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Generalized Contact Formalism

T12—>O
W(ry, 1, e, 1a) — @(1) X A(R, {rk}k¢1,2)

universal function

For any short-range two-body operator O (assuming that acts on protons):

(6) = (QD‘G(T)‘Q”) Cpp

RW, B. Bazak, N. Barnea,
PRC 92, 054311 (2015)

/

Two-body dynamics
Universal for all nuclel
Simply calculated

\

Depends on the nucleus
Independent of the operator
Might be difficult to calculate
directly for heavy nucleli



The nuclear contact relations
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Two-body density

AV18+UX AV4'+UIX, -NN -°H =%He
B 0 —4He -SLi -Li

r [fm]

R. Cruz-Torres, D. Lonardoni, RW, et al., Nature Physics (2020)



Momentum distributions

n, (k) — C o (O] + ConloSn (O] + 263, 0B, (k)|

—10%¢

RW, R. Cruz-Torres, N. Barnea, E. Piasetzky
and O. Hen, PLB 780, 211 (2018)
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Consistency: k-space Vs I- space

| 4 AV18+UX & N’LO(1.0fm) + NV2+3-la*

15— 4 AV4+UIX, » NLO(1.2fm) P 5'1
v -
U(J.)Q.

PP, 5=0

R. Cruz-Torres, D. Lonardoni, RW, et al., arXiv: 1907.03658 [nucl-th], Nature Physics (2020)



Exclusive reactions — Event generator

* Detailed experimental data compared to GCF predictions

] a
Using the 04r i Data = N2LO (1.0 fm)
VMC contact S = AV18 — N2LO (1.2 fm)
Values \(]_1 03 - — AV4’
l = 12¢ - #ppltp
Direct connection to ab- 0 =
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Exclusive reactions — Event generator

* Detailed experimental data compared to GCF predictions
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Counts
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Exclusive reactions — Event generator
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Counts

Exclusive reactions — Event generator

50 B I T I T
40 I Data Prmiss = EIES Me‘u’flc 40 Pmiss = TISIJ ME"IHIC
40¢ 8 — AV18 § Data | § Data
S 20 —— N2LO 30 30} ]
3 . f , — AV1S —— AV1S
307 25 T N2LO - 8. N2LO
" Data  GCF (*°C, with SCX corrections) 10{—¢ This Work A JLab Hall A, direct
20 - oC o AV18 |~ (SCX corrected) 0 JLab CLAS, indirect
— 20 ®mAl aN2LO
i & T iFe loe : R
wop 1 20 1iR ewen. - 2 w
0 SR i} o | 0.6 0.8 1.0
L ==t 2 5 [Gev/c]
50 215 .| i S 5 ace P
_1.00 g_‘ s 10 - : H £ n N2LO,,.
<= f E * H‘ oid ¢ & |avis-
b : - L+ . _. -------- BN | L - N3L0 ......
5 — ++ *ﬁa, %’- New i non-loc
; < — - |
) | ) ) . | ) ) . | ) ) . | 10 10°
Sy 0.6 0.8 1 T A w
P _I[GeV/c] S N2LO S
E U+ _ . /T/ _g 60% L np/p scalar limit
S rtu 10% 1 — - ] E
b 1 5 40% | pp/p scalar limit N
10 - M. Duer et al., PRL 122, 172502 (2019) 1 < e e
1 Lle, epp)/Lie ep) | .
. { I T | W A. Schmidt et al. | 0% - .
| 1% L 1 1 1 0% | | 1
1 _08 _06 04 0.2 0 400 500 600 700 300 400 500 600 700 800
. . Missing Momentum [MeV/c] Relative Momentum [MeV/ c]
COS( Prniss - precoil:]

I. Korover et al., arXiv:2004.07304 (2020)



Inclusive reactions

Possible explanations:

« FSI

* Non-impulse-approximation
contributions

« Mean-field contribution

 Relativistic effects

« 3N SRCs?

* NN interaction / theoretical

contact values

RW, A. W. Denniston et. al., PRC 103, L031301 (2021)

Using the
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Model independence of contact ratios

r k

r k
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Neutrinoless double beta decay

RW, P. Soriano, A. Lovato, J. Menendez, R. B. Wiringa, arXiv:2112.08146 [nucl-th]



Neutrinoless double beta decay

nn — pp + 2Ze
Measurement of the decay will provide information about:
« Majorana nature of neutrinos
« Matter dominance of the universe

 Neutrino mass

Nuclear matrix elements (NMESs) are needed

76Ge, 1OOMO, 130Te, 136Xe



NMEs - Methods

Shell Quasiparticle Energy density -
model random phase functional t:nteractmé; |
approximation theory 0SONn Moae

* Describe well long-range properties of nuclei

« Missing short-range correlations



Shell model + correlation functions

M= (SM|f(r) O f(r)|SM) [z
* Correlation function - Main features: 5ot
» reduction at short distances &0 ]
* peakaround 1 1m - i
e f(r)—>1 forr-> o ) N I
— - 2 Ov%.Oﬂ‘.A lO|.5I - ‘ITOI II Il‘.SI - I2!0I - I2|.5I - ‘3ﬂ.0
fr)=1—ce ¥ (1 —br*) i
- F. Simkovic et al., PRC
» Extracted for example from coupled-cluster calculations: 70, 055501 (2009)
V) = e’ |D) |
* Possible inconsistencies: More consistent approaches

— evolved effective operator
|ISM) # | D) (Coraggio, Engel,...)



Nuclear

matrix

elements

Neutrinoless double beta decay

Mo

Very different values of matrix elements
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NMEs — ab-Initio methods

Based on single-particle basis expansion:

Coupled

VS-IMSRG IMSRG + GCM
Cluster

All applied for *3Ca

76Ge and 8%Se using VS-IMSRG

Relatively small values of NMEs

Used with “soft” interactions = possibly larger contribution of two-body nuclear currents



NMEs — ab-Initio methods

Quantum Monte Carlo (\Variational Monte Carlo):

* \ery accurate
 Can be applied to both “soft” and “hard” (local) interactions
 Captures well short-range dynamics

* Limited to A < 12 nuclei for 0v2f

X.B. Wang, A.C. Hayes, J. Carlson, G.X. Dong, E. Mereghetti, S. Pastore, R.B. Wiringa, PLB 798, 134974 (2019)



Our approach: GCF-SM method

Quantum Generalized
+ Shell +
Monte Contact
Model -
Carlo Formalism
Accurate Long-range Short-range
solution for light physics physics

nuclel

RW, P. Soriano, A. Lovato, J. Menendez, R. B. Wiringa, arXiv:2112.08146 [nucl-th]



NMEs and transition densities

Light Majorana MOV = (L[Jf|00V|LIJl.)
neutrino exchange
mechanism ov — O 0 0 0
0% = 0" + 0s7 + 07Y + 04"

47T'r'2pF(r) = (Uy| Z o(r — ”"ab)ch_le_‘\Iji>
a<b

C%(r) = (8T RA)4Tmr? po (r)VI¥ (1)

MY — / dr C% (r)
0



The GCF-SM method

Pa (1)

N

r<1fm r>1fm

GCF Shell model



GCF-SM: Short distances (r < 1 fm)

* Fermi density for example:

1
472

(Wl Y 8Cr = rap)Ti Ty 190)

a<b

pr(r) =

* New contacts

(4-1)
2

i, =D apmamy

1 3
pr() = — | (IC(f, D) per(r) » == |9 (MIEC(f, D)




GCF-SM: Short distances (r < 1 fm)

* Fermi density for example:

1
pr(r) = pp—; (Fr| Z S(r —rap)taty W)
a<b
 New contacts
A(A—1
C(f,i) = ( > )(A(f)lA(i))

~ | 2C (S, i > s
pr(r) — EVP(TN (f,0) per(r) - T an d(M)|“C(f, 1)

‘ The values of the contacts are needed ‘




Model independence of contact ratios

* For Ov2p:
CAVlS(flJ ll) . CSM(fll ll)
CAVlS(fZJ lZ) B CSM(fZJ 12)
L CM(f i) .
CAVlS(fli ll) — CSM (f:; ll) CAVlS(fZJ l2)
Exact QMC
e For example calculations

~

CSM(76Ge - 76Se) CAV18(12Be R 12C)

CSM(lzBe - 12C)

CA718(7°Ge — 7°Se) =



Validation using light nuclei (AV18)

Using °He — °Be and '°Be — *°C to “predict” **Be — '*C
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Validation using light nuclei (AV18)

Using °He — °Be and '°Be — *°C to “predict” **Be — '*C

— WSS 1.0 ——— WSS 1.504 WSS+GCF
0.20 A WSS+GCF WSS+GCF ' ¢ VMC
4 VMC 0.81 4 VMC 1.25
0.15 1 0.6 1.00
0.101 0.751
J 04 0.50-
0.05 0.24/. 0.251
0.00 4 00l 0.001
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Uncertainty band: 10% on the contact value + varying matching point (0.8 — 1 fm)



Results — heavy nuclel (AV18)

* Transition densities (using A = 6,10, 12 to predict heavy nuclel):

2.0 304

COV - COV
15 GT : S
2.0
e 5 —— HO 1.5-
HO(s)+GcF | *1:07 HO(S)+GCF | | HO(S)+GCF
0.5 - 0.5 -
0.0
0.0 - ~0.5-
2 4 6 8 10 ; . . . . .
(frm) 2 4 6 8 10 0.5 1.0 15 2.0 2.5 3.0
r [fm r [fm]
r [fm]
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Results — heavy nuclel (AV18)
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Results — heavy nuclel (AV18)

35 - R . Next:
3.0- * Model and cutoff dependence - chiral
25 * * ¢ interactions
* -

2.0 {  Include 3N-SRCs and other corrections
1o » Detailed comparison with other methods
1.0 ¢e HO ¥ Novario etal, (using the same interaction)
0.5 q»* Y HO(S)+GCF # Belley et al. _

' $ Jokiniemietal. 4 Yaoetal e Tensor matrix elements
0.4%Ca L, 48T 6Ge - 76Ga  130Ta 5 130xa 136y, 13655

Significant reduction due to SRCs



Isospin symmetry

RW, A. Lovato, R. B. Wiringa, arXiv:2206.14235 [nucl-th]



Isospin symmetry

 Derived relations based on isospin symmetry involving two-body densities

A(A—-1) ~tt,
pt,tz(r) — 7 47712 (qJ ‘5(T o 7‘12)P12 LP)
For T = 0 nucler p11(1) = p1,o(r) = p1,_1(7)
Equivalent
« For T = 1/2 nuclei: relations hold in
momentum space

2010(r) = p11(r) + p1-1(7)

e For T = 1 nucler: No relation exist!



 For T = 1/2 nuclei:

densities

Isospin symmetry

2010(r) = p11(r) +p1—1(7)
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Isospin symmetry

o Additional relations:

Connecting nuclei in the same isospin multiplet

0.030 1

0.025 -

0 densities

N

t,

Pf

0.005

0.000 A

0.020

0.015

> 0.010 1

— Li" g3

—— %Bepi’
— %Be 5’

°Be pii’+pi 1 —pi0°

Connection to OvgB (AT = 0)

0.08 A
—— 1%Be py 1
0.07 —— 10Be p; ¢
£ 0.06 — "Bepy, 1
:_E — 10Be 5 10C p’(__)v
0 0.05 A -=-= F relation
]
T 0.04 -
>
kS
3 0.03 A
o
= 0.02 1
= Pr=pP1-1+ P11~ 2010
0.01 4
0.00 A
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

r [f.m]




Isospin symmetry

o Additional relations:

Connecting nuclei in the same isospin multiplet

Useful for:
0.030 - —— Li* p5 0 ]
. « Benchmarking codes
0.025 — *Bepiy’
" — °Bepiy’ « Reducing cost of calculation
2 0.020 - —— 6Be ps=0,
5 o015 - Be p$30 4 pi=0, — ps=0 « Studying isospin-breaking effects
5 0.010- «  Obtaining information on excited
0.005 - states using ground-state calculations
0.000 1 » SRC studies




Isospin symmetry - SRCs

 For T = 1/2 nuclei: 2p10(r) = p11(r) + p1—1(7)

> 205 = ¢t + ¢

Can help in disentangling contribution from different channels in experiments

* 0vBp (AT =0) pr(1r) = p1-1(r) + p11(r) — 2p10(1)

mm)  C(f,i) = CIZL, + CEL — 2CE



i _ o
Isospin symmetry - SRCs . .\..

° °
* Information regarding the spectator (A — 2) subsystem o0

 For pnt = 0 SRC pair: The A — 2 system must have the same T as ¥
* For t = 1 pairs there can generally be three values of T4~2

 Based on i1sospin symmetry we get

i = 2D N sz, o 1 T )P (a(r A |a(ra2)

TA—Z

‘ We can express the probability that the A — 2
system is in T4~2-state using the contacts




Isospin symmetry - SRCs

e For example, forT = 1/2, T, = —1/2 nucleus - when a nn SRC pairs Is
formed the T4~2 probabilities obey:

Pin(T42=1/2) 3C7L, -Gl

A-2 - t=1
Pon(TA~2 = 3/2) i
10
— (3p572% —p530)/P53°
g] --- y=46
o
©
3 67
G
C
3 4
S
s Li
2_
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Isospin symmetry - SRCS

e For example, forT = 1/2, T, = —1/2 nucleus - when a nn SRC pairs Is
formed the T4~2 probabilities obey:

Pin(T42=1/2) 3C7L, -Gl
P, (TA~2=3/2) CE

 Only the pair need to be detected to extract information on the spectators

 Can be useful to model the A — 2 system (relevant for example for spectral
function models)

 Can possibly be tested in inverse-kinematics experiments (if A — 2 state Is
Identified using gamma detection)



Future work

 Next order corrections to the GCF
 Systematic expansion
* Three-body correlations

* Electron scattering:

* Beyond the spectral function PWIA description
(coherent contributions + FSI)

e Relativistic effects

 GCF + SM: 0vpBp, single-beta decay, spectral function...



Back up



ttttttttt

@ == | Electron-scattering experiments

oooooo

* Cross sections can be calculated using spectral function (PWIA)

S(p1,€1) = Z Z o(€1 + Ef4_1 — Ey) |<fA—1|ap1,s|1/Jo)|2

S fa-1

* with the GCF:

SP (pl > kF; 61) — szolnszgn(pl: 61) + ng)nsgn(pl; 61) + ZCSpSSp(PL 61)

We can calculate cross sections for all nuclei if contact values are known
- (or fit contact values to experiment)



Inclusive reactions

Traditional interpretation of a,:

The number of deuteron-like correlated
pairs in nucleus A relative to the deuteron

Interpretation might be affected by:

* CM motion of the pair

« Excitation energy of the A — 2 system
 Contribution of non-deuteron-like pairs

O AV (0 42)

_I e I I I | I 120 I__If 2?A|+I_
: P-aa.aﬂ+__ Rl
L :-E.-G This work __ .... -
T |
- g ' l 56F e 1h 22}3Pb -
- 4 é + —
: sttt St
L) o o o’
Oee* Sope®

B. Schmookler et. al.
(CLAS Collaboration)
Nature 566, 354—
358 (2019)
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Inclusive reactions

4
He - AV18
Instant Form
Citti .
S
itting S
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Inclusive reactions

48Ca/40Ca
AV138
Light cone
Fitting
contact 1.26
values < 1
S8 122
O
3 EE 1.18
Q'LJ:
1.14
Interpretation 8 -4 0 4 8 0 5 10 15
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E* and o.y RW, A. W, Denniston et.

al., PRC 103, L031301
(2021)
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NMEs — ab-Initio methods

S. Novario, et al., PRL 126, 182502 (2021)
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Comparison to previous works

« Studies using correlation functions find smaller SRC effect:

Hsrc+fns(r1 2)/Hbare(r12)

1.2

: . l . . : * Peakaroundr =1 fm
: . leads to the small effect
S 1« Peakargued to be
- VNS .
- 11 .
3 ;i ,jf' E necessary to conserve
E /..ll l ]
AN A Spencer-Miler Jastrow SRC - - J. Engel et al., PRC
R e _Bonn ] ISOSPIN symmetr
"I G DImES s PITTSYIMERY 63, 034317 oy
A A il CCM Argonne SRC E
;/, ------- CCM Argonne SRC + FNS ]
p ol | A B - 00
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Comparison to previous works

« Studies using correlation functions find smaller SRC effect:

1+ Peakaround r = 1 fm
b S ;
: . _ leads to the small effect
%osp .« Peakargued to be
o g AN S ]
I RS |
£ 06p ;i ; E necessary to conserve
. 0.4;—"/-' P Spencer-Miler Jastrow SRC |SOS in symmetr J. Engel et al., PRC
B s PIT SYTITETLY” a3, oasan7 coony
02 ¢ 0 /== CCM Argonne SRC =
S TR CCM Argonne SRC + FNS
A A N A T R
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Isospin symmetry can be conserved without the peak due to the SM rescaling



Comparison to previous works

e Other studies found small effect as well

e For example: (diagrammatic perturbation theory to construct an effective shell-model operator)
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