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OvpBp Decay

If it's observed ...

VL
...neutrinos are Majorana
, particles (and lepton
VR number is violated), no

matter what physics is
responsible.

Majorana neutrino propagator



The Problem

Rate depends on squares of unknown nuclear matrix elements. We
need to compute them and assign a believable (and not too large)
uncertainty so that experimentalists can better

1. plan their experiments

2. draw conclusions from their results
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@NDB Hub

Goal: Accurate matrix elements with meaningful uncertainties

Neutrino Lamge QCD Experimental
Phenomenology Davoudi, Nicholson
o Data
Dev, Gehrlein )

Parameter

EFT Estimation

Cirigliano, Mereghetti e
Bayesian UQ
Phillips, Surer
y -

Ab-Initio Many-Body Methods

- ) Quantum
Light Nuclei Monte Carlo
(benchmarking) | Pastore, Piarulli

Detector Nuclei

Valence Space
In-Medium SRG
Stroberg, Engel

Model Mixing __——

Coupled Clusters
Papenbrock, Hagen

In-Medium GCM
Hergert, Engel




SM EFT: High Mass Scale A for New Physics

For A at GUT scale, lepton-number violation occurs only through

dimension-5 “Weinberg operator,” leading to v masses of
2
m= WVX ~ 6x103weV.

v is the Higgs-field expectation value and w a Yukawa coupling
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SM EFT: High Mass Scale A for New Physics

For A at GUT scale, lepton-number violation occurs only through

dimension-5 “Weinberg operator,” leading to v masses of
2
m= WVX ~ 6x103weV.

v is the Higgs-field expectation value and w a Yukawa coupling

Other operators are strongly suppressed
and light-v exchange is the whole story.

d R WU Diagram is proportional to
WLg e weighted “Majorana mass”
of light neutrinos,

2
mgp = ) Uym;
i

1
1
X

1

1
WLé €

N Uej is amount of mixing of electron

u

flavor with it mass eigenstate.
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SM EFT: New Physics at Lower Scales

If A =0(1-100) TeV then presence of other particles at the weak
scale means that higher-dimensional operators can be important.

d. L
Wr E e Exchange of heavy right-handed neutrino in left-right
: symmetric model.
NX — . .
! Corresponds to dimension-9 operator below new-physics
scale
Wr e
d 4 4 u

This process can occur at the same rate as
light-v exchange (or even a larger rate) if
my =~ my, ~1TeV.

Light sterile v's can also be exchanged with comparable rates.
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Moving to nucleons: Chiral EFT
Light-v Exchange at Leading Order

n. P
;\N
v X +
E/V
n 4 4 p
Contact counter term from short
Usual long-range exchange short-range exchange at energies
Older models typically include only this. beyond breakdown scale of EFT.

At present, coefficient of contact term estimated from large-N
QCD or via sum rules.

Values of coefficients can be improved with lattice QCD.



Chiral EFT at Higher Order

~ 10% effects
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Some N2LO diagrams for Ov3/3
operator in chiral EFT

Based on Cirigliano, Dekens, Mereghetti, and
Walker-Loud, PRC 97 065501 (2018)

Some of these require contact
counterterms with still unknown
coefficients.



Chiral EFT at Higher Order

~ 10% effects

Some N2LO diagrams for Ov3/3
operator in chiral EFT
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Three-nucleon diagrams for Ov3

operator in chiral EFT with A’s

From G. Chambers-Wall, based on
Chambers-Wall, Lieffers, King, Mereghetti,
Pastore, Piarulli, and Wiringa, Physical Review C

+ higher order 113, 025502 (2026).
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Deriving chiral-EFT coefficients
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Lattice QCD

Deriving chiral-EFT coefficients
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Chiral-EFT Ovp
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3 operator from
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From Z. Davouidi
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From A. Nicholson



Lattice QCD

Deriving chiral-EFT coefficients

o

@ 20k
o £ 4

~

/

General case still requires a lot of work:
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» LQCD calculations of anything involving two nucleons still
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» Transition from LQCD to chiral-EFT operators is tricky because
QCD computes the total decay amplitude, in a finite volume.
Questions we're still discussing:

» General procedure for any EFT or just chiral EFT?

» Do EFT in a finite volume to match QCD results or derive and use
matching relations for infinite-volume limit. (These exist so far
only for pionless EFT).



Lattice QCD

Deriving chiral-EFT coefficients
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General case still requires a lot of work:

» LQCD calculations of anything involving two nucleons still
limited to large pion mass

» Transition from LQCD to chiral-EFT operators is tricky because
QCD computes the total decay amplitude, in a finite volume.
Questions we're still discussing:

» General procedure for any EFT or just chiral EFT?

» Do EFT in a finite volume to match QCD results or derive and use
matching relations for infinite-volume limit. (These exist so far
only for pionless EFT).

@NDB is working hard on these issues.



Tower's Base: Ab Initio Nuclear-Structure Theory

IM-GCM,

.*A‘k

VS-IMSRG

Ab initio nuclear many-body methods — coupled
clusters and two variants of IMSRG — schematically

Why ab initio? Because you can control uncertainty ...

...at least in principle.




Interactions
From chiral EFT

Expand interaction in powers of of Q/A,.

Q = my or typical nucleon momentum.

2N Force 3N Force 4N Force

(Qﬁ)o ><
NLO >< ’fﬁ?‘ Fﬁi]
G




Ab Initio Nuclear-Structure for Heavy Nuclei

Partition of Full Hilbert Space
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Partition of Full Hilbert Space

p Q
P Hest
*
Q Hefi-q

Simpler calculation done here.

P = subspace you want
Q = the rest

Task: Find unitary transformation to
make H block-diagonal in P and Q,
with Heg in P reproducing most
important eigenvalues.

Must must apply same unitary
transformation to transition
operator.



Ab Initio Nuclear-Structure for Heavy Nuclei

Partition of Full Hilbert Space

P Q
P = subspace you want
P | Hea Q = the rest
*
Task: Find unitary transformation to
make H block-diagonal in P and Q,
with H «in D rpproducing most
all As difficult as solving original problem. nvalues.
But many-body effective operators (beyond _
2- or 3-body) can be treated approximately. ly same .u!‘ntary
to transition
‘ \ | operator.

Simpler calculation done here.



In-Medium Similarity Renormalization Group

One way to determine the transformation

Flow equation for effective Hamiltonian.
Gradually decouples selected set of states.

V [MeV fm?]
SRTIRIRMR - A T Mt 1 W

3 } e i
s=0.0 s=12 s=2.0 s=18.3

from H. Hergert

Trick is to keep all 1- and 2-body terms in effective Hamiltonian at
each step (IMSRG-2, also includes “coherent” 3, 4-body ...terms).

If selected set is one state, end up with ground-state energy. If it's a
valence space, get effective shell-model interaction and operators.



Coupled-Cluster Theory

Ground state in closed-shell nucleus: ,
[Wo) = e’ |po) T= Z t"a),a; + Z Zt}}’”a,ﬁ,a,’;a;a,- +...
im

ijmn

Slater determinant j masF  ij<F
Here the Hamiltonian is transformed in a non-unitary way:
H— H=eTHe’

so that |¢o) is its ground state. Must solve algebraic equations for
the t's.

Excited states, states in closed-shell + a few nucleons, constructed
from simple excitations of |¢o).



IMSRG in Ge-Se System

Spectrum of 76Ge and 76Se
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Spectrum of 76Ge and 76Se
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Two variants of IMSRG: valence-space version and “In-Medium
Generator Coordinate Method,” with deformed reference state.




IMSRG in Ge-Se System

Spectrum of 76Ge and 76Se

35+ _ 76 :0:
30 : Gel_i+

E (MeV)

10 F —

05
-670.9 MeV ~ -666.1 MeV  -661.6 MeV -672.9 MeV

Belley et al., Phys. Rev. Lett. 132, 182502 (2024)

ok

From talk by B. He

7GSe

IMSRG(2)

IMSRG(32)

— 0+

— 2+
— 4+

Exp.

Two variants of IMSRG: valence-space version and “In-Medium
Generator Coordinate Method,” with deformed reference state.

For the valence version, have approximation to IMSRG-3.




IMSRG Matrix Elements: 76Ge

76 Ge with Two Versions of In-Medium Similarity Renormalization Group
A.Belley et al. PRL 132, 182502 (2024)

68% confidence interval including &em

68% confidence interval including eem and eyger

68% confidence interval including em, Exerr and €op

8r- 68% confidence interval including €em, &xert, Eop @and Emsr |
= Mean NME

MOV

.k . . t
v % & S
76Ge - 76Se ©, o %, %
%, %
o : < ‘0 o
A& ® & & > o » > o (
& & &S & F LFS & PO O s
N N O R\ ¢

Matrix elements are on the small side (compared to
phenomenological ones) but still quite uncertain.



IMSRG Matrix Elements: Heavier Nuclei
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IMSRG Matrix Elements: Heavier Nuclei
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Again, results are on low end of those produced by models.

Lots of UQ still to do here.



Coupled-Clusters Matrix Element for 48Ca

Comparison of all methods: no contact
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Coupled Clusters for 76Ge

76Ge is triaxial.

First triaxial-nucleus structure calculations have been done:

-111

60°
@ vinEnergy 120

24 AN

-138

. A 30° )
pancake-like /= & 147
20° —155§
From talk last 165
10°
summer by B. He
-174
P
.304050.60708091.01.11.2 -183

football-like

-192

Now scaling up to heavier nuclei, moving to 8 decay.



Benchmarking

Contributions to matrix elements as function of internucleon separation
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From S. Pastore et al., PRC 97, 014606 (2018).

Quantum Monte Carlo used to compute 8 matrix elements in
light nuclei. Results will be benchmarks for coupled-clusters and
IMSRG approaches.



Quantifying Uncertainty
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computations



Quantifying Uncertainty

M;(6) MaB) ... My(6)
Mi(6) M) ... My(8)

Calibration data set y | )
p@ly, My) p(8ly, Ma) ... p(6ly, Mp)

( Performance on evidence datasetyey )

l l l

wW1(Yev) w2 (Yev) cee w2(Yev)

model mixing

P
P(Moulyev.y) = D Wie(Yer)P(Moyly, M)
k=1

—> Mo, £ AMo, prediction with uncertainties

models

model emulators <——
model calibration

posterior parameters

scoring rules accounting
for correlations with Mg,

model weights

o Repeat for all 88 nuclei
e Repeat with calibration data set refined for Ov3p.

Fast approximate
computations
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» Emulators: Used for Bayesian parameter variation. Already exist
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efficient calibration.



Quantifying Uncertainty

Important UQ work within this plan:

» Emulators: Used for Bayesian parameter variation. Already exist
for IMSRG and coupled-clusters methods; work underway on
efficient calibration.

» LQCD Resource-Use Planning: Work also underway to plan
allocation of resources for computation of chiral-EFT couplings
to any given precision.



Quantifying Uncertainty

Important UQ work within this plan:

» Emulators: Used for Bayesian parameter variation. Already exist
for IMSRG and coupled-clusters methods; work underway on
efficient calibration.

» LQCD Resource-Use Planning: Work also underway to plan
allocation of resources for computation of chiral-EFT couplings
to any given precision.

Design of procedure for choosing yey,
and scoring models a major challenge.




To Conclude ...

Lots done already to go from underlying theories of
lepton-number violation to nuclear matrix elements.

Still a lot to do, but matrix elements in the important
nuclei, with real uncertainty estimates, are coming!




To Conclude ...

Lots done already to go from underlying theories of
lepton-number violation to nuclear matrix elements.

Still a lot to do, but matrix elements in the important
nuclei, with real uncertainty estimates, are coming!

That's all.
Thanks for listening!



