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Why do we care?

@ )
Ovf probes:

Majorana/Dirac nature of neutrinos

Lepton-number violation

» Baryon asymmetry of
universe

Absolute neutrino mass scale

Exotic BSM mechanisms
» Heavy neutrinos? Seesaw

mechanisms? Sterile neutrinos?
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Why do we care?

@ )
Ovf probes:

Majorana/Dirac nature of neutrinos

Lepton-number violation

» Baryon asymmetry of
universe

Absolute neutrino mass scale

Exotic BSM mechanisms
» Heavy neutrinos? Seesaw Requires short-range NMEs

mechanisms? Sterile neutrinos?
< / J




Model-independent OvBf decay ( master formula")

Energy

* Leading order decay

rate for any LNV A Cirigliano et. al, 2019
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Model-independent Ov3 decay A= axial

P = pseudoscalar
M = magnetic

MFaMGTaMCTaA{CTuNIé&%qu J\/ITAA NI%P:NI M%/IM

6 (87?) short-range NMEs

*Included in some phenomenological calculations



Light-neutrino-exchange NME
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Light-neutrino-exchange NME

2
()
gA

MY = —

M2

M= 4 M

+ M + Mie© M

+ ¢ x (some factors) X

/'

LEC

\

Just some masses and stuff
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hort-range NME




What if we just sum all the short-range NMEs?

Sum of AA/AP/PP components

9\/2 /’/\

MON — — g_A MF,sd a5 MGT,Sd + MT,Sd)

“Heavy neutrino” benchmark quantity:
* Not a meaningful operator in the EFT framework
* Many phenomenological NME calculations report this total NME
» Allows nuclear structure uncertainties to be separate from LEC
uncertainties



Decay rate master formula

Sum over “leptonic structures”. Each amplitude built out of
Wilson coefficients, NMEs, and LECs



Specific model: 3+1 model

., | 4
{Tl/g} = 493 Go1 Va1, my) 2|Ue4| m2m4
. 2
X {6 M:F 91 R MF,sd]

I
\ Sum of Gamow-Teller and tensor parts
Assumptions: Latex this explicitly
* 3 Standard Model neutrinos + 1 heavy sterile neutrino

* Decay rate is saturated by heavy-neutrino-exchange
* Mass of heavy neutrino is at least 1000 MeV



Specific model: 3+1 model

., | 4
{Tl/g} = 492 Go1Vign(p, my) 2|Ue4| m2m4
. 2
X {6 M:F 91 R MF,sd}

|
Remember this
\ for later
Sum of Gamow-Teller and tensor parts
Assumptions: Latex this explicitly
* 3 Standard Model neutrinos + 1 heavy sterile neutrino

* Decay rate is saturated by heavy-neutrino-exchange
* Mass of heavy neutrino is at least 1000 MeV




What are the short-range operators?

dim-9 quark-level contact operators generated from integrating out heavy LNV
physics

short-range contact counterterm required for regulator-independent
renormalization of the standard light-exchange dim-3 operator

n P

dlm—
dd — uuee )
Matchlng to e

hadronic
scale €

dim-3 - >
v — U° n p




What are the short-range operators?

* dim-9 quark-level contact operators generated from integrating out heavy LNV
physics

* short-range 1dent
renormaliza

Short-range operators relatively unexplored in

. nuclear many-body theory /p
dd :
Pl

~ €

dimn-3 > / \
v — U° n p
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Discussion point: short-range MM components

Long-range

i The long-range MM components are

suppressed by order ei in power




Discussion point: short-range MM components

Long-range

r --------- ~‘ Enhanced

However, their suppression is reduced by
the large isovector magnetic moment of
the nucleon.




Discussion point: short-range MM components

Short-range
--------- ~‘ Enhanced

For short-range MM components, the
momentum factors are larger. More

enhancement?
hMM (2) = thM(qz) — ¢2,(q?) q°
GT 2 i i M 6gg‘mr21ucl




Discussion point: short-range MM components

Short-range
--------- ~‘ Enhanced

For short-range MM components, the
momentum factors are larger. More
enhancement?

Spoiler: using the VS-IMSRG, they are large.




Discussion point: short-range MM components

Short-range MM components are omitted in the master-formula. Why?
* Arethey simply a redundant or over-constraining degree of freedom?




Discussion point: short-range MM components

Short-range MM components are omitted in the master-formula. Why?
* Arethey simply a redundant or over-constraining degree of freedom?
* Ordotheyonly enter at N2LO or higher, so they were neglected?

» If so, is their enhancement problematic?
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Differentiating LNV mechanisms

Imagine tomorrow we obtained several

© positive OvB signals for multiple nuclei.
How do we understand which LNV
Hali-life ® © mechanism(s) is (are) responsible?
9
N ®
//

Isotope dependence A




Differentiating LNV mechanisms

If you take a ratio of half lives, Wilson
) coefficients cancel®.

Half-life ® O; (A
5 ° ROZ<AX) — T1/2< X)

O;
® 3 T1/2(76Ge)

pd

7 Measures how much slower OvB[3
Isotope dependence A occurs in isotope AX compared to "°Ge if
operator O, causes the decay

**Not true if multiple operator groups dominate the decay



Differentiating LNV mechanisms

Now ask: do O, and O, predict different
isotope dependence?

L))
For this, we take the ratio of ratios:
Half-life D ®
’ A R (A X)
® R'LJ( X) O (A
% R=i(£X)
e If this ratio is ~1, the two operators manifest
Isotope dependence A OvBB the same way in AX.

If this ratio is near O or >>1, then the two
operators are distinguishable.



Differentiating LNV mechanisms

Now ask: do O, and O, predict different
isotope dependence?
L))
For this, we take the ratio of ratios:
Half-life D ®
’ A R (A X)
® R'LJ ( X) — O (A
% R=i(£X)
e If this ratio is ~1, the two operators manifest
Isotope dependence A OvBB the same way in AX.
@
(0 If this ratio is near O or >>1, then the two
Even if we had perfect NMEs/LECs, two operators are distinguishable.

operators may not be distinguishable.

\—/



Differentiating LNV mechanisms (using IBM NMEs)
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Differentiating LNV mechanisms (using IBM NMEs)
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Discussion points:

Are there some arguments why these “exotic” mechanisms (non-light-neutrino exchange)
are less natural or less expected?

Do we agree we should be reporting the NMEs in the 15 components, to have a model-
independent perspective?
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Be careful with renormalization schemes (SRG + regulators)

Wait! Don't forget
to renormalize me!

When using the SRG on the Hamiltonian, typically we neglect this on the transition
operator




Similarity renormalization group (SRG)

K (fm™) k' (fm™") K (fm™) kK (fm™)
04 2% 4 .42 838 64 23540699284

0.5

-0.5

-1 Short range operators have larger
momentum components, so the

(an)

K (fm™) k' (fm™) K (fm™) K (fm™) ,
RN E SRR EEREE RN : SRG should have a larger impact.
K AL AN B B
£ 2 0
3 P 05
A =6.0 fm™! A =3.0fm" A =2.0fm" A=15fm"




N3LO-LNL interaction

2N:
e SRG-evolved toscale 2.0 fm”™-1
* Locally-regulated with cutoff 500 MeV

3N:
* SRG-evolved to scale 2.0 fm”-1
* Mixture of local and nonlocal regulators, with cutoffs 650 and 500 MeV respectively

Short-range transition operators should be consistent with this.




N3LO-LNL interaction

2N:
e SRG-evolved toscale 2.0 fm”™-1
* Locally-regulated with cutoff 500 MeV

3N:
e SRG-evolved to scale 2.0 fm”-1

* Mixture of local and nonlocal regulators, with cutoffs 650 and 500 MeV respectively

Short-range transition operators should be consistent with this.

Magic interaction SRG-evolves 2N but keeps 3N bare. No way to
consistently treat the transition operator.




Dipole form factors

When we use the dipole parameterization of the vector
and axial form factors, we have [1]

ov(a®) = gy (1 n E—V) (17)
ga(a®) = ga (1 + %) B (18)

with Av = 850 MeV and Ap = 1086 MeV.

In an EFT framework, dipole form factors for the vector, axial and magnetic currents are
not leading order and resum only a subset of higher-order contributions, thus providing no

systematic improvement when applied to leading-order operators



Regulating consistently

Instead, use regulators that are the same as those in the interaction:

gV(qz) — gv, | B q 2n
Use N and multiply by flocal( ) — €XP | — (K)
ga(q”) = ga _ _

N3LO-LNL interaction: A =500 MeV,n =3
DeltaGO interaction: A =394 MeV,n =4
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We present converged ab initio calculations of short-range neutrinoless double-beta (0v353) 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 Ov/33-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 Ovj33-decay searches to obtain constraints for the sterile-neutrino

mixing-mass parameter space when considering the inclusion of a fourth sterile neutrino.




Ab initio nuclear theory H, = Bl

= chiral EFT interactions

+ a (polynomially scaling) }‘ ><
many-body method do bW N

H(s) = ™) He )
O(s) = M Oe=)

Continuous unitary
transformations of
Hamiltonian

Courtesy, S.R. Stroberg




Valence-space In-medium Similarity Renormalization Group
(VS-IMSRG)

9 o) )
: (c| (c|
(v] (v]
— —
Core Valence
decoupling space
decoupling
(el (el

=y 1
_ Q(s) Q(s) _ ) = =
H(s) = e H(0)e™ _;—:k = H+ [ H] + 5[0, [Q, H]] +




—— SRG/Loc.reg. —#— Parent ref.
=== Bare/Dipole —&— Daughter ref.

Emax convergence

76 G —— SRG/Loc.reg. —#— Parent ref. -
5 Bare/Dipole —&— Daughter ref. AT e o i
. l— i | Q3 3t
Qo? L5 e —— — —i- —] : 5 | e =
12 e-——=T sl il - -
0Ok - .
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Conclusions: | =
* Using the combination common in literature, bare operators 16
a8
with dipole form factors, impacts results, by up to 50% 1.2} a
* Reference state dependence: ~15%
) a
< Lo T g— i =
i E3=22 E3=28
— 1.5k . . ; !
6 8 10 12
€max

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



Final short-range NMEs (benchmark quantity)
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A. Todd, et. al (in prep), arXiv:2604.22727



Final short-range NMEs (benchmark quantity)
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Final short-range NMEs (benchmark quantity)
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A. Todd, et. al (in prep), arXiv:2604.22727




Final short-range NMEs (benchmark quantity)
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A. Todd, et. al (in prep), arXiv:2604.22727



Discussion point: normal ordering effects

DeltaGO N3LO-LNL
N3LO-LNL mixes cutoffs in the

5oo© 3N sector. Normal ordering
394 @‘3 450 means we get mixtures of cutoffs
at the 2-body level.
¢ 550
Bare ‘ SRG So what is the best cutoff to

.. choose for the operator?
Ab 1ni1t10
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Regulator dependence S L e
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Connection to BSM mechanisms

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

|
[TIO/VQ} = 492 Go1Veuan(pt, ma)?|Ues|

2

i J—— Q?N AP NN
X égl Msd | 9 Msd ‘|‘291 MF,sd

We combine likelihoods from LEGEND200, CUORE, EXO-200 and KamLANDZen

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



Connection to BSM mechanisms

Plot and analysis by Taiki Shickele

Ov —L 4 4 2 1 mjlr 102
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>
10-8 ” gt CMS 2018
X CMS 2022
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—— ATLAS 2025
=== PMNS Unitarity
10* 10° 10

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



Connection to BSM mechanisms

Plot and analysis by Taiki Shickele
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v 4
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1
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A. Todd, et. al (in prep), arXiv:2604.22727



Connection to BSM mechanisms

Plot and analysis by Taiki Shickele
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10—1' | A —— L \ | [ S S R

and heavy-neutrino exchange, where
NMEs become mass dependent.

| |04

10°

106

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



Conclusion

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

* |Inherent cutoff uncertainty in interactions which mix cutoffs

 3+1 model shows OvBp can be a competitive probe of heavy neutrinos




Conclusion

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

* |Inherent cutoff uncertainty in interactions which mix cutoffs

 3+1 model shows OvB3p can be a competitive probe of heavy neutrinos

Thank you
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