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Physicists view nuclei in different ways

Atomic / Solid-state:
Heavy, charged, blob

Nuclear:
The world!

Particle:
Bag of partons
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/I\/Iy goal for today: \

Convince you that you should care
about (some) aspects of nuclear
structure! Specifically, short-range

k fluctuations.
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. Introduction to Short-Range Correlations

. Universal description of fluctuations of
strongly interactive Fermi systems.

. Implications to nuclear PDFs (EMC effect)

. Why you should care?!
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mm The Nuclear Many-Body Challenge

Many-body Schrodinger Equation
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Main Challenges:
1. No ‘fundamental’ Interaction => residual interaction
between quarks that makeup the nucleons.

2. Phenomenological parametrizations are complex!
(over 18 operators)
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I Solution: Effective Theories
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Challenge of Correlations

Whole is different from the sum of parts!
nZN(l_fL_{‘fz) a nN(l_f1) 'nN(l_fz)
pon(T1,72)  # py(11) - pn(7T2)

Specifically, in coordinate space:
SRC: pZN(Fl'FZ) #+0 for |?1 — ?Zl ~ RN
LRC: p,n(71,15) #0 for |1, — 15| = R,

(Some) Interesting questions:

Is there a way to factorize the two-body density? Can we
separate the ‘'mean-field’ and ‘SRC’ effects? Are the SRC
effects universal?
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i _DSRC 101

SRC are pairs 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)




Nuclear Density Scales

SRC pairs have ~ x3.5 larger density compared to

 Nuclear: 0.16 nucleons/fm?3
 Nucleon: 0.36 nucleons/fm?3

* SRC pair: ~ 0.55 nucleons/fm3

saturation nuclear density!
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Cold fermions

’\\ / (Fermi-gas like)
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il Exclusive 2N-SRC Studies
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Breakup t
| state

Scattered
electron

Incident
electron

Knocked-out
proton

Correlated partner
proton or neutron



Proton-Neutron Dominance
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O NEW DéTf\— c.m. Motion

“... high relative momentum and low ¢.m. momentum
compared to the Fermi momentum (k;)”
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i NEW DATA — Repulsive Core (?)

Pushing the nuclear wave function to the limit...

— VMC+Contact
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imi NEW DATA — Asymmetric Nuclei

Protons are more correlated in neutron rich nuclei
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D SRC 101

Consistent set of (e,e’), (e,e’p), (e,e’pN) and (p,2pn)
measurements, on a variety of nuclei, allow quantifying
SRCs with unprecedented accuracy!

1. SRC Exist in Nuclei (!) and account for:
. ~ 20% of the nucleons in nuclei.
. ~100% of the high-p (k>k;) nucleons in nuclei.

2. Have large relative momentum and low c.m.
momentum.

3. Predominantly due to np-SRC.

4. Universal for A=4 - 208 nuclei.

5. np-SRC create a larger fraction of high-momentum
protons in neutron rich nuclei!

6. Tensor force dominance at short distance.
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v' Introduction to Short-Range Correlations

2. Universal description of fluctuations of
strongly interactive Fermi systems.

3. Implications to nuclear PDFs (EMC effect)

4. Why you should care!



T Universal Nuclear Structure

R A——

Can one formulate a universal effective description
of SRC in coordinate and momentum space? (YES!)

WJ

AV18+UIX

O
Coordinate ./
Space

(" . LOG MOMENTUM DISTRIBuT

NUCLEON MoME m‘umj
Momentum Space




Factorization in Nuclei

R A——

Consic er a factorized wave function:

Z Puc( 7'1] R;;, {rk}k#z,] )]

=2

(known) Solution for Many body, mean-field,
the two-body problem function (a number!)

4 wave functions and contacts for L=0

'R

S=1




I Factorization in Nuclei

R A

Consic er a factorized wave function:

Z Pa(1ij)

f;( ijs {rk}k;«éz,] )]

(known) Solution for
the two-body problem

N

Many body, mean-field,

function (a number!)

Reduced to 2 contacts from symmetry considerations

S=0

S=1




I Relating to Momentum Space
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Universal Nuclear Structure
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Momentum Distribution

Residual

Weiss, Cruz-Torres, Barnea, Piasetzky and Hen, arXiv 1612.00923 (2016)
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Full VMC Calculation
Full Contact Calculation
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Excellent reproduction of ab-initio
calculations!
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Consistent Nuclear Contacts!

A A

Consistent contacts extracted from:
(1) Experimental data,
(2) many-body momentum space calculations,
(3) many-body coordinate space calculations.

A k-space r-space
Con' Con’ Con’ Cop " Con' Con’ Con’ Cop '

4p1o | 12:3+0.1 | 0.69+0.03 0.65+0.03 11.61-:0.03 0.567-:0.004

14.940.7 (exp) 0.840.2 (exp)
SLi| 10.54+0.1 | 0.53+0.05 0.4940.03 10.1440.04 0.415+0.004
"Li| 10.6 4+ 0.1 |0.71 £ 0.06|0.78 £ 0.04|0.44 & 0.03| 9.0 + 2.0 |0.6 & 0.4|0.647 & 0.004|0.350 + 0.004
8Be| 13.240.2 | 0.86+0.09 0.79+0.07 12.040.1 0.603+0.003
Be| 12.3+0.2 | 0.90+0.10 | 0.84+0.07 | 0.69+0.06 | 10.0+3.0 | 0.7+£0.7 | 0.65+£0.02 | 0.52440.005
B| 11.740.2 | 0.89+0.09 0.7940.06 10.7+0.2 0.5740.02
123 16.840.8 1.440.2 1.340.2 140201 0.83.10,01

1842 (exp) 1.5+0.5 (exp)

Weiss, Cruz-Torres, Barnea, Piasetzky and Hen, arXiv 1612.00923 (2016)
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Consistent Nuclear Contacts!

- A~

Consistent contacts extracted from:
(1) Experimental data,
(2) many-body momentum space calculations,
(3) many-body coordinate space calculations.

k-space

A r-space
Con' Con’ Con’ Cop " Con' Con’ Con’ Con "

e 12.3+0.1 | 0.6940.03 0.65+0.03 11.6140,03 0.567-:0.004

14.940.7 (exp) 0.840.2 (exp)
SLi| 10.54+0.1 | 0.53+0.05 0.4940.03 10.1440.04 0.415+0.004
"Li| 10.6 4+ 0.1 |0.71 £ 0.06|0.78 £ 0.04|0.44 & 0.03| 9.0 + 2.0 |0.6 & 0.4|0.647 & 0.004|0.350 + 0.004
8Be| 13.24+0.2 | 0.86+0.09 0.79+0.07 12.040.1 0.603+0.003
‘Be| 12.3+0.2 | 0.904+0.10 | 0.84+0.07 | 0.69+0.06 | 10.04+3.0 | 0.74+0.7 | 0.65+0.02 | 0.52440.005
B| 11.740.2 | 0.89+0.09 0.7940.06 10.7+0.2 0.5740.02
123 16.840.8 1.440.2 1.340.2 140201 0.83.10,01

1842 (exp) 1.5+0.5 (exp)

Relation to the EMC effect, Coulomb sum rule, reaction
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v' Introduction to Short-Range Correlations

v Universal description of fluctuations of
strongly interactive Fermi systems.

3. Implications to nuclear PDFs (EMC effect)

4. Why you should care!
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T JE MC 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.

* Overall increasing as a
function of A.

* No fully accepted
theoretical explanation.
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JE MC Effect

Deviation of the per-nucleon DIS cross section ratio

of nuclei relative to deuterium from unity.

~Independent of Q2.

Overall increasing as a
function of A.

No fully accepted
theoretical explanation.
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mm  Universality of the EMC Effect
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EMC Challenge: ‘Strength "Scales

Weak Binding
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mm EMC Challenge: ‘Strength "Scales!
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EMC-SRC Correlation
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EMC-SRC Correlation
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EMC-SRC Correlation
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Next Generation Experiments
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mn  Forthcoming RMP Review

Nucleon-Nucleon Correlations and the Quarks Within

Or Hen

Massachusetts Institute of Technology, Cambridge,
MA 02139

Gerald A. Miller

Department of Physics,
University of Washington, Seattle,
WA 98195

Eli Piasetzky

School of Physics and Astronomy,
Tel Aviv University, Tel Aviv 69978,
Israel

Lawrence B. Weinstein

Department of Physics,
Old Dominion University, Norfolk,
VA 23529

(Dated: November 2, 2016)

Hen, Miller, Piasetzky and Weinstein,

to appear in RMP (2016)

e conventional (non-quark) nuclear physics cannot

account for the EMC effect

e models need to include nucleon modification to ac-

count for the EMC effect. These models can modify
the structure of either:

— mean field nucleons, or

— nucleons belonging to SRC pairs.

there is a phenomenological connection between
the strength of the EMC effect and the probability
that a nucleon belongs to a two-nucleon SRC pair
(a2(A)), see Fig. 33.

the influence of SRC pairs can account for the
EMC-SRC correlation because both effects are
driven by high virtuality nucleons with p? # M?2,

the connection between the EMC effect and the co-
efficients as(A) has been derived using two com-
pletely different theories, so that this connection is
no accident

nuclei must contain a small percentage of baryons
that are not nucleons. Such baryons exist in the

short-ranged correlations and are the source of the
EMC effect.
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Short Range Correlations and the EMC Effect in Effective Field Theory

Jiunn-Wei Chen,'>?:* William Detmold,? T Joel E. Lynn,>%* and Achim Schwenk3 % 5:8

! Department of Physics, CTS and LeCosPA, National Taiwan University, Taipei 10617, Taiwan
2 Center for Theoretical Physics, Massachusetts Institute of Technology, Cambridge, MA 02139, USA
3 Institut fir Kernphysik, Technische Universitdt Darmstadt, 64289 Darmstadt, Germany
4 ExtreMe Matter Institute EMMI, GSI Helmholtzzentrum fiir Schwerionenforschung GmbH, 64291 Darmstadt, Germany
5 Maz-Planck-Institut fir Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany

arXiv: 1607.03065 (2016)

EFT description of bound nucleon structure:
F2A(x’ Q2)/A — FZN(xv Q2) + 92(A> A)fZ(wa Q27A)'

A | 42 I ndf 5.673/5
a -0.07004 + 0.003658

n ©
B < /
- » O 1k =

o
w

o
()

1 2
gz(A, A) Z\Z<A| (NTN) |A>Aj

Y
The contact...

©
—

EMC Slope

A A
CL2(A,£E>1):gz( , ) I R
[SRC Scaling Factor] 92(2,A) ’ ) a52(AId)
SRC Scaling factors




T Outline

-

v' Introduction to Short-Range Correlations

v Universal description of fluctuations of
strongly interactive Fermi systems.

v Implications to nuclear PDFs (EMC effect)

4. Why you should care?!
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i Why SRC?
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Why SRC?

= 2.ooF np fraction . | I“UC|ear

S wE G - - “pb Science 320, 1476 (2008),
3 8 ook o " PRL 108, 092502 (2012),
3 UGBfCL PLB 772, 63 (2013),

o & o pp fraction 9% CL. 1pRL 113, 022501 (2014),

£ g om a . PRC 92, 024604 (2015).

T o e ¢ Quantum
E _ ,(\ n(k) A Majority non-interacting

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

S
o

— interacting

PRL 106, 052301 (2011)
PRD 84, 117501(2011),
PRC 85, 047301(2012),
IJMPE 22, 1330017 (2013),
arXiv 1607.03065 (2016),
arXiv 1611.09748 (2016).0V

=

,
* 5ol .
oY T L A~ e O
’

=y

%) <u.4 [ AtomicGas 5 4 Atoms /
=~ i CWe -« °Li Atoms ! -
FovVL T = Nucki n [l67Cu 19750 I e
{ { ( ’ e — jree—_—
- c : CGF 110 5y N
B () >
F k=1 /i Nuclei § 0
= [BHFAVAS) TN
£ % Heavy-lon oo rolated
xLIJ | Collisions -
| Fermi-Gas
ke = 2.5x108 eV/c (CFG)

p= 10““m3

\\\\\\\

A omlc (e

Astrq?

2

25 3 35
I PRC91, 025803 (2015) PRC 93, 044610 (2016),

PRC 92, 045205 (2015). i PRC 91, 044601 (2015), PRC 93, 014619 (2016),
arXiv 1612.00923 (2016). A ASAZRARANAS PRC 92, 011601 (2015), PLB 759, 79 (2016),
PRD 90, 012008 (2014) PRC 94, 045501 (2016) arXiv: 1608.00487 (2016); 1606. 08045 (2016) ©




You can’t do nuclei at high

energies without correlations!

* At any given moment 20% of the nucleons

fluctuate into a temporal high density proton-
neutron pair.

* The structure of these nucleons is thought to be
modified and IS the cause of nuclear PDFs.

* Vary hard to calculate from first principle.

* Not that hard to model using universality



I The Correlations group
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