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Nuclear / Partonic Scale Separation
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EMC: No Scale Separation ???
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EMC: Nuclear Effect!
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Theory: 1000 papers, 3 Ideas

1. Proper treatment of ‘known’ nuclear effects

2. Bound Nucleons are ‘larger’ than free nucleons.

3. Short-Range Correlations

EMC - Everyone’s Model is Cool (G. A. Miller)



Theory: 1000 papers, 3 Ideas

1. Proper treatment of ‘known’ nuclear effects
[explain some of the effect, up to x=0.5]
* Nuclear Binding and Fermi motion, Pions, Coulomb Field.

* No modification of bound nucleon structure.

2. Bound Nucleons are ‘larger’ than free nucleons.

3. Short-Range Correlations

EMC - Everyone’s Model is Cool (G. A. Miller)



Theory: 1000 papers, 3 Ideas

1. Proper treatment of ‘known’ nuclear effects
[explain some of the effect, up to x=0.5]
* Nuclear Binding and Fermi motion, Pions, Coulomb Field.

* No modification of bound nucleon structure.

2. Bound Nucleons are ‘larger’ than free nucleons.

* Larger confinement volume => slower quarks.
* Mean-Field effect.

* Momentum Independent.

* Static.

3. Short-Range Correlations

EMC - Everyone’s Model is Cool (G. A. Miller)



Theory: 1000 papers, 3 Ideas

1. Proper treatment of ‘known’ nuclear effects
[explain some of the effect, up to x=0.5]
* Nuclear Binding and Fermi motion, Pions, Coulomb Field.

* No modification of bound nucleon structure.

2. Bound Nucleons are ‘larger’ than free nucleons.
* Larger confinement volume => slower quarks.
* Mean-Field effect.
* Momentum Independent.
* Static.

3. Short-Range Correlations
* Beyond the mean-field.
* Momentum dependent.
* Dynamical!
EMC - Everyone’s Model is Cool (G. A. Miller)



Theory: 1000 papers, 3 Ideas

Proper treatment of ‘known’ nuclear effects
[explain some of the effect, up to x=0.5]
* Nuclear Binding and Fermi motion, Pions, Coulomb Field.

* No modification of bound nucleon structure.

Bound Nucleons are ‘larger’ than free nucleons.
* Larger confinement volume => slower quarks.
* Mean-Field effect.
* Momentum Independent.
* Static.

Short-Range Correlations
* Beyond the mean-field.
* Momentum dependent.
* Dynamical!
EMC - Everyone’s Model is Cool (G. A. Miller)



EMC: (non-trivial) Nuclear Effect!
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Beyond the Mean-Field:
Short-Range Correlations

Temporal fluctuations of Nucleon that are close together
in the nucleus (wave functions overlap)

=> Momentum space: pairs with high relative momentum
and low c.m. momentum compared to the Fermi
momentum (k)




Beyond the Mean-Field:
Short-Range Correlations
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EMC and SRC are Correlated!

~ 04| %2/ ndf 5.673/5 ¥TAu

S/DI - | @ -0.07004 + 0.003658

o 0.3_

> B

Vi — >

LN -

02 @

O =

v [

Q 0.1p

2 =

n B

g o e ~
E 1_ 1 PR R SR SR AN TN T N S B PR S TR N T WO TR N AN SO S W Deep inmehmhm:

‘; 2 3 4 5 apuzzierevisited
SRC Scaling factors X; > 1.4 a,(A/d) s '

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 and SRC are Correlated!

Practical Implications:

1. NUTev anomaly [ask me later if interested]

2. Free neutron structure [Hen etal. Prc 2012]

d/u ratio at large-x; and SU(6) breaking ixen et al. pro
2011]

0. 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.




Nucleon: Simple 2-State Model

Blob-like config. (BLC)

+e
Point-like config. (PLC)

PLC are smaller => Dominate high-x F,



Nucleon: Simple 2-State Model

Blob-like config. (BLC)

+ & © |
Point-like config. (PLC)

Medium interacts with BLC, energy
denominator increases, PLC Suppressed:

lem| < le|



PLC Suppression Dominated by SRC!

Free nucleon :Hozl l;j/? EV;? ] V>0

IN) =|B)+€lP), e = 5255 <0

Innucleus (M) : H = [ Eg—|U|l V ]

V Ep
INYym = |B) + em|P), |em| < |e|, PLC suppressed, e€ps — € > 0 amplitude effect!

INYpm — [N) < (epr —€) x U = % Shroedinger eq.
av(z) = q(x) + (epr — €) f() q(x), % < 0, z > 0.3 PLCsuppression

R= 3%, % = (enmr — e)g-mt < 0 Reproduces EMC effect - like every model

Why this model??? Large effect if v = p? — m? is large, it is

Effect is in the amplitude, not probability
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Small Amplitude => Large Probability!

The two state model has a ground state |N) and an excited state |[N*)
IN)a = [N) + (em — €)|N¥)

The nucleus contains excited states of the nucleon

- =0 = = = _- —_— — - .

Estimate
Mg (N0
g O =Hen = No)INy
2(epr —€) ~0.15

Pn- = (epr —€)> ~6x 1073

Previounsly missing in models of the EML effect -

~ 0.15
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EFT description of bound nucleon structure:
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Bound nucleons in EFT and QCD

1' EFT FZA(xr Qz) — FZN(xr QZ) + gz(A,A) ) fZ(xJ QZJA)

2. QCD: |N)bouna = IN) +  (€pounda — €) - IN™)

Hen et al., Reviews of Modern Physics, In-Print (2017)
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Bound nucleons in EFT and QCD

SRC contact
o (A|(NTN)"|4) 4
1.EFT: Fi(x,02) = FV(x,0%) + | g,(4,A) |- f,(x,0%N)

2. QCD: |N>bound = |IN) + (Ebound —¢)|- IN™)
pz . mZ
2M
SRC dominated

X
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Bound nucleons in EFT and QCD
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Bound nucleons in EFT and QCD

1' EFT FZA(xr Qz) — FZN(xJ QZ) + gz(A,A) ) fZ(x; QZJA)

2. QCD: |N)bouna = IN) + | (€pouna — &I IN™)

“SRC” “Partonic”

Need to probe and constrain both
SRC and the partonic modification!
[In comes JLab6 - JLab12 - EIC]

Hen et al., Reviews of Modern Physics, In-Print (2017)



Test of Bound Nucleon Modification?

Focus on the deuteron:

(1) Perform DIS off
(2) Infer its momentum forward going nucleon.
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0 ’
Tagging Concept d(e,e’N ...
SHMS | |HMS * High resolution
i spectrometers for (e,e’)
e e’ measurement in DIS
kinematics

: * Large acceptance recoil
____________ —--4¥10.cm LD, target proton \ neutron detector

' GEM * Long target + GEM detector
‘ —reduce random

LAD coincidence

beam
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Bwldmg Large Acceptance Detectors

§lLarge Acceptance
Detector (LAD@HaII C)

Assembly
— Lightguide/
Scintillator

Backward Angle Neutron
“Detector (BAND@Hall-B)
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Beyond the Mean-Field:
Short-Range Correlations
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High-Momentum Scaling
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High-Momentum Scaling

* A/d (e,e’) cross section 10%
ratios sensitive to N
na(k)/ngy(k) RN
10;
* Observed scaling 1t
for xz 2 1.5. f0-
1072
=> ny(loky) = a(Abng(lk)
2 3 4 5
k [fm™]

K. Egiyan et al., Phys. Rev. C 68, 014313 (2003).



SRC Probes: Exclusive (e,e’pN) Scattering

Breakup t
" state

Scattered
electron

Incident
electron

Knocked-out
proton

~ Correlated partner
proton or neutron



N

recoil

Back-to-back =
SRC pairs!




np dominance results
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C.M. Motion and Pairing Mechanisms

“... high relative momentum and low ¢.m. momentum
compared to the Fermi momentum (k;)”
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NN interaction at Short Distances

— VMC+Contact
50 :
€ This Work
€ Hall-A
— 40 e~ ﬂa(V
X P (e\\m\ 8
2= 30
ST —®—

0 04 0.5 0.6 0.7 0.8
|I_)’ miss| [GeV/ C]

(CLAS Collaboration), In-Preparation (2017)



Short-Range Clustering
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Short-Range Clustering

First (?) observation of
4-nucleon correlation?

First (?) confirmation
of ab-initio
calculations in

2
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Equal Number of Correlated :
Protons and Neutrons! = =

c,(e,e'n)/o,

!

208P b
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Neutron Rich Nuclei: Larger Fraction of
Correlated Protons /
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Protons Move Faster In Neutron Rich Nuclei

1.6:— 208Pb/1§c
56Fa/12C :%
Theory model: § Ly 5 POt %
depleted mean-field + g 12 g% %
. O S
scaled deuteron tail. T T cutronsa
0.8— %
. .. D -
Simplistic, but works! Neutron Excess [N/Z]
1E e
%
o = 095:_ o
Indicates protons move &t
faster than neutrons! = 0855_

Neutron Excess [(N-Z)/Z
M. Duer et al. (CLAS Collaboration), In-Preparation (2017) [(N-2)/Z]



Beyond the Mean-Field:
Short-Range Correlations
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RMP Review

Nucleon-Nucleon Correlations, Short-lived Excitations, and the Quarks
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Conclusions

 EMC is a nuclear effect.
e Can not be explained without bound nucleon structure modification.

* SRC lead to high virtuality nucleons.
* Should contain a non-nucleonic component

e EMC and SRC are connected by phenomenology and via several
theoretical models due to their high virtuality.

* Only (?) models that can self consistently explain all available data.

* Effect is in the amplitude — 15% modification can come from 1%
probability!

*JLab12 experiments planned to test and constrain theory!
* SRC pair counting => number of modified nucleons.
* Tagged EMC => Modification level of correlated nucleons.
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Beyond JLab12: EIC

RHIC/eRHIC
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Collider Concept

Deuteron (/ nucleus) Electron

— _.




Collider Concept

Deuteron (/ nucleus) Electron
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Collider Concept

\.Scattered Electron

Knockout nucleon (/jet)
Spectator nucleon

Spectator Momentum
= Beam/A + P, ..., (boosted)

initia



Collider Concept

\.Scattered Electron

Spectator nucleon
Knockout nucleon (/jet)

Spectator Momentum

" » = Beam/A + P, (boosted)
Correlations Signature:

Large Spectator momentum



Collider Kinematics

Electron lon Collider:
The Next QCD Frontier

Understanding the glue
that binds us all

Spectator Momentum

100 GeV d: y=50

Center of Mass Lab
P, (CM) [P

serp (CM) P, (Lab)
GeV/c

0.6 0.2 29 0.007
0.6 0.6 36 0.02




