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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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T Solution: Effective Theories
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mm Universality of long-range dynamics

Long-range (low-momentum) structure of nuclei
was studied for many years. Mean-field approaches
give a good description of this part of the nuclear
ground state.

* Two big questions:

— How important are details of the short-range
structure that are neglected / smeared out?

— Is there an effective, universal, way to add the short-
range dynamics for a global description?




i __SRC 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)




I Nuclear Density Scales

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

* SRC pair: ~ 0.55 nucleons/fm3

SRC pairs have ~ x3.5 larger density compared to
saturation nuclear density!




Nuclear Density Scales

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

* SRC pair: ~ 0.55 nucleons/fm?3

SRC pairs have ~ x3.5 larger density
compared to saturation nuclear density!

SRC pairs probe densities relevant to
neutron stars!







Cold fermions
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I ~ Why SRC?
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~ Why SRC?
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Why SRC?

You can’t do nuclei without

correlations!




Why SRC?

Today:
(short) overview of what we know and
what we want to know about SRC with
the help of HADES

You can’t do nuclei without

correlations!
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I High—higmentum Scaling

(e,e’) cross section at different kinematics is sensitive
to different ‘parts’ of the nucleus.

Q%=2 [GeV/c]?




I High-Momentum Scaling
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I High-Momentum Scaling
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High-Momentum Scaling
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Nuclei have a high-momentum tail!
1. It scales: n,(k>k:) = a,(A/d) x n (k)

2. Scale factor, a,, determined experimentally

3.In A>12 nuclei, 20 — 25% of the nucleons
have high-momentum (k>k:).

e 3.9TU.1l AU 5.110.2
L. Frankfurt et al., Phys. Rev. C 48, 2451 (1993).
K. Egiyan et al., Phys. Rev. C 68, 014313 (2003). O. Hen et al., PRC 85, 047301 (2012)
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High-Momentum Scaling

Nuclei have a high-momentum tail!
1. It scales: n,(k>k¢) = a,(A/d) x n (k)

2. Scale factor, a,, determined experimentally

3.In A>212 nuclei, 20 — 25% of the nucleons
have high-momentum (k>k:).

e 3.9TU.1l AU 5.110.2
L. Frankfurt et al., Phys. Rev. C 48, 2451 (1993).
K. Egiyan et al., Phys. Rev. C 68, 014313 (2003). O. Hen et al., PRC 85, 047301 (2012)

il K. Egiyan et al., PRL 96, 082501 (2006)




N Exclusive 2N-SRC Studies
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_.....% (semi) Exclusive 2N-SRC Studies 5
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I Exclusi_vecZN-SRC Studies

What we want: => comment for experts...
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i Exclusive 2N-SRC Studies
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Trick: choose ‘good’
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A word on FSI:

Large-Q? allows using the
Eikonal approximation for
FSI calculations. Combines
with xz>1 ensures FSI are
confined to within the
nucleons of the pair.
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fim NEW DATA! (1)
Counting SRCs using spectator tagging.
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SRC Isospin Structure
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-~ NEW DATA! (2)

“... high relative momentum and low ¢.m. momentum
compared to the Fermi momentum (k;)”
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i NEW DATA! (3)

Pushing the nuclear wave function to the limit...
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Bottom Line:

e SRCs account for:

~ 20% of the
~100% of the

* Predomina np-SRC.
e Universal for 208 nuclei.
e Tensor force dominance at short

nhuclei.
nucleons in nuclei.

distance.
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I NEW DATA! (4)

Fraction of high-momentum nucleons in
asymmetric nuclei
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NEW DATA! (4)

Fraction of high-momentum nucleons in

asymmetric nuclei
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Protons in
neutron rich
nuclei have
higher SRC

probability!!




o _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.

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

6. Tensor force dominance at short distance.

d
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T Universal Nuclear Structure

Can we formulate a universal effective description of the SRC
phase in both coordinate and momentum space WITHOUT
relaying on many-body calculations? (YES)
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Universal Nuclear Structure
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=> Need to determine the nuclear

contacts from experiment!

Weiss, Cruz-Torres, Barnea, Piasetzky and Hen, arXiv 1612.00923 (2016)
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Short Range Correlations and the EMC Effect in Effective Field Theory
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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
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EMC Slope
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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,

arXiv: 1611.09748 (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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! Outstanding Questions in SRC Studies

* Probe universality and Factorization breakdown.

 SRC formation process and asymmetry dependence.

* Nuclear Interaction at short distances — NN repulsive core
* Proton dynamics in neutron rich nuclei

* Direct observation (discovery) of 3N-SRC

* Non-nucleonic degreed of freedom in SRCs

40



SRC Studies Hit A Atatistic Wall

mm

EVA/BNL

EO01-015/JLab 263 179 -
EO07-006/JLab 50 223 -
CLAS/JLab 1533 - -
Total <2000 <450 0

=> Need 1-2 orders of magnitude improvement to

address next generation BIG questions




pp =2 pp elastic scattering
near 90° c.m:

Incident proton prefers to

Proton beam advantage:

Selective Attention!

interact with forward going

high momentum nuclear

protons
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mm  Proton beam advantage:
Selective Attention!

1000 Nucleon—nucleon Scatterin
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pp =2 pp elastic scattering
near 90° c.m:
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T

Lower energy increase the cross-
section and the sensitivity to SRC Po(GeV/c)

via S weighting. But... need to keep 5 /a \
a hard process (s,t,u > 2 GeV?). | ®
3.5-5 GeV beams are ideal! N
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I SRC Kinematics

C.M. Frame (80°~90° scatterinq): p

Beam P

Lab Frame:

0

Recoil

®
F)

* SRC dominance: ¢ Hard process: Recoil P
—t=—(pl-p3)* >2(GeV/c)

—u=—-(pl-p2)* >2(GeV/.c)
s>7(GeV/c)
6,=27.5"+7.5",6, =-27.5"+7.5" (i} =~90")
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Hrecoil = 900
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SRC Kinematics

D

George will talk about exact
(possible) experimental realization
and expected rates. ..

S >Taevce)

6,=27.5"+7.5",6, =-27.5"+7.5" (i} =~90")
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Probe Universality

What we want:
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SRC Formatlon (1) - Migdal jump

. MlgdaIJump transition 1,

between mean-fieldto  os. =
SRC dominated region. o6 - ;.
* Never observed before! os- -~ .
i ¢ o [
 BNL observed clear R T R R
73 o m w . E k(fm™)
onset of back-to-back 8 ° 7+~ ,
pairs dominance at high ©°*~ - " - ]
recoil momentum. e S e '
) 06 » o of o i ° )
* But.... Inconclusive (~30 .
08F ‘eo , *°
Events). [ e
i : 305 01 015 02 025 03 035 04 045 05 055
How will it look with p.(GeVic)
~10k eve nts? E. Piasetzky et al.,PRL 97, 162504 (2006).




mm SRC Formation (2) — quantum numbers
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Repulsive Core

R Ar———.

- Nuclear Forces at Short Distances: NN repulsive core

Jastrow 1951 assumed the existence of the hard core to explain the angular
distribution of pp cross section at 340 MeV (r,=0.6fm)

L) B | L

e 18) (102 em2/STER)
[}

335 Mev

I

1 1
) 10 20 30 40

SCATTERING ANGLE (DEGREES)

S0 60 70 80 90

sin e
sinlkr+§,)

5@=-l—«:

A} / r—
) w

ro = 0.4fm

Stability Theorem: Nuclei will Collapse without
Repulsive interaction 1950s Weisskopf, Blatt
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Repulsive Core
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I Repulsive Core
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T support neutron stars > 1 solar mass”
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mm Protons Dynamics in Neutron Rich Nuclei

Focused Study of SRC dynamics in 43Ca
by comparing to the CaFe triplet.
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G. Hagen et al., Nature Physics 12, 186 (2016)
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3N-SRC (Terra Incognital)
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SRC@HADES

v’ Probe universality and Factorization breakdown.

v SRC formation process and asymmetry dependence.

v Nuclear Interaction at short distances - NN repulsive core
v’ Proton dynamics in neutron rich nuclei

v’ Direct observation (discovery) of 3N-SRC

v Non-nucleonic degreed of freedom in SRCs
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I SRC@HADES: Phased Approach

Problem: you can’t always get what you want...

* SRC trigger is quite exclusive:

— Can ’handle’ high beam current.
— But.... HADES can’t (?)

* Di-lepton trigger is quite inclusive:
— Can’t handle high beam current.

* Detection of recoil protons seems unfeasible
without removing the RICH:

— Incompatible with Di-Lepton.
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SRC@HADES Phased Approach

Solutlon Phased approach!

 Phase | (3.5 GeV, parrallel to Di-Lepton):
— Focus on np-SRC pairs
— Study rates and backgrounds towards phase Il.

— Extract physics: Migdal jump; 3N-SRC; IsoSpin
structure; Repulsive core; Factorization
breakdown.

* Phasell (4.5 GeV):

— Add pp-SRC pairs. Increase statistics. Increase
number of nuclei.

— Complete the full physics program!
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