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Fermi1 gas model:

how simple a model can you make ?

Virtual photon:
Momentum g, energy v

Q2 — q‘uq.u :|q’ 2—v2>()
Initial nucleon energy: KE.=pZ/2m
Final nucleon energy: KE =(gG+ P,y /2m

Energy transfer: v=KEf—KEl.:q2/2m+(Z]-13i)/m
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Fermi Gas Model: Too good to be true?
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Get more information: detect the proton (e,e’p)

Cross section factorizes:

do do '

— KS(ﬁmiss ’Emiss)
dE,dQ dT,dQ, dQ
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But we do not see enough protons!
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Now separate R, and R;

E

12C(ee’p)
q=0.4 GeV and x=1

extra transverse strength
starting at the 2N KO threshold
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(e,e’p) summary

eMeasure shell structure directly
eMeasure nucleon momentum distributions
eExtra cross section at large missing energy
eTransverse (mostly)
Two nucleon knockout via
eMeson exchange currents
eCorrelations
eBut:
*Not enough valence nucleons seen!

L. Weinstein, FermiLab 2015



Short Range Correlations (SRCs) ...~ =~ = = |
1
. . |
=>»High momentum tails: L 10k |
k> ke > 19°F i k > 250 MeV/c
Calculable for 4 < 12 nuclei QO oL Deuteron - 25% of nucleons
~ : 60% of KE
and nuclear matter. 2 .l ! _
Not well constrained at k >> | k<250 MeVye )
k 1077 759 of nucle:ong\IM 7
f «10 2 40% Of KE | N | " |
0.0 0.4 0.6
0.2 0.8
Effects: p (GeV/c)

e High momentum part of the
nuclear wave function

e Short distance behavior of
nucleons - modification??

e Cold dense nuclear matter

e Neutron Stars

Nucleons are like people ...

L. Weinstein, FermiLab 2015




Correlations and High Momentum

Momentum Density

Momentum (1/fm) Momentum (1/fm)

Ciofi degli Atti, PRC 53 (1996) 1689
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What are correlations?

Average Two-Nucleon Properties in the Nuclear Ground State

Two-body currents are not Correlations
(but add coherently)

. welnstein, FermiLa



2N currents enhance correlations

Central correlations on + tensor corr
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Signatures for Correlations

An Experimentalist’s Definition:
e A high momentum nucleon whose

momentum is balanced by one other

nucleon
e NN Pair with

« Large Relative Momentum
* Small Total Momentum

L. Weinstein, FermiLab 2015
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Correlations are Universal: A(e,e’) / d(e,e’)
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Momentum range of plateau

Ww O O
;

275 to 600 MeV/c
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Deep Inelastic Scattering: the EMC Effect
E E’

lepton lepton T = —q,9" = q -V’ » EMC Scale: several
v=E'-E GeV
2 » Nuclear binding energy
0<x,= <l scale: several MeV
m,Vv

Expectation: DIS off bound nucleons
equals DIS of a free nucleons

hadrons
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—_ } ¢ﬂ ? 1
= ¢ .
=) -
{blo ¢¢¢§‘¢4ﬁ + ............................ £l - -
Origin of EMC effect unknown. oy 1o _§ é % # é :
Nucleon modification needed. ““anl § £ ¢*.i j» 3 B
~103 publications e i ’|‘ g ;

16 = EMC effect | *¢ w
0.8 ETH PEETE RWWEE AW WS S W i A WA ARy

00 0.1 02 03 04 05 06 0.7 08 09 10
L. Weinstein, FermiLab 2015 X

16



AEMC Effect: Universal
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- EMC Effect: Theory
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w 0.5
EMC and SRC are probably both dominated by 197A 4
high momentum (high virtuality) nucleons in nuclei
* Not due to Fermi Motion
« Probably due to nucleon medium modification
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Now detect yet another nucleon
JLab Hall A C(e,e’pN) - selected Kkinematics

Q2=2 GeV?
xg = Q*2mv=1.2
P_...=300-600 MeV/c

miss

{4~ Detect the proton, -
#i. look for its partner nucleon

L. Weinstein, FermiLab
2015




High momentum protons have partners
C(e,e pN)

S
& 2| |
« Detect the knocked-out e 107 4 Y
proton 2 I np pairs
. o
* Look for its partner &
L B ppinp from [ °Cle,e’pp) /°Cle,e’pn) ] 12
IlllCleOn 1 12 , 12 )
. .E B pp/2N from [ “C(e,e’pp)/ "C(e,e’p) ]/2
¢ All hlgh mOIneIltum a8 v np/2N from120(e,e’pn)/12C(e,e’p)
protons have partners 2 qol A meron cham o
=>»np pairs dominate at L |
0.3<p.<0.6 i T
- pp pairs
| | | |
c © 03 04 05 06
~ (s Missing Momentum [GeV/c]
«
-9
[\ — R. Subedi et al., Science 320, 1476 (2008)
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Higher momentum protons?
“He(e,e’pN)
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~ | % pop “He(e e'pn)
100 ORI . oo f. Y::::::z::: """""""""" He(e'e p)
SN | f
S 40 - Y
S ED #pp )
o S\ i / He(e,e'pp)/2
8 10 #p PP'P “He(e,e'p)
S
5 ........................... ¢ M Rt 0 ‘ = # )
: : :
@
7
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003 04 05 06 07 08

Missing Momentum [GeVi/c]

* pp pairs still only 5% of high momentum protons
* np pairs decrease with missing momentum

e Three nucleon correlations??? o4
L Weinstein, FermiLab 2015 I. Korover et al., PRL 113, 022501 (2014)



The ratio of pp-SRC / pn-SRC pairs in 12C

There are 18 * 2 times more np-SRC than pp-SRC pairs
in 12C.

Why ?

L. Weinstein, FermiLab 2015
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At p,, = 300-500 MeV/c the s-wave momentum distribution
has a minimum
The np minimum is filled in by strong tensor correlations

3He
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't PP
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e
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Pair relative momentum

Schiavilla, Wiringa, Pieper, Carlson, PRL

98, 132501 (2007). 50"
LB10'

€ 10°)
10"

0

Pair relative momentum
Ciofi and Alvioli Sargsian, Abrahamyan, Strikman, Frankfurt
Gent workshop, Aug. 2007 PRC 71, 044615 (2005).
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2 and 4 GeV electrons
Inclusive trigger
Almost 41T detector

SHe(e,epp)n in
CLAS

) S, Superconducting
Drif AR SN Toroidal Magnet
Chambers = \

35,000 wires - A {Bdl=1.7Tm

Cerenkoy

Counters

216 channels

99.5% efficient
2

over 50 m~ area

Mo
]

¥ electron beam direction

y.

Time of Flight Counters
500+ channels, 145 ps resolutio

L. Weinstein, FermiLab 2015

Electromagnetic
Shower
Calorimeters
1700+ channels
o/E = 10%/E™
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pp/pn ratio and pair total momentum

300 < Pooiative < 500 MeV/c Wiringa, UG meeting 2014

3He mom dist

Golak 1-body
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.......... o | | In pp minimum
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Small P, = pp pair in s-wave (no tensor)
=» wave fn minimum at P =400 MeV/c

relative

Increase in pp/pn ratio with P, =»tensor correlations
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A(e,e’p) and (e,e’pp) in heavy nuclei

(a data mining analysis)

e 5 GeV CLAS data

e C, Al Fe, Pb targets

e Selectleading (knocked-out)
proton

e How many high p ... leading
protons have a correlated
proton partner?

L. Weinstein, FermiLab 2015

E =5 GeV
beam
XB>1 2

— (02>1.5 GeV2
300<p, . <600 MeV/c

qu<25
pp/q20.6
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(e,e’pp) angular distributions
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np and pp pairs

e Correct for proton rescattering via Glauber

e Assume all high-p,_ ... protons have a correlated

’
partner o (e e’pp)
’
— Use double ratio to get pp pair fraction R= G (6 ep )
e =>» High momentum tail still predominantly np o (e e'pp)
0’ c(e.ep)
% 1 00 i_ n-Roofo!:?-?-F-Ig-ro]..u..n-'-..Inuuntlun.Q..O!‘!!Q..Q.ﬁOlOl!t!t!““"“““'.
8 80 C Al Fe Pb
© -
w OOF B 68% C.L.
= 0
& HoF P fraction oS G
) =
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L. Weinstein, FermiLab 2015

A

O. Hen et al, Science 346 614 (2014)
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Momentum inversion?

S np fraction J
C100:__ » u- - I A ' . | o ) |
g s0E C Al Fe po| n(k) | __Majority : non-interacting
P B68% C.L. “~.| —interacting
® 40 . ’
¢ ..o pp fraction 0 95% C.L.
G 20 Ppfraction
% 0F - ‘ - . A A'. p— - -

10 50 100 A

O. Hen et al, Science 346 614 (2014)

Asymmetric nuclet:
np pairs still dominate the high momentum tail 7
=>»higher probability for each proton to be in tail
Important for:
» Nuclear symmetry energy
» Isospin dependence of the EMC effect
» Understanding neutrino-nucleus scattering

» Extra energy at the interaction vertex?

33
L. Weinstein, FermiLab 2015



ArgoNeut SRC Event

v beam
Event from O. Palamara,

Nulnt14 talk

—

_p2

—g=
Same method as JLab (e,e ’pN) measurements
P == Py
Prat = (Dyiss = Ppa) 1 2
Piot = Py + Ppa) =0

34
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NN Pairs and neutrinos
ArgoNeut Hammer Events Not SRC

Back-to-back o
protons in the lab |

'ivents from O. Palamara,
frame

ulnt14 talk

35
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Pion production and reabsorption

SHe(e,e pp)n simulation
Knock out pion from nucleon 1, absorb on nucleons 2 and 3.

1. Measured *He momentum distributions
2. Pion production from MAID-2000 4
8

3. Pion absorption from SAID-1998
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p 5 O 40}
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1 05 0 05 1
cos(ep‘,)

0 05 1 15 2

Omega (GeV) -
L. Weinstein, FermiLab 2015



Summary:
Correlations in nuclei

* Almost all high momentum nucleons (k> 300
MeV/c) 1n nuclei belong to an NN correlated
pair

* 20% of all nucleons for A > 12

* Dominated by pn pairs, even in heavy
asymmetric nuclei

 Momentum distributions proportional to
deuterium

L. Weinstein, FermiLab 2015
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