the nucleonic
structure of the nucleus

QE scale: several GeV

O<xp<A:
» Counts the number of nucleons G v )

involved in the reaction. Q = 4,9
* Determines the minimal initial

momentum of the scattered nucleon.




Deep-Inelastic Structure Functions
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I Deep Inelastic Scattering

DIS: Study of the partonic

structure of the nucleon V
DIS scale: several tens of GeV =~ »»»© //
DIS |
-
Xp = Q
O<xg<1: 2ma

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
ucleon 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)
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mm Deep Inelastic Scattering Off-Nuclei

DIS scale: several tens of GeV

T Nucleon in nuclei are bound by a few MeV
% !\ Naive expectation :
< f.‘.

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

Deuteron: binding energy ~2 MeV

y  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
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mm Deep Inelastic Scattering Off-Nuclei &

Focus of this talk —

connection between
DIS and QF 22N eon
?

cutron pair

General Naive Expectation :

DIS off nucleons in nuclei
= DIS off nucleons in deuterium



] JEIVIC Effect

* 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 [oop,
* Overall increasing as a |
function of A. Al y
_:. 0.9
* No fully accepted i N
theoretical explanation. ;[ Z— s pc experinen
0 Experiment (Gomez 1994)
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EMC Theory

Standard nuclear effects:

— Binding and Fermi motion
— Coulomb Field

Explain most of the effect up to x = 0.5.
Fail to explain the effect at larger values of x.

Various theoretical models — Most incorporate
modification of the structure of bound
nucleons

EMC — Everyone’s Model is Cool (s. a. wier)




I Unlversallty of the EMC Effect
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Nuclear Structure

LOG MOMENTUM DISTRIBuTION
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I Wher_e_ié the EMC Effect?

LT
Av(r)
repulsive core

/

~80% nucleons
~30% kinetic

— _ RC - energy
short range attraction ~20% nucleons
~70% kinetic eny
Largest attractive force -

7’
7’
7’
7’
7’

’ High local nuclear matter

density, large momentum,
p large off shell, large virtuality

/ (v = p*2-m?)

15



LI Where is the EMC Effect?

Av(r)

repulsive core

~80% nucleons
~30% kinetic
short range attraction 8 ._,, energy
~20% nucleons ‘

Largest attractive force | ~70% kinetic energy

High local nuclear matter
density, large momentum,
large off shell, large virtuality

3‘1 [‘

P | YR ST S S TR T 1 1

0.04 0.06 0.08 0.10 '

L

0.00 ‘
0.00 0.02

Scaled Nuclear Density [fm‘s]

(v = p*>-m?)

J. Seely et al., Phys. Rev. Lett. 103, 202301 (2009)’



I EIVI(ERC Correlation

EMC SRC
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EIVI(ERC Correlation
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I EIVI(ERC Correlation

EMC SRC
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I EIVI(ERC Correlation
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I EIVIC_—SfRC Correlation
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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.




EMC-SRC Correlation

Practical Implications:
1. NUTev anomaly [ask Misak later if interested]

2. Free neutron structure [Hen etal. Prc 2012]
3. d/uratio at large-x; and SU(6) breaking +en et al. pro

O. Hen etal., InT. J.'IVIOd. PNyS. E. 22, 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.




I Probirlg the Free Neutron

* 3,20 s the limit of a free ERT o
proton-neutron pair with no } 04~ © -
m =
interaction L af
T 03
e Extrapolating the EMC-SRC 02}
correlation to a,=0 gives EMC 01E-
(IMC) effect for the free p+n: =
_2d =1-a(z,—-b) for03<x,<0.7 0.
op Hony ’ TP =T Freeba it

0 1 2
® np
=> the free neutron cross-section  pair

L.B.Weinstein et al., Phys. Rev. Lett. 106 (2011) 052301
O. Hen et al., Phys. Rev. C 85 (2012) 047301; O. Hen et al., Phys. Rev. D 84 (2011) 117501 23



i Comparing with the BONUS Experiment

BONUS IMC measurement (d/p+n) X 05F o
T T ICJ T T T T ™ % :
ol I { l 2 04 ©
104 |- —— %}:%??Yv%ﬁjgﬁ“b%] Gev? T Im .
-O. J)X+1.05(2
102 F - -
é:l - - T T T .- ; } 0'3—
Fooor e ey A Y =0
£ 098 { R E
= 096 | % -7 0.2~
094 | - -
092 | - - 0.1
0.9 | . 1 | | | 1 | | -
01 02 03 04 05 04 07 08 =
X ey
IMC Effect Slope 0

BONUS (2015): -0.10(5)4(;51 Gipenabasd,
EMC/SRC (2011): -0.09(1) pair

O. Hen et al., Phys. Rev. C 85, 047301 (2012); K. Griffioen et al., arXiv: 1506.00871 (2015). 24



Extracting F,"/F,P

0.5

0.4

—=— |IMC=-0.0848+0.004 [PRL, PRC]
—¥— IMC=-0.0594+0.003 [PRL, PRC, X0.7]

—e— No IMC [J. Arrington et al.]

—4— IMC=-0.10620.006 [PRC, c.m. correction] +

n d
F" 2 FZ/FZP

1

FP ™ l-a(x_-b)

i

| | | | | | | | | | |
0.4 0.5

06 07
Xg

Large xz Approximation: —=-

uV

_4FF -1

T

25



mm Proton Wave-Function in QCD (xz>1)

* SU(6) predict Nucleon Model | F2n/F2p |d /u
< N - A mass difference p

implies SU(6) is broken SU(6) A& 0.5
* Diquark dominance with S =0 PQCD (5,=0) 3/7 02
predict d/u =0.2 Scalar Diquark 1/4 0

e Scalar (S=0) diquark
dominance predict d/u =0

Brodsky et al., Nucl. Phys. B441, 197 (1995); Melnitchouk and Thomas, Phys. Lett. B377, 11 (1996)



Extracting F,"/F,P

- n d
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Comparing with CTEQ-JLab Analysis

A
0log p?

= IMC extraction

\ =

pl=M?

Swelling Level

14— CDBomn Average Nucleon Virtuality
U AV18 *
03 mgi Free Nucleon
- |\.-\.1.1.J|J.}.|..[||.\.\|1... I SF
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A i
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O. Hen, A. Accardi, W. Melnitchouk, and E. Piasetzky, Phys. Rev. D 84, 117501 (2011). 28



mm Comparing with CTEQ-JLab Analysis

d the

d > 1
o 35-
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O. Hen, A. Accardi, W. Melnitchouk, and E. Piasetzky, Phys. Rev. D 84, 117501 (2011). 29
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O. Hen, A. Accardi, W. Melnitchouk, and E. Piasetzky, Phys. Rev. D 84, 117501 (2011).
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Other Correlations...
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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. C 85 (2012) 047301 J. Arrington et al., Phys.Rev. C 86 (2012) 065204




mm  Can We Test It? (Yes! Partially...)

e 2N-SRC pairs are universal

* Their interaction is largely independent of the
(spectator) A-2 system

— Depends mainly on the basic nucleon-nucleon
interaction

* |f SRC nucleons are modified — it should be a
universal modification, independent of A

Can we incorporate a universal SRC modification
with a simple EMC convolution model to explain
the data?

O. Hen, D. W. Higinbotham, G. Miller, E. Piasetzky, L. B. Weinstein, In Preparation.
Mir




I FS anvolution Model

* FS derive a convolution formula:

1 A
(FA@a Q) = [ apa(@)FY (2a/a,@*)da
0
* This formalism accounts primarily for binding
and Fermi motion effects

* p(a)is the light-cone momentum distribution
of the nucleus which is peaked around unity

*For SRC Nucleons: AFN (z4) = EN(z4) — FN (z4).

L. Frankfurt and M. Strikman, Phys.Lett. B183 (1987) 254
O. Hen et al., Int. J. Mod. Phys. E. 22, 1330017 (2013).




I Fitting AF to the EMC data

Assuming AF is a second order polynomial in x |
and fitting it to the (x, binned) EMC data

“He - JLab

R(*He)

0.98

)

1

N~

N 0.98
=096
(e

0.94

I]III]III]III]III]III]!,’II]I

0.92
0.96_ 0.9
B 0.88
0.94
B —~ 56
I L. o Fe - SLAC
0.3 0.4 LL

O. Hen et al,, Int. J. Mod. Phys

X56Fe
. E. 22, 1330017 (2013).

%7Au - SLAC

Allow up to 3%
over all
normalization
for each nuclei

TTTTTTTTT T I IT I T ] Ilj'lll|lll|l

4Ca - SLAC




Amount of modifications: AF/F

0.15

0.1

0.05

-I—|IIII|IIII|IIII|IIII|IIII|III

o

w—

O. Hen et al., Int. J. Mod. Phys. E. 22, 1330017 (2013).




mim Rule out the Mean-Field hypothesis?
(No!)

Assuming global modification of Mean-Field
nucleons and using the same model we get good
fits to the data with a smaller AF term

O.Hen et al., Int. J. Mod. Phys. E. 22, 1330017 (2013).
Mir




Experimental Tests ?

* Goal: measure the virtuality (nuclear density)
dependence of the structure function

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

recoH)

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

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




T Our Concept...

SHMS | |HMS * High resolution
§ spectrometers for
© e (e,e’) measurement in

DIS kinematics

. * Large acceptance
------------ - ¥10emlD, target  racoil proton \ neutron

5 detector
' GEM

: * Long target + GEM
LAD ' detector — reduce

’ . .
g d(e,e’N...on) random coincidence
beam
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mm  Kinematics and Uncertainties

* Tagging allows to extract the structure function in the

nucleon reference frame: -

LAD@Hall-C

Suppression

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

= 11 szound/FZfree(xB=O.6)
“ dle,eny) %”
.« BAND@Hall-B




[ SRC &_tbe Nuclear W.F.

High momentum tail dominated by np-SRC pairs

 Equal amount of high n(k) ,
momentum (k>kg) 1 (k)
protons and neutrons

in asymmetric nuclei n, (k)

e protons have larger
average kinetic energy
in neutron rich nuclei,

O. Hen et al., Science 346, 614 (2014)
M. Sargsian, Phys. Rev. C 89, 034305 (2014)




[ SRC &Jthe Nuclear W.F.

 Symmetric nuclei: “80% mean-field (M.F.)
~20% np-SRC pairs

* M.F.-SRC transition point: = k.~ 300 MeV/c

* Construct a simple wave function:

-

neng (k) k<k,
nA(k):<

a,(Ald)n,(k) k=k,

n determined from:

-
| n(k)k* die=1

O. Hen et al., Science 346, 614 (2014)
M. Sargsian, Phys. Rev. C 89, 034305 (2014)




mm  SRCin Asymmetric Nuclei

n(k)z%l:z-np(k)+n-n”(k):|

SRC dominated by np pairs -> EQUAL (ABSOLUTE)
NUMBER of high momentum protons and neutrons
(i.e. different fractional number)

— The high momentum tail of the nP("(k) should be
renormalized according to 1/z (1/n) to have an equal
number of protons and neutrons.

O. Hen et al., Science 346, 614 (2014)
M. Sargsian, Phys. Rev. C 89, 034305 (2014)




SRC in Asymmetric Nuclei

 SRC dominated by np pairs -> EQUAL (ABSOLUTE)
NUMBER of high momentum protons and

neutrons:

n-ny (k) k<k,
nj (k) =1 A
>1 « @az(A/d)-nd(k) k =k,
<

n-n, " (k) k<k;

n, (k)= -
<]l = @az(A/d)-nd(k) k =k,

O. Hen et al., Science 346, 614 (2014)
M. Sargsian, Phys. Rev. C 89, 034305 (2014)

I'NI. Sargsian, arXiv: 1210.3280 (2012)



SRCin Asymmetric Nuclei

n(k)k?

p—

| | lllllll

10

| llllll

A
o
LI R -

>
K
>
'e)

“r —
Tl A
4 fl\’

Norm : Jjn”’” (k)k2 dk =1

o

N"pp (k)
a1 L3 a1
0.5 1.5 2.5




SRCin Asymmetric Nuclei

n(k)k?
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mm  SRCin Asymmetric Nuclei

Allows to calculate <T>and <T > for protons
and neutrons in various nuclei

S' 451
S .
A 40 <-[B?.——**"f2’027—
= F.Alg Fe® - 7% | Ph
Vi tC Py Difference
P . .:::____I _________________________ .I
E ] I <Tn>
30;, PR | PR | PR SRN [NE SRNT SR N SN SR SNNT SN ST S ST S SN ST SN SN SN SN SN S S S SU S S S S S S "
0 20 40 60 8 100 120 140 160 180 200

3 models for nM-F(k):

A

2 values for k,:

 Ciofi and Simula
e Wood-Saxon
 Serot-Walecka

¢ k

F
* 300 MeV/c

O. Hen et al., Science 346, 614 (}Ol4)




mm  EMC in Asymmetric Nuclei

e Contribution of standard nuclear effects (e.g.
binding and Fermi motion) to the EMC effect
is proportional to <T>

e Several EMC models relate magnitude of
medium modification to <T>

These <T>s are different for protons
and neutrons in asymmetric nuclei

e.g. FS PLC suppression: (k) =1 —2k*/myAE.




EMC in Asymmetric Nuclei

e Contribution of




T Conclusmns - |

* EMC strength and the amount on 2N-SRC pairs in nuclel
are correlated.

Correlation indicated that both steam from the same
cause -> high momentum nucleons.

EMC-SRC correlation can be used to extract F,"/F,P and
constrain the d/u ratio at large x;.

e Universal modification of SRC (M.F.) nucleons can explain
the EMC effect.

* Future experiment @ JLab 12GeV will study the virtuality

(momentum) dependence of the bound nucleon structure
function.




T Conclusions - I

* SRC are dominated by np-SRC pairs

— In asymmetric, neutron reach, nuclei protons have
larger average kinetic energy then neutrons

Protons play a larger role then neutrons in the EMC
effect of asymmetric nuclei!
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Atomic Nucleus:

~20% nucleons
~70% kinetic energy

~80% nucleons
~30% kinetic
energy




I FS anvolution Model

* FS derive a convolution formula:

]‘ A 2 A N 2
@A Q) = / apa(@)FY (z4)a, Q?)da,
0

* This formalism accounts primarily for binding
and Fermi motion effects

e p(a) is the light-cone momentum distribution
of the nucleus which is peaked around unity

L. Frankfurt and M. Strikman, Phys.Lett. B183 (1987) 254
Mir




I FS Cﬂ/olution Model

* FS derive a convolution formula:

1 A

A, Q) = / apa(0) FN (2.4, Q%)dor,
0

* Expending F,N around a=1 gives:

1 1
ZFzA (z4) ~ Fy (za)[1(A) + 24PN I(A) + [zaF3" + §$,24F2"N113(A),

with
I,(A) = /pA(a)a(l —a)" tda, n=1,2,3

L. Frankfurt and M. Strikman, Phys.Lett. B183 (1987) 254
Mir




I FS anvolution Model

* Keeping orders of €,/m, k?/m? and using the
Koltum sum rule we get

na(k) = (Alalax|A), I(A) = / d3kna(k).

A—4 2eq A—4, Kk?
. 3 2 2\ —
Iz(A)_/d kna(k)(2ea/m+ 54—k f6m?) = =4 4 S,
k2
A) = 3 2 2: .
L) = [ Ehnak) f3m? = ()

Where n,(k) is the nucleon momentum
distribution and /,=1 is a normalization condition
1 1

ZFzA(ﬂ?A) ~ Fy (z4)]1(A) + 2aFN I (A) + [zaF3Y + §$2AF2"N113(A),
T -




mm  (Modified) Convolution Model

A A

* |solating the Mean-Field and SRC contribution
using realistic n(k) from Ciofi and Simula.

na(k) =ny (k) +ny’ (k),

Free Nucleon \ SRC Nucleons

Structure FzN (q;A) FQN(QTA) Structure
Function Function

AFY (za) = FY (za) — F (z4).

C. Ciofi degli Atti and S. Simula, Phys. Rev. C 53, 1689 (1996).
O. Hen et al,, Int. J. Mod. Phys. E. 22, 1330017 (2013).




mm  (Modified) Convolution Model

R A

Combining it all we get:

L(AFy - I (A)EY + V(4 ARy, etc,

e N\,

Standard nuclear Correlation
term modification
term
1 1,

ZFff (z4) ~ Fy (za)[1(A) + 2aF3" I(A) + [zaF3" + §$AF2"N]1'3(A),

——



I Fitting AF to the EMC data

Assuming AF is a second order polynomial in x |
and fitting it to the EMC data

“He - JLab

R(*He)

0.98
0.96

0.94

)

1

N~

> 0.98

‘_\'/096

o
0.94
0.92
0.9

0.88

I]III]III]III]III]III]!,’II]I

%Fe - SLAC

O. Hen et al,, Int. J. Mod. Phys

X56Fe
. E. 22, 1330017 (2013).

%7Au - SLAC

Allow up to 3%
over all
normalization
for each nuclei
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4Ca - SLAC




Amount of modifications: AF/F

0.15

0.1

0.05

-I—|IIII|IIII|IIII|IIII|IIII|III

o

w—

O. Hen et al., Int. J. Mod. Phys. E. 22, 1330017 (2013).




mmi - Rule out theJI\/Iean-FieId hypothesis?
(No!)

Assuming global modification of Mean-Field
nucleons and using the same model we get good
fits to the data with a smaller AF term

na(k) =ny (k) +ny’ (k),

M.F. Nucleon \ Free Nucleon

Structure FZN(Q;A) FzN (Q;A) Structure
Function Function

O. Hen et al., Int. J. Mod. Phys. E. 22, 1330017 (2013).




mim Rule out the Mean-Field hypothesis?
(No!)

Assuming global modification of Mean-Field
nucleons and using the same model we get good
fits to the data with a smaller AF term

O.Hen et al., Int. J. Mod. Phys. E. 22, 1330017 (2013).
Mir




