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When two nucleons get
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1. Many-body problem
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1. Many-body problem
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2. Complex QCD interaction

The nuclear challenge
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The nuclear chaIIenge

1. Many-body problem

Numerical techniques -> Quantum Monte Carlo

2. Complex @b Effective interaction

p’o%“’~-Z W“"‘op p\/p

G .
00y U7 ....0..
ma“y / ..V n-O

6‘0‘0\
6‘0‘0
@‘

—‘G@—%——_&G@’&W—&*ﬁé‘ //E\\
n n n



Varlatlonal (Quantum) I\/Ionte Carlo |
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Calculations agree in low-k but disagree for k>k;

Need to put these to test!
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Electron Generalized
Scattering data Contact
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JGeneralized Contact Formalism (GCF)
* Scale separation in nuclear systems

(JGCF across different NN models

e short-r, high-k equivalence
e Scale and Scheme (in)dependence of SRCs

(JGFC application to electron-scattering cross sections
* Accessing the NN repulsive core
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Factorlzatlon in nuclear systems

Scale separation at short distances

v

Factorization of the nuclear
wavefunction
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Factorlzatlon in nuclear systems

Scale separation at short distances

v

Factorization of the nuclear
wavefunction

LIJ r1190 3 (p(r”) X AIJ(RU’ {r}k;t”)

Many-body two-body A-2 residual
nuclear wave- wave- system
function function
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Short r 2 body den5|ty in the GCF

NN,a

Pa

Y

Nuclear 2-body
coordinate
density

|

scaling
constants called
Contacts

(nucleus
dependent)

Y

Zero-energy
solution of 2-body
Schrodinger
equation

(universal)
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ngh k 2 body den5|ty in the GCF

pa (1) = Gy Xy (0]

pa N (q) = Cp X%y (@)

YO

Nuclear 2-body scaling Zero-energy
momentum constants called solution of 2-body
density Contacts Schrodinger
equation
(nucleus

dependent) (universal)
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S‘hort r unlversallty )

pNNa () = NNay o ()2

AV18+UX

-NN -°H —°He
- Li

~%He =°Lj
-8Be - °Be

1OB

12C 160 _4003.
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= 08

S‘hort r nlversallty B

NN () = CNN“x|<pNN<r>|2
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~ High-k un

AV18+UX

PXN'O( (CI) NN,x

=C
|(P§N(q)|2 A

I\D-IBO)CD

Weiss, Cruz-Torres et al., PLB 780, 211 (2018)
Cruz-Torres, Schmidt et al., PLB 785 304 (2018)

Weiss et al., PLB 791, 242 (2019)
Cruz-Torres, Lonardoni et al., In preparation (2019).
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| ‘Nuclear Contacts B
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coordmate momentum equwalence
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Scale & Scheme Independence

. -AV18+UX (r k-space) = e N2LO(1 .0fm) (r-, kspace)

5__ = o AV4'+UIX, (r-, k-space) = e N?LO(1.2fm) (r-, k-space)
3 4 | ! ; : *: | |
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S 3 . | | |
38 o : HI#H* b, 'I'+* # '[}
L #AE e i i i i
- e a . . . . pn,s=1
°H *He “He  °Li 2c o “ca
A/d
e SRC abundance is a Mean - 12C(e e’) i
Field property. i i
e Inclusive measurements are 0,/A §+ 1
Inclusive (0/A) 1 ot ]
insensitive to the NN (04/2) e
L]

interaction details at show
distance.

Fomin et al., PRL 108, 092502 (2012).
B.Schmookler, et al., Nature 566, 354-358 (2019)
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Excluswe measurements

zoo | 400 600 8(|)0 MeV/c

0.3

AV4'+UIX_

4He(e,e’pN) N’LO(1.0fm)

Korover et al. /
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Phys. Rev. Lett. 113, 022501 (2014). C| [fm’ ] 26




Contact formallsm |s bemg applled to:

Photo-absorption cross section SRC cross-section generator

final CLA i
PRL 114 no.1, 012501 (2015) éepoareCSUbSn:ies\;lier\]/)

Nuclear Charge-Radii

Coulomb sum rule L8 790, 484 (2015

Few-Body Syst 58, 9 (2017) ’ ( )
arXiv:1805.12099

Contact

Formalism
PLB 780, 211 (2018)

Spectral Functions Neutron Stars
PLB 791, 242 (2019) PRC 93, 014619 (2016)

Ultracold Atomic Gases Correlation functions
PRC 92 no.4, 045205 (2015) PLB 785, 304 (2018)
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Contact formallsm |s bemg applled to:

Photo-absorption cross section SRC cross-section generator

final CLA '
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Contact
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Spectral Functions Neutron Stars
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EIectron scatterlng and GFCSpectraI Functlon

Spectral function: probablllty to find a nucleon with momentum p,
and separation energy E,.

dopwia X Oen - S(E1, p1)

Assuming the g vector was
absorbed by a single nucleon:

29



EIectron scatterlng and GFCSpectraI Functlon

Spectral function: probablllty to find a nucleon with momentum p,
and separation energy E,.

dopwia X Oen - S(E1, p1)

Assuming the g vector was
absorbed by a single nucleon:

A-1

d3 p,
S(Eq, p1) = Z Ca f (27_53 [*(q)|*> n(Q) 6 (E; — Ef)

R. Weiss et al., PLB 790 p 241 (2019) 30




Center of mass momentum dlstrlbutlon |
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- m BNL (p,2pn) -- Colle et al. (All Pairs)
- v Hall-A (e,e'pp) — Colle et al. ('S, pairs)
" A Hall-A (e,e'pn) -.- Fermi-Gas (All Pairs)
O | | g g gl | | L g gl |
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E.O. Cohen et al.,, PRL 121 092501 (2018)

A
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15 GeV e- beam
C, Al Fe, Pb

(JCLAS detector

Drift chambers
(tracking)

Scintillators (timing)

Cherenkov (e ID)

Calorimeters
(energy)
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_ Forward propagatmg themodel to the data

n Generate events according to
GCF
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_ Forward propagatmg themodel to the data

n Generate events according to
GCF

a Radiative effects
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_ Forward propagatmg themodel to the data

n Generate events according to
GCF

a Radiative effects

a Transparency/SCX using
Glauber

w
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Q " "
2 I :
2 i
g A
&

e 1f ;
8 P |

< 10 100 A

Colle & Hen et al., PRC 722, 63 (2013)

- — ZRA
wm ZRA-RMSGA
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‘ Forward propagatmg themodel to the data

n Generate events according to
GCF

a Radiative effects

B Transparency/SCX using
Glauber

n Detector acceptance

300° &=

240° &=

180° §

120° F

Protons at 1 GeV/C

’ ~

0° 1

40

Acceptance
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_ Forward propagatmg themodel to the data

GCF
a Radiative effects

B Transparency/SCX using
Glauber

n Detector acceptance

B Same event selection as data

37



I\/Ilssmg‘momentum dlstrlbutlons

10004

].OOE_

12C(e,e’p) 5 1oy 1AV
| AV18
1} i
g N2LO(1.0fm
: N2LO(1.2fm
0.1} IN3LO
100§ : : : : : -
10}
z ] \Z%
12C(e,e’pp) & AV18
0.15 IN2LO(1.0fm)
_ N2LO(1.2fm)
0.015'

_ IN3LO
04 0i5 016 057 058 059 1
A. Schmidt Pmiss [GeV/c] 38




0.25

AV4’

0.2F

’ 0.15 F
(e,e’pp)
(e,e’p)

0.1F

0.05F

N2LO(1.0fm)
%.4 Of5 0?6 017 0i8 Of9 1

Pmiss [GGV/C]

A. Schmidt



0.25 1 . 1

Spin-Dependent
[pp suppressed]
J.

N2LO(1.0fm)

Spin-Independent
[pp not suppressed]

%.4 0i5 Ot6 0f7

- SR Pmiss [GGV/C]
GA. Schmidt

0.8 0.9 1

40



- The GCF describes the many-body
nuclear wave-function where SRCs
dominate.

1.2

= 038
0.6
0.4
0.2

pa.(r
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- The GCF describes the many-body
nuclear wave-function where SRCs
dominate.

- NN models differ significantly at
short-r, high-k.

n(k) [fm’]

102%
10F
10-%

102E

1073

— AV18

— AV4'

— N°LO(1.0fm)
— N°LO(1.2fm)

0
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- The GCF describes the many-body
nuclear wave-function where SRCs
dominate.

- NN models differ significantly at
short-r, high-k.

- Inclusive (e,e’) experiments are
insensitive to the short-r structure of
the NN interaction.

! ratios

S=
pn

C
o D W D

8

6

(6,/A) |

(Od/2) I
2

i ®° & This work B

_%!' = Ref. 1 _
| PR IFUR U SR N

NN
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08 10 12 1.4 16 1.8 20
Xg
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The GCF describes the many-body
nuclear wave-function where SRCs
dominate.

NN models differ significantly at
short-r, high-k.

Inclusive (e,e’) experiments are
insensitive to the short-r structure of
the NN interaction.

Exclusive (e,e’NN) experiments are
sensitive to the short-r structure of
the NN interaction.

pp /pn

AV4'+UIX,

N?LO(1.0fm)

Korover et al.

0.6

0.7 0.8 0.9 1
Pmiss [GCV/C]
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Backup slides
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Many ways to derive an NLO
effective interaction.

NNLO
All models contain
experimentally
determined parameters. oY
N'LO
(() A, K

000000
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NN phase shifts constrain
models up to pion threshold

(~400 MeV/c c.m.)

No significant constrains
at higher momenta.

50 -

N
o

Phase Shift [deg]
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—

[
S
T T

._.
() o
T T

@ LO

* PWA

. N’LO 1S
0

NLO
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50 100 150

Lab. Energy [MeV]

50 100 150 200 250
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-25

2 LO
NLO
mm N2LO

o PWA 3P1

0

l 50 100 150 l
Lab. Energy [MeV]

l 50 100 l 150 l 200 l 250
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NN phase shifts constrain
models up to pion threshold
(~400 MeV/c c.m.)

No significant constrains
at higher momenta.

n(k)

_.100 _

104

102 L

102 |

8
\"@:\
\

~._AV18
NNy
\ \,\' \,\_

\
\ N2LO(1

0)
N3LO(600).

0.1

0.2

0.3

0.4 1.0

05 " 07 " 0.9
k [GeV/c]
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FSI and Reactlon I\/Iechanlsms

Isobar Config.

FSI within pair

el
. _ /

Lead

Recoil

A-2

A-2

mxg>172
m High Q?

m Anti-parallel kinematics
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FSI m|n|m|zed |n antlparallel kmematlcs

Missing Momentum

Recoil S Leading Proton
(Low mom.) (High mom.)
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FSI m|n|m|zed |n antlparallel kmematlcs

Missing Momentum

™
— \
- |
C IN—
.
)

600 T
—a=
—=— Al
—_ —o— Fe
U —— Pb
(o]
! o 400 F
&
6 7 ®
c
< S5 - £ FSI peak
= @ 200
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© 5
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IL 0 ___:-."
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1_

| | | | | I
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Calculation by M. Sargsian
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FSI m|n|m|zed m antlparallel klnematlcs B

N W
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Counts (normalized to C)
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m 12C(e, €'np)
B 0.4 <pmiss <1.0 GeV/c

m Only a few dozen neutron events
m arXiv:1810.05343, just accepted to PRL

m °C(e, €'p) and 2C(e, €'pp)
B 0.4 < pmiss <1.0 GeV/c

m Few hundred to few thousand events
m Analysis under review (still preliminary!)
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| 12C(e e pp)/ 12C(e e n p)

25
~ Data GCF (°C, with SCX corrections)
- o (C o AV18
< 20 = I/:\' »N2LO,
A=A u e
Q| < 5 :Pb *Nsl‘onon-loc H
QO E 15_—
’é _8‘ B L
© | & 10 |
1= F . vF oid
\g‘ o) E ,+ - S ..H..ﬁ' ............
| === o v - i
5¢ 'H"‘ YR New
i | | | |
0 0.4 06 0.8 1
| [GeVrc]
recou

M. Duer et al. (CLAS Collaboration) PRL 122, 172502 (2019)
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Comparison to *C(e,e’p) an

e e e T ———g—— — - —

m Carbon data only
m Contacts determined from fits to ab initio VMC

m NN interactions

m AV18

m Local xPT N2LO (1 fm cut-off)

m Model uncertainty from:

m Contacts

W Ocm

m SCX prob.
m [ransparency

m A— 2 excitation E*

. pre|_ CUt-Oﬂ:

W & res.

W D res.
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Counts

Counts
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Counts

Counts

Counts

Clounts

Missin

0

100

S

2(e, ep)

momentum and energ
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I Data
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