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Nucleon In nucleus
- p+q

N -

On mass shell
p? # M? Or X in DIS
Off-mass shell

Nucleus A-1

is form factor of
@ A-1 nucleus is low-lying state‘ “large” proton

@A- 1 nucleus is 1 fast nucleon +A-2 nucleus
the struck nucleon is part of correlated pair SRC

In either case p2 — M2 75 O
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Virtuality is the EMC effect

No virtuality = no EMC effect

Average virtuality is small, average binding
energy =8 MeV per nucleon,

EMC effect is in the fluctuations
Virtuality connects (e,e’) high x to DIS
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Free nucleon Suppression of Point Like Configurations
Frankfurt Strikman 1985

Schematic
two-component
nucleon model

Blob-like config:BLC
Point-like config: PLC

PLC smaller, fewer quarks
high x
Medium interacts with BLC
energy denominator increases
PLC Suppressed

enr| < |é]
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Dependence of the wave function of a bound nucleon on its
momentum and the EMC effect

C. Ciofi degli Atti, L. L. Frankfurt, L. P. Kaptari, and M. |. Strikman
Phys. Rev. C 76, 055206
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PLC, how do neutrons and protons differ?
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Flavor-Independent, Two-State BLC (Blob-like configuration)-PLC Point-like configuration Model

Ep V
V

E ],B:BLC,P:PLC,EP>EB
P

Free nucleon : Hy = [

: 1 1
Eigenstates : [N) = o (IB) + €|P)), |X)= m(—e\B) + |P)).
A A=Ep—Ep>0

€= —
B

Deep inelastic scattering operator = Opg, acts only 1 quark:

q(z) = 1i€2 ((B|Opis|B) + €(P|Opis|P)) , (P|Opis|P) = f(2)(B|Opis|B),
4(2) = == (BlOois|B) (1 + 2/ (z).

Basic idea: € reduced in nuclei
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Universality of Generalized Parton Distributions in Light-Front Holographic QCD

Guy F. de Téramond, Tianbo Liu, Raza Sabbir Sufian, Hans Glinter Dosch, Stanley J. Brodsky, and Alexandre Deur (HLFHS
Collaboration)

Phys. Rev. Lett. 120, 182001 — Published 4 May 2018

The structure of generalized parton distributions is determined from light-front holographic QCD up to a universal reparametrization
function w(z) which incorporates Regge behavior at small  and inclusive counting rules at z — 1. A simple ansatz for w(zx) that fulfills
these physics constraints with a single-parameter results in precise descriptions of both the nucleon and the pion quark distribution
functions in comparison with global fits. The analytic structure of the amplitudes leads to a connection with the Veneziano model and

hence to a nontrivial connection with Regge theory and the hadron spectrum. < <
w(x) 1s not unique

== NNPDF3.0
0.6 I pmm MMHT2014
CT14

B, rHQCD (NNLO)

04 r
p? =10GeV?

zq(x)

0.2

0.0
1074 1073 1072 101 10°

Good fits to pion and nucleon structure functions
Based on 2-component models
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Holographic QCD inputs Free nucleon
q3 = 3-quark system (PLC) P ¢4 = BLC B, F3(Q?) ~ & Fy(Q?) ~ %

u(z) = 3q3(x) + 3q4(x), d(z) = qu(),

excellent reproduction of measured structure functions, elastic form factors obtained!

q3(x)/qa(x) = 1/(1 —w(x)) = f(z)

w(x)

0.8F

0.7F

0.6

0.5F

0.4F

0.3F

0.3 0.4 0.5 0.6 0.7

X

gp(z) = 0.5q4(x) + 0.5¢3(z), qn(x) = 0.75q4(x) + 0.25¢3(x), € =1, €5 =1/3, P} =0.5, P*(B) =0.25
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Medium effects- flavor independent intro-Nucleon in Nucleus feels interaction U

(U o _[Es-|U V
SRR

Only BLC feels interaction. Energy denominator increased, PLC probability goes down
Medium-modified nucleon & excited state: |N)y and | X))y, A — A+ |U|

1 1
N0t = e (B) + el P), 1X)a1 = o (el B) + 1P)
1 s o i@ o 0] f@) -
—2/u]

Next: relate U & virtuality = V. Use Schroedinger equation: V =

v = (p* — M?)/M?

_ YM €]
qu(x) = q(z) + JAZ + 412 (1 + e2)?

Y < 0 determined by kinematics

(f(z) = g(=),

g (x) < q(z) if f(x) > 1 expected from idea that BLC important for high x

x-dependence of modification independent of nuclear A

2 parameters A, V for neutron and 2 for proton Neutron maSSZDrOton mass
tipl@) = 4p(0) + 06862 (1) ~ Vg 0).| €y, €, 1 1 parameter
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B. Schmookler, M. Duer, A. Schmidt, O. Hen, S. Gilad, E. Piasetzky, M. Strikman, L.B. Weinstein et al.

2004.12065
funiv E - Segarra

0.05 |

Median norm. uncertainty

| | . Current idea normalized
0.2 0.4 0.6 0.8 i

Does 7', = 7/,,? It so np dominance exists
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Spares follow
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Quark structure of nucleon

Frankfurt-

Schematic  Strikman

PLC two-component
BLC Le © nucleon model:
| | Blob-like config:BLC
gives highx  Point-like config: PLC
X - . .
oy Sl PLC does not  inffi degli Atti ‘07
Free nucleon : Hy = { VB £ ] V>0 interact with
z nucleus A U= E))/2M
N) =|B)+¢lP),e=—-Y — <0 H o -34.59
N =B AR €= “He -69.40
12 B
Innucleus (M) : H = { EB‘; Ul E‘,/P ] 168 _igéz
40Ca, -84.54
IN)y = |B) 4+ en|P), |ear| < |e|, PLC suppressed, e, — € > 0 amplitude effect! *OFe -82.44
208 pt, -92.20

[N)ar = [N) o

qu () = q(z) +
R— 4m. d

q’d:c

(eM—e)ocU—p

(enr — €)f(x) q(),

Shroedmger eq.

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

9 —~ <0, x > 0.3 PLCsuppression

= (eps —€) L - < 0 Reproduces EMC effect - like every model

large values from
two nucleon
correlations Simula

12
EFT: Chen etal ‘16



Implications of model

The two state model has a ground state |N) and an excited state |N*)
[NYv = |N) + (emr — €)|N¥)
The nucleus contains excited states of the nucleon

These configurations are the origin of high x EMC ratios

Previounsly missing in models of the EME effect-
dame model fredicts some other effect

13



A(e,e’) at x>1 shows dominance of 2N SRC
Q2

L = oM x goes from 1 to A

x=1| is exact kinematic limit for all Q? for the scattering off a free nucleon;
x=2 (x=3) is exact kinematic limit for all Q2 for the scattering off a A=2(A=3)
system (up to <1% correction due to nuclear binding)

M Strikman
picture
Two nucleons cluster
Before absorption After absorption
of the photon two nucleons of SRC are fast
4
A T NN

A
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How/why nucleons in nuclel

cluster
one pion exchange between n and p
4 )
T | | p---- S
huge
from (—3)2 — 9
1 S. eq.
(k) ~ 72 \_ X )
300 MeV/c < k < 500 MeV /c Two nucleons are

Supports high momentum transfer stuck/struck together

Not effective range May explain why pionless EFT warks so well
van Kolck



(e,e’) at high x

1 <z <2 leading term:

%0‘(5]}7 Q?) =~ az(A)os(x,Q?) = az(A)op (v, Q?)
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ldeas: ~1000 papers 3 ideas

Rraper treatment of known effects_brding,

Fermi moliom—pienic- NO-rricClear

modificatior-ofThternal nucleomsian quark
cture

* Quark based- high momentum suppression
implies larger confinement volume

(@) bound nucleon is larger than free one- a
mean field effect  Cloet Thomas .....

@) multi-nucleon clusters - beyond the mean
field
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One thing | learned since ‘85

Deep Inelastic scattering from nuclei-
nucleons only free structure function

 Hugenholz van Hove
T o~ theorem nuclear
T e T stability implies (in rest
. frame) P+=P-=M,

= A(M, - 8 MeV)

| | « average nucleon k*
:
B SR A Tl k+=M,-8 MeV, Not much

R o spread
0.8 | R ‘ F2A/A~F2N no EMC effeCt

°7 02 > 0s o Momentum sum rule-
matrix element of energy
momentum tensor




Common cause of dR/dx and az(A):
largedvirtuality

A 3 BT/ p>-M=2 large
A-2
Given Q°, z, p. U=v/(2M)
4-momentum conservation determines 22—1 =qa and v = p? — M?
D
o Q*=27GeV% p, =0 Sees wave function at oo ~ 1.2
1.5y & __— |U| is large v is large
— can only get this f
y get this from
Lo— .
1 U short range correlation
0.5| M large v is responsible for
both dR/dx and az(A)
12 14 16 18 20" 20




The word both had been largely missing from models of EMC
effect

many models have been ad hoc. The PLC suppression model
IS not.

Implications for nuclear physics

 Nucleus modifies nucleon electroweak
form factors

* Nucleon excited states exist in nuclei

« Medium modifications in deuteron
Influence extracted neutron F»>

* spectator tagging

21



Logic/Summary

Data DIS-large x (e,e’) Plateau large x  (e,e’,NN)

valence quark
momentum
decrease in A

Interpret: 2 baryon clusters

nucleon wf has
QCD BLC,PLC etc

PLC -high x

PLC suppressed

Large virtuality

Short-ranged

. . np
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dominance 22
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Logic/Summary

EMC effect and
large x plateau
have same cause

Data

DIS—Iir/ge X (ee’)Pl

valence quark
momentum
decrease in A

Interpret:

ucleon wf has

LC,PLC etc
PLC -high x
PLC suppressed

QCD

Large virtuality

Short-ranged

. . np
Interactions

dominance

i\(tigu large x  (e,e’,NN)

2 baryon clusters
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EMC effect and

Logic/Summary arge X plateau
have same cause
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EMC effect and

Logic/Summary arge X plateau
have same cause
Data DIS- I ex (ee)Pl te ularge x (e,e’,NN)

Interpret: valence quark 5 Baryon clusters
momentum
decrease in A
ucleon wf h
QCD LC,PLC etc
PLC -high x
PLC suppressed
Three phenomena
Large virtuality related by common
ideas of correlations
Short-ranged / np related to high virtuality

Interactions —» Jominance ’)
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Summary of Correlations [JRyckebusch pic
NN= np -Hen talk

LOG MOMENTUM DISTRIBUTION

NUCLEON o /E vz



Two nucleon correlations

n(k)
Chen et al ‘16

I AV18+UIX

mg i
0.8_— |
ol

m% 0.4_— '
0.2:—/ . | B

FIG. 4: The nucleon momentum distributions ng (k) P l+ l l\ N
0 Ll 1l Ll Ll Ll 1l [ I i e e T

(dashed line) and n(k) (solid line) plotted versus 0 1 5 3 4
momentum in fm~! for the deuteron, *He, '2C and

%0Fe. Figure adapted from (Ciofi degli Atti and Simula, PrObablhty tO flnd
nucleons separated

by r

5 6
r [fm]



Final summary

 EMC effect is related to NN correlations in
two theories. Mechanism: PLC
suppression enhanced by correlations

» Correlations account for high x plateau
seen in several experiments

* Correlations are important in nuclear
shadowing, important for EIC studies of
nuclear gluons
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v
NN\NS = ANANANANANANAN
1.2
Green 11 E onme o E66s
1
nucleons T
(iLN 0.8
0.7 |
Frankfurt Strikman and Guzey s
Physics Reports 512 (2012) 255-393 o001 5001 0.01

no parton saturation

X

0.1 1

Kowalski Lappi Venugopalan PRL 100, 022303 use CGC,
gluon saturation; many recent papers & discussion of detailed models

e SEE] S
0.2
o i 1155 1 7
o R e e O R e
Q‘U—tN o " .;‘/ §
< :
<, g 4 € .4
o —— Ca, IPsat L--- -
------ Ca,bCGCT o NMC Sn/C - ~— Ca,IPsat 1
= _0_ ] Ién\%[ Céa — - IPsat --++ Ca,bCGC
S s ¢ beac + —bCGC +  —— Pb,IPsat -

= NMCC -—- Pb,bCG

I | RTITY RRREERT
10  10* 2 4 8 10“‘){10‘3

L

But nuclear wave functions
FrT enter in all approaches
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All approaches need two-nucleon density: p(?(ry,ry) = (A| D iz 0(r1 —1i)d(r2 —rj)|A4)

Compute thickness function
T(Q)(b) — ffo dz1 fio dz3 P(Q)([h =b,21;b2 = b, Z2)

& @)

Usual approximation

PP (b =b, 21302 = b, 29) = p(b, 21)p(b, 22)

TOb) = § ([, dzplh,2)) = AT(1)?

But ~ 20% of nucleons are in a correlated pair

p (b1 = b, 21302 = b, z0) = p(b, 21)p(b, z2) (1 + C (|21 — 2af
TE(b) =~ T(b)? 4, le =2 [, dzC(z) N

10-20% reduction depending on nucleus!

ve Jastrow)2

Eftecn

—_
T

)0.5 -

Engel, Carlson, Wiringa ‘11

r (fm)

/2

Shadowing effects are overestimated by significant amounts
in all approaches that neglect effects of correlations
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Deep Inelastic Scattering
e

> VQQ . Qz_k0+k3_£
q%igi’ - 2P-q PO+ P3Pt

K7 kr=x P+

—_— Nucleon from PDG

L ||||| T T
/ > NNPDF2.3 (NNLO) ]
’ xf(x,u2=10 GeV?)

g/10

The 1982 EMC effect involves deep
inelastic scattering from nuclei

EMC= European Muon Collaboration




Implication 1 for EIC?

Why are EMC ratios independent of Q2?

* |s the medium modification for matrix elements
yielding higher-twist effects same as for
leading twist? M. Strikman

« Can EIC add by examining Q2 dependence

» Large x is on the kinematic edge, but perhaps
can do during a phase in which energy is
ramped up



The EMC Effect

Cern Courier
Nov. 1982
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The EMC Effect

Cern Courier
Nov. 1982

Q% 50 Gev?

m|.m
MNOIN g

1.3 +

12 4

11 4

0.9+

0-8+

How does the nucleus

emerge from QCD, a theory
of quarks and gluons?

Higinbotham, Miller, Hen,
CERN Courier 53N4(’13)24
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Progress in Quark Nuclear
Physics

1947 — Independent Nucleons 1970 — Independent 3-quark Nucleons
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ldeas: ~1000 papers 3 ideas

* Proper treatment of known effects: binding,
Fermi motion, pionic- NO nuclear
modification of internal nucleon/pion quark
structure

* Quark based- high momentum suppression
implies larger confinement volume

(@) bound nucleon is larger than free one- a
mean field effect

(@) multi-nucleon clusters - beyond the mean
field

33
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try Drell-Yan, Bickerstaff, Birse, Miller 84
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try Drell-Yan, Bickerstaff, Birse, Miller 84
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