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Neutrinoless 38 decay
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Why do we care?

© )
Ovf3f3 probes:

Majorana/Dirac nature of neutrinos

Lepton-number violation

» Baryon asymmetry of
universe through leptogenesis

Absolute neutrino mass scale

Exotic BSM mechanisms
» Heavy neutrinos? Seesaw

mechanisms? Sterile neutrinos?
< / J
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Why do we care?

© )
Ovf3f3 probes:

Majorana/Dirac nature of neutrinos

Lepton-number violation An observation of Ovf3s would V
> Baryon asymmetry of immediately confirm these
universe through leptogenesis

Absolute neutrino mass scale

Exotic BSM mechanisms Interpretations rely on " A
> Heavy neutrinos? Seesaw nuclear theory =

mechanisms? Sterile neutrinos?
< / J
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Decay rate
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"new physics" couplings:
Decay rate involves coupling constants

and BSM parameters like
masses of new particles

Phase space factor

RN

Ov _ Ov .
1} /2 =G E i
/ ]
Half-life (what is measured) Nuclear matrix
element (NME)
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The amplitude is very hard to calculate...

Degrees of Freedom Energy (MeV)
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I~ (G .. ) i
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The amplitude is very hard to calculate...

Fit Hamiltonian to data,

Degrees of Freedom Energy (MeV)
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Fig. 1. '2#Xe and !?*Te excitation spectra obtained by the nuclear shell model (NSM)
compared to experiment [74].

state in tin

nucleonic densities

s priameesrs: E.A. Coello Pérez, J. Menéndez, A. Schwenk (2019)
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Using phenomenological nuclear models
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The NME problem needs to be tackled ab initio

\ I
|

Latin for "from the beginning".
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Step 1: Chiral effective field theory
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Step 1: Chiral effective field theory

NN 3N AN

LO -
C7 AN } l Effective particles: nucleons and pions

o X [ H(A) =T+ Vaw (A) + Vax (A) + Van (A) + -+ |

(Q,"'v-'\\)z l »--——1 s R
p- 0’ k 4

* |n practice, we can only keep up to 3N
++~ interactions

— + * Currently we can go to N3LO for NN,
+ - + I + + + ‘ N2LO for 3N
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Model-independent Ovf33 decay in chlral EFT

Energy

H = Hstrong + Har=2

Cirigliano et. al, 2019
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Model-independent Ovf33 decay in chiral EFT
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Short-range operators

For this work: only consider "short-range" (contact) operators, relatively unexplored

in nuclear theory:
* dim-9 quark-level operators generated from integrating out heavy LNV physics

* short-range counterterm required for regulator-independent renormalization of
the standard dim-3 operator

n P
dlm-

dd — uuee i
Matchlng to e
hadronic
scale €

dim-3 : —>
v — ° n D
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Be careful with renormalization schemes (SRG + regulators)

Wait! Don't forget
torenormalize me!

Usually we neglect this; but consistency is important for short-range operators
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Similarity renormalization group (SRG)

K' (fm'1) k' (fm") K (fm") k' (fm'1)
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w N S o

6 4 2 8 0 4 2 8
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| * Helps convergence of
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Theory Canada 18 18




Step 2: Solving the nuclear many-body problem
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Ab initio nuclear theory H }g,n — En¢n

= chiral EFT interactions

+ a (polynomially scaling) }‘ ><
many-body method d b W\
. NN force @ NNN force J’

N?:O-X{K:.I“H

|:_X' Courtesy, S.R. Stroberg
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Ab initio nuclear theory Hi,, = Bl

= chiral EFT interactions

+ a (polynomially scaling) }‘ ><
many-body method b\

H(s) = ) He )
O(s) = ) Qe 2(s)

Continuous unitary
transformations of
Hamiltonian

Courtesy, S.R. Stroberg
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Ab initio nuclear theory Hi,, = Bl

= chiral EFT interactions

+ a (polynomially scaling) }‘ ><
many-body method d bW\

Diagonalize 7{ !

Courtesy, S.R. Stroberg
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Valence-space In-medium Similarity Renormalization Group
(VS-IMSRG)

& o) )

2 (c|
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— —

Core Valence
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decoupling
(el
. N 1
H(s) = O H(0)e % = 3 2 [0(s), HOI® = H + [0, H] + 5[0, [0, H]] + -
k=0
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Short-range nuclear matrix element results
arXiv:2604.22727

Ab initio short-range nuclear matrix elements for neutrinoless double-beta decay

A. Todd."»? T. Shickele,"? A. Belley.*1'? L. Jokiniemi,” %! and J. D. Holt!:?

YTRIUMF, 4004 Wesbrook Mall, Vancouver, BC V6T 2A3, Canada
* Department of Physics, McGill University, 3600 Rue University, Montréal, QC H3A 2T8, Canada
“ Department of Physics & Astronomy, University of British Columbia, Vancouver, BC V6T 1Z1, Canada
' Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
° Technische Universitdt Darmstadt, Department of Physics, D-64289 Darmstadt. Germany
S ExtreMe Matter Institute EMMI, GSI Helmholtzzentrum fiir Schwerionenforschung GmbH, D-64291 Darmstadt, Germany

We present converged ab initio calculations of short-range neutrinoless double-beta (0v33) decay
nuclear matrix elements for the key experimental isotopes "°Ge, **Se, *"Te and '°Xe. Starting
from different nuclear forces derived from chiral effective field theory, we apply the in-medium simi-
larity renormalization group to obtain an effective valence-space Hamiltonian along with consistently
transformed Ovf33-decay operators. We then obtain a range of values for the matrix elements that
is consistent with, but generally smaller than, those from phenomenology. Finally, we combine our
results with current limits from Orj33-decay searches to obtain constraints for the sterile-neutrino
mixing-mass parameter space when considering the inclusion of a fourth sterile neutrino.
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Convergence in single-particle excitations
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Final short-range NMEs
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Final short-range NMEs
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Final short-range NMEs

VS-IMSRG ¢ ¢ &8 NSM T [k QrRPA [ | ¥ IBM EDF +

12

4 —

C76Ge 82Ge ; 1306

I AGO N3LOLNL | T

——

| 136X e

i || I

10

Loc.reg. | Consistent renormalization = smaller spread!

394-550 | T —
a7 d "N / 5

1 1 IS 3 1

#500 | 1

3 6r 450 2 T : i
| +_ | | ] | 1

5504 s004 | s h : I : x

4l 88394 450 | I 1 I | 4+ |
Wl NI

550. : - @ * 4 s @ : !* .

2 f 1 ¢ + | t ¢ | L :

Bare | SRG | Bare | SRG | Bare | SRG [ Bare | SRG
ADb initio Models Ab initio Models Ab initio Models Ab initio Models

Theory Canada 18 A.Todd, et. al (in prep), arXiv:2604.22727



Connection to BSM mechanisms

Assume 3+1 model, with heavy neutrino-exchange dominating the amplitude:

G | 4 4 2 4 mjlr
[T1/2} — 49AG01Vudn(:uam4) }Ued QO?l
- 2
< § 7T7TMPP | glNMAP_|_2 NNM
691 sd ! 2 sd gl F7Sd
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Connection to BSM mechanisms

Plot and analysis by Taiki Shickele

Assume 3+1 model, with heavy 10-2
neutrino-exchange dominating the
amplitude: G4
ov | 4 4 2 1 my
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—— CMS 2022
ovpp
10_1()__ — CMS 2024 -
~~— Seesaw gy, —— ATLAS 2025
— =L —— PMNS Unitarity
—-12 \ Ll e et 6 4 A A T T T
0 10* 10° 10°

Theory Canada 18 A.Todd, et. al (in prep), arXiv:2604.22727



Connection to BSM mechanisms

Plot and analysis by Taiki Shickele

. &‘&V
Assume 3+1 model, with heavy
neutrino-exchange dominating the
amplitude:
] 4 4 2 4 my &4
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LEC uncertainty
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Conclusion and outlook

* Short-range operators are sensitive to different schemes: consistent regulators
and SRG transformations are required

* Overallmuch smaller spread than phenomenonelogical approaches. This is
encouraging given the radically different approach.

 3+1 model: OvBB is a competitive probe of heavy neutrinos

Next steps:
* Uncertainty quantification

* Taking higher-orders within our method: 3-body operators, N2LO operator
contributions

Theory Canada 18 32
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