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Nuclear physics for new physics

Energy
* Precision searches for new physics often

requires input from nuclear theory across

range of energies Lepton-nucleus

scattering

P

- Neutrinoless
- double beta
decay

 Handle on nuclear models necessary to
disentangle known nuclear physics from
possible BSM signatures

Precision beta
decays

e Strategy: first validate models on known

observables, then make predictions for p
BSM searches
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1. Many-body problem

2. Quantum Monte Carlo
3. Chiral effective field theory

2. Single beta decays
1. Gamow-Teller matrix elements, role of two-nucleon currents

2. Superallowed beta decay

3. Neutrinoless double beta decay
1. 2N matrix elements

2. 3N operators and their matrix elements in light nuclei



Nuclear many-body problem

Many-body hamiltonian

H:Zti—l—zvzj—l— Z V;]k—l—

1< 1<g<k

\If(’l“l,’l“g,...,’I“A;Sl,SQ,...,SA;tl,tQ,...,tA)

Spin-isospin vector in 3A dimensions with 24 % (Z) components
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Nuclear many-body problem

Many-body hamiltonian

H = Zt _I_ZUZ]—I_ Z ‘/mk_l_

1<9 1<g<k

\IJ(T‘l,Tg,...,’I‘A;Sl,SQ,...,SA;tl,tQ,...,tA)

Spin-isospin vector in 3A dimensions with 24 % (Z) components

4He: 96
6| j: 1,280
8Be: 17,920

12C: 3,784,704

136Xe:  29,047,067,511,683,262,845,258,801,231,860,593,413,323,900,569,008,453,449,667,034,231,949,394,496,716,800



Quantum Monte Carlo (QMC) methods

Variational Monte Carlo (VMC): minimize expectation value of Hamiltonian

W+ | H|W
(Uy|H| V>>E0

F =
YT Oy Oy T

1<J k#1,j z<j

Wy) = SH (1+Uw+ > ) [17-(rij) | |@a(TMTT))

two- and
. cluster structure 8Be ~ 21
correlation operators



Quantum Monte Carlo (QMC) methods

Variational Monte Carlo (VMC): minimize expectation value of Hamiltonian

W+ | H|W
(Uy|H| V>>E0

F =
YT Oy Oy T

Wy) = SH (1+Uw+ > ) [17-(rij) | |@a(TMTT))

1<J k#1,j z<j

e

cluster structure 8Be ~ 20

two- and
correlation operators

Green’s Function Monte Carlo (GFMC): improve VMC solution by propagating in imaginary time

to remove contaminations from excited states _26.8
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Chiral effective field theory

A-less Additional in A-full » Low-energy model of idess Additional in Afull
LO A =mpa —my ~ 300MeV ~ 2m, A =mp —mpy ~ 300MeV ~ 2m,,
@A) >< H QCD based on
b . .
approximate chiral

symmetry

I
* Nucleons, pions, and /

deltas as degrees of
freedom

 Provides hierarchy of
many-nucleon forces and
currents

* High-energy physics
encoded in low-energy
constants (LECs) (26 in
2N, 2 more in 3N forces)

Machleidt and Entem Phys. Rep. 503 (2011)
Piarulli and Tews Front. Phys. 30 (2020)



Electroweak currents

LO jf

NLO
s

N2LO j’

-

Need electroweak charge and current operators to
calculate observables:

P = Z’OZ_'_Z’OU_'_

1<J

.] — ZJz‘I’Zng + .

1<J

External field (photon) interacts with a single nucleon . |
or a correlated pair of nucleons 4=

Pastore et al. PRC 80, 034004 Piarulli et al. PRC 87, 014006
Pastore et al. PRC 84, 024001 Schiavilla et al. PRC 99, 034005



Norfolk (NV2+3) interactions

H= Zt + > vig+ D> Vigk+--

1<jJ 1<j<k

e e — e ——— e e — e —— e —

Compare different models (la*, llb*, etc) with different LECs and regulatoT:s]

————

e —

| (I1) fit to NN scattering data up to 125 (200) MeV

* (no star) fit to triton ground state energy and B-decay (nd scattering)

a (b) use soft (hard) regulators [RL, Rs] =[1.2 fm, 0.8 fm] ([RL, Rs] =[1.0 fm, 0.7 fm])
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Gamow-Teller matrix elements

Calculations with NVV2+3-la* and NV2+3-la

compared to AV18+IL7 (¢) and exp (dashes)

Correlations quench strongly in light nuclei

Two-body almost always enhances
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Beta decay: two body densities

10C 1a«
v 1°(Zla

A 4
Y va"""""""""'
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Figures courtesy of Garrett King
King et al. PRC 121, 025501 (2020)

2

4 6
r (fm)

Mé]?P — / dr 47T7'2pébT

Different approaches to
fitting give different short-
range behavior

This affects the total two-
body matrix elements for
different models

(7)
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Three-body LECs

_______ J?iLO(CL CT) = Zo@z’j(CI)
(cp 4+ known LECs)

Model NV2 + 3 — Ia fit ¢}, using strong interaction data only

Model NV2 + 3 — [a™ fit ) using both strong and weak data
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Superallowed 07 — 0" beta decays

0.228
0.226 -

. _
S I
N 0.224—
0.222:

0.22(9

||||||||||||||

..............

960 0965 0970 0975
Vud

Cirigliano et al., PLB 838, 137748

Competitive bounds to complement
high energy physics searches

Without need for radiative corrections:

K
2G4 V2,

ft
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Superallowed 07 — 0" beta decays

0228
' Competitive bounds to complement
0.226 ﬁ high energy physics searches
“ " — 1
3 0.224.
0.222. | o |
| Without need for radiative corrections:
220. LK
0220960 0.965 0070 0975 = 5ceye

Vud

Cirigliano et al., PLB 838, 137748

K

Ft =
2G4 V2 (1+ AR)

= ft(14 0%)(1 +|dns|— éc)
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10C(0*) — 10B(0*) beta decays

PHYSICAL REVIEW C 110, 055502 (2024)
Ab initio electroweak corrections to superallowed S decays and their impact on V,,

Vincenzo Cirigliano®," Wouter Dekens @, Jordy de Vries®,>? Stefano Gandolfi®,*

Martin Hoferichter®.” and Emanuele Merechetti ©*

Evaluate densities of matrix elements:

M= /dr F(r)O(r)

GFMC: 50g = —4.46(48) x 1073 to
— 4.64(77) x 1077

Hardy and Towner: éng = —4.0(5) x 107? r (fm)
Figures courtesy of Garrett King
King et al, in preparation

Gennari et al PRL 134, 012501: dns = —4.22(32) x 1077
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10C(0*) — 10B(0*) beta decays

PHYSICAL REVIEW C 110, 055502 (2024)
Ab initio electroweak corrections to superallowed S decays and their impact on V,,

Vincenzo Cirigliano®," Wouter Dekens @, Jordy de Vries®,>? Stefano Gandolfi®,*
Martin Hoferichter®.” and Emanuele Mereghetti ©*

Evaluate densities of matrix elements: 1.5} e’ ¢ F.p L GTn

M — /dr () Or)

GFMC: 50g = —4.46(48) x 1073 to
— 4.64(77) x 1077

Hardy and Towner: éng = —4.0(5) x 107? r (fm)
Figures courtesy of Garrett King
King et al, in preparation

Gennari et al PRL 134, 012501: dns = —4.22(32) x 1077

Takeaway: Unknown LEC bulk of uncertainty
Estimate of uncertainty could be improved with UQ experts
Central values same, not large shift in Vg
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Neutrinoless double beta decay



Neutrinoless double beta decay

» Searches for Ovff? are currently one of the best 5@.
probes into possible new (and high energy) physics g OvBp decay limit (90% CL), smallest NME
1 107" Ov B decay Timii (90% CL), largestNME
Ov _ Ov Ov |24 2
[TI/Q} — G },/\/l | mﬁﬁ Inverted
10-2 .....................

* In standard mechanism, half-life depends on nuclear
matrix elements (NMEs) and effective Majorana mass 1073 @ o

MO =3 (WO W) mgg =Y UZm;

87

-4 11 1111 1
10707 10~

107 107! 1

My [eV]

 NMEs are sum of transition operators acting on pairs, Agostini et al. Rev. Mod. Phys. 95 (2023)
triplets, etc. of nucleons
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Neutrinoless double beta decay

» Searches for Ovff? are currently one of the best
probes into possible new (and high energy) physics

[T1/2} - G }MOV|2 M

* In standard mechanism, half-life depends on nuclear
matrix elements (NMEs) and effective Majorana mass

MO = (WO W) mps = ZUZ

87

» Vrg)tin o op

* NMEs are sum of transition operators acting on pairs,
triplets, etc. of nucleons

=

o,

g 0vPBB decay limit (90% CL), smallest NME
107" 0vpp decay limit (90% CL), largestNME

Inverted
10-2 .....................
10-3 ---------------------------------------
-4 s 3 1l 1

10707 10~ 1072 10~ 1

My [eV]

Agostini et al. Rev. Mod. Phys. 95 (2023)
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Neutrinoless double beta decay

» Searches for Ovff are currently one of the best 3
probes into possible new (and high energy) physics g OvBp decay limit (90% CL), smallest NME
1 5 107'Eovpp aéeay'rihait'(%'acn)';la'rm iE
|:T10/VQ} — GOV ‘MOV | m%B Inverted
107

* In standard mechanism, half-life depends on nuclear ]
matrix elements (NMEs) and effective Majorana mass 1073 o

MO =X (WO W) mgs = UZm,

(87 €1
y ) 10—4 1 ||||u|—3 NN u|_2 1 |n|un|_] Lol 1
e 1 107 10 10 10 1
my,.p, [eV]
V(’I‘ab)T;—le_O'a - Oy
 NMEs are sum of transition operators acting on pairs, Agostini et al. Rev. Mod. Phys. 95 (2023)

triplets, etc. of nucleons

n P
e Typically only two-nucleon operators included @
within Chiral EFT approach " 7
o-
* We want to estimate the impact of three- n — P

nucleon operators on NMEs P(ng @ S(n)
T
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EFT approach from top to bottom

(5) (7) 9

@, C© 5 9)
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B .. Standard Model
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fields

e

‘_,su(3)c x SU(2) x U(I)Y '

Integrate
out heavy
SM fields

I Y Matching
N to xPT

LEFT
2. SUG)c * Uem

Construct 0vgp
operators

Chiral EFT

Nuclear
matrix
elements




EFT approach from top to bottom

@ O " c? o)
Lerr = Lo + O +Z A3 ZA5O =+ .

Physics Beyond the
Standard Model

Y Integrate
out BSM
fields

S ————

——

Weinbergldim-s operator

y Integrate l
out heavy

SM fields

err W o2
@i x Ullem = LB =c—1TCv

)
)

| 1 Matching A
<&
)

e
e

(3)c x SU@)L x Uy |

dim-3 Majorana mass term

4 Construct Ovgp
operators

Chiral EFT

4 Nuclear
matrix
elements

'_'; ~ Many-body Methods
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Two-nucleon potentials

LO
O(GFQ"/AY)

NLO
O(GFQ/Ay)

N2LO
O(GQ?%/ Ai)

D S =

17



Two-nucleon potentials

LO :
O(G2Q°/AY) [: z:: -

- operators - densities
i B ot |
@2 Q] Or=) 7w L am2p(r) = (W] S O — 1) W)
a<b |
“ a<b

!
| ﬁ"‘a—’g OGT— E 7' Tb Oq - N | — T T T 1 T T T 1 T
|| | 06— 6 6 — i A IOHe—>10Be —10.

= a<b { o He — 'Be #
Oi; 4o+ o~ SR | ¢ # _
S %
M Op = g T, Ty Sab(T) | IR Y I |
Tij a<b ‘1 'TE _ : ) | . i [
| E .l ' '
Fermi o . °
Gamow-Teller 5 &

20- I

Tensor
| 10 /_\
S
]
| 9 I I T
>
|

Cirigliano et al. PRL 120 (2018) Cirigliano et al. PRC 97 (2018)  Pastore et al. PRC 97 (2018) 8



Benchmark calculations

LO P :

> 50 /40 : P
O(GFQ™/AS) ; :

.”."
0.08 - ogg%o 0 1017,0" b5, 10p,0*
0.06 - 9': O°o°
5 *
0.04 1 °

4mr?p(r) [fm_l]

0.06 - o, CCSD: 1.8/2.0 EM
- B0 VMC: AV1S + IL3 -A-T AT

r [fm]

See Sam Novarios talk next week Wed @ 9:45 am

10
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LO
O(GFQ"/AY)

NLO
O(GFQ/Ay)

NZLO
O(GEQ*/A3)

N3LO
O(G4Q%/ Ai)

2N

3N
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Three-nucleon potentials

R

O(GFQ*/AY)

B

N3LO
O(GEQ*/A))

%;
N

i

D g:
SESES



Three-nucleon potentials structure

e Additional spin and isospin structure

{(0j - 7)ok - Ti5), (05 - Fij) (k- Tar) (Pij - Fik), -} @ T, T

{oi-0j x0oK, (0 7)) (O)-0; X T4),...} ® Ti—i_[’Tj X Tk

e Additional LECs (known and unknown) ha, K1,C1,C3,C4,CD
e Momentum- and coordinate-space potentials

R4 A =

‘_mA++ — TNA+ — T A0 -+ ma—- —
| 4
“ omiy) = —§€2F§f4A

smi) = —1.7 4 2.7 MeV

E. Epelbaum et al. Nuc. Phys. A. 806 (2008)

_|_
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Isospin densities

10
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Isospin densities

10
Oz’jk — 7'7;—'_’7']:_ 0.0951
8 - 0.0711 -
0.0470 <
o
— 6- 0.0230 L
E Z
- F—0.0011 5
— )
S 44 - —0.0251 —
=
~0.0492 .
21 —0.0732
—0.0973
Ol 1 1 1 1 1 1
0 2 4 6 8 10 6 8 10

7“:7"12:7“23[fm] 7“:7“12:7“23[fm]

C(riz) = /dﬁz/drzs C(ri2,713,723)

Msn = /d’l“l?) C'(r13)
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2N and 3N densities

000 + +
0.00101 i OHeVar=0,6B00

0.00025¢ o,

0.00000

—

£ —0.00025 1

+ oA +
SHeO AT =2 SBGO

8 —0.00050 1 : -
ol elIb* o ola* e llb
¢ 2N density x 102 —0.00075+ .E%&%.' ¢ 2N density x 102
¥ 3N density at N°2LO . " ¢ i # 3N density at N°LO
—0.0005 1 ’“0’ ¢ 3N density at N3LO 'i'i ¢ 3N density at N3LO
: : : : —0.00100 I I I I
0 2 4 0 8 10 0 2 4 0 8 10
r [fm] r [fm]
OHe a7=0,0Be SHe A7=2,8Be PBear=2,12(
1.0f & @ 1@ H--—-& -
I <>l I] [] l [ ola* e IIb*
fare) | ol i i [[® cat
fd?“ |C(T)| ) I ’ C3N(T)
4 "

24



N3LO 3N densities for 6He — 6Be
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N3LO 3N densities for 6He — 6Be
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VMC three-nucleon matrix elements

Ta (Ia¥) ITb (1Ib¥)

CD

<0

3.666 (—0.635) —4.430 (—5.25)
~1.638 (~0.090) —0.412 (0.05)
0.090 ( 1.035) 2.806 (3.059)

EREEGEE

He 22=2, OBe| | ®He 42=2 SBe| [**Bel=2%12C
MSE(J:O) | & oY )
Mfg”? 1 & & )
M @ Q )
A o Q @
MY, @ ® @
M, @ A0 ©
MYLO T @ @ a
Ml;gLO 1 @ A OK) 8

0.75 100 125 075 L00 125 0.75 1.00 1.5

(Mg,?) + MV,2)/MV,2
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Physics implications: naive extrapolation

102 1

10° 4

109

10!
mlightest [me\/]

IMSRG NME

Belley et al. PRL 132, 182502
Belley et al. arXiv.2307.15156

SM NME
Coraggio et al. PRC 105, 034312

O 28
Ty, ~ 10 yr
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Conclusions

e Many-body method and chiral EFT is
useful tool for studying beta decays

e Uncertainties in LECs plague
uncertainties in predictions

e Single and double beta decay useful
In new physics search

e Importance of 3N operators in
neutrinoless double beta decay
calculations

e In future, higher order corrections to
superallowed (3N) and neutrinoless
(2N at N3LO) decays
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Thank you!

WUSTL: Pastore, Piarulli, Novario, Weiss
LANL: King, Mereghetti, Carlson, Gandolfi
ANL: Wiringa

JLab/ODU: Andreoli, Gnech, Schiavilla
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Backup
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Dt diagrams
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Ev

NN in the three-nucleon sector
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10C to 19B GT beta decay

37.0)

10

B
https://nucldata.tunl.duke.edu/

E 2.15MeV

E 0.72 MeV

Two states of the same
quantum numbers nearby

The result depends strongly on
the LS mixing of the p-shell

Particularly sensitive to the 3,
and 3D, mixing because Sto S
produces a larger m.e. and 1°C is
predominantly S wave
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8He to 8Li GT beta decay

28091 [ o ZO.67
5 I"=0 1T=2\\9'784() (D) et rpriprn)
He *He+d 71
B 6.1 6.53 4":1 3y
5303422 -
SHe+t

2.03229

"Li+n

\\{3.21/ 1

2.255 3%

0.9808 1

[17.02]

T*=2*T=1\

8L

https://nucldata.tunl.duke.edu/

Three (1*;1) states within a few MeV

Different dominant spatial symmetries -
sensitivity to the precise mixing of small
components in the wave function

Improving the mixing of the small components
in the (1*;1) states is crucial to getting an
improved m.e.
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