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The Slide I Really Don’t Need to Show Here

VIEWPOINT

The Hunt for No Neutrinos
Four experiments have demonstrated new levels of sensitivity to neutrinoless double-beta
decay, a process whose existence would prove that neutrinos are their own antiparticles.

by Jonathan Engel∗ and Petr Vogel†

T he search for physics beyond the standard
model—our current best description of funda-
mental particles and the interactions between
them—is a top priority at high-energy particle

accelerators. But researchers are also searching for new
physics in the “low-energy” environment of the nucleus
through a process known as neutrinoless double-beta
(0νββ) decay. This hypothetical decay would show that
neutrinos are their own antiparticles and that a fundamental
law—the conservation of lepton number—is violated in
nature. It would also explain why neutrinos are so light.
Four experimental collaborations [1–4] are reporting new
lower limits on the decay’s half-life, all of which exceed
1025 years. Several of these experiments should reach the
1026 level soon, thus catching up with a fifth experiment [5].
These new results invite a discussion of why detecting 0νββ
decay is of interest and what physicists might learn as the
experiments become more sensitive.

A striking feature of neutrinos is their extremely small
mass. The particles, which exist in three possible mass states,
are about 106 times lighter than the next lightest fermion, the
electron. This vast discrepancy suggests that the origin of
neutrino mass is different from that of all other fermions, in-
volving physics that goes beyond the standard model. Most
such extensions of the model say that the neutrinos are Ma-
jorana particles—meaning they are their own antiparticles.
These theories explain the light neutrino masses as being
inversely proportional to a large mass scale set by other par-
ticles that have yet to be seen.

Now if neutrinos are Majorana particles, then they violate
the conservation of lepton number—the quantum number
that is assigned to all leptons and is 1 for electrons and
neutrinos and −1 for their respective antiparticles. In the
process of two-neutrino beta decay (Fig. 1, left), which is al-
lowed in certain isotopes, two neutrons transform into two
protons plus two electrons and two antineutrinos. Lepton

∗Department of Physics and Astronomy, University of North Car-
olina, Chapel Hill, NC 27599, USA
†Kellogg Radiation Laboratory and Physics Department, California
Institute of Technology, Pasadena, CA 91125, USA

Figure 1: ‘‘Two-neutrino’’ double-beta decay (left) is allowed in
certain isotopes and involves the transformation of two neutrons
into two protons, two electrons, and two antineutrinos. If neutrinos
are Majorana particles then a neutrinoless form of this double-beta
decay should be allowed. Different models for the decay describe
it in terms of the creation and destruction of a Majorana neutrino
(center) or of an unknown heavier particle (right). (APS/Alan
Stonebraker)

number is therefore conserved because the electrons and an-
tineutrinos have opposite lepton number. But if neutrinos
are Majorana particles, double-beta decay can occur without
the emission of antineutrinos, meaning the lepton number
changes by 2.

Various mechanisms for this neutrinoless process are pos-
sible. They involve the creation and destruction of either a
virtual Majorana neutrino (Fig. 1, center) or of some new
heavy particle (Fig. 1, right). If nature chooses the first
scenario (virtual Majorana neutrinos), the decay rate is pro-
portional to the square of a mass called mββ, which is a
weighted average of the masses of the three neutrino mass
states. If nature prefers the second option (heavy particles),
the relation between the decay rate and neutrino masses is
more complicated. But detecting the decay, no matter which
mechanism causes it, would tell us that neutrinos are Ma-
jorana particles and that there are new particles allowing
the nonconservation of lepton number. The discovery that
lepton number isn’t conserved might also point physicists
toward an explanation for the observed asymmetry between
matter and antimatter.

The four experiments all determine the decay half-life (the
inverse of the decay rate) in roughly the same way: by moni-
toring a large number of atoms of a given double-beta decay

physics.aps.org c© 2018 American Physical Society 26 March 2018 Physics 11, 30

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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A Tower of EFTs
How we understand all the physics producing ββ decay
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@NDB Hub
Goal: Accurate matrix elements with meaningful uncertainties
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Tower’s Top: Beyond-Standard Models

J. Gehrlein: Working with E. Mereghetti at LANL to map
interesting, well-motivated models onto SM-EFT coefficients.
Currently using decays of mesons (M) such asM−

1 −→ M+
2ℓ

−
1 ℓ

−
2

and τ decays of the such as τ− −→ ℓ+M−
1 M

−
2 to constrain

lepton-violating operators and the models that generate them
(along with 0νββ decay).

B. Dev: Examining predictions of these same models in other
experiments: µ → eγ, τ → 3e, . . .Correlations between these
experiments and 0νββ decay could help us to correctly identify
new physics.

UW group: Looking at implications of other experiments for
0νββ decay in 3+3 seesaw model.
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SM EFT: High Mass Scale Λ for New Physics

For Λ at GUT scale, lepton-number violation occurs only through
dimension-5 “Weinberg operator,” leading to ν masses of

m ≈ w v2
Λ

≈ 6 × 10−3w eV.

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

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

d u

d u

WL

WL

ν

e

e
Diagram is proportional to
weighted “Majorana mass”
of light neutrinos,

mββ =
∑
i
U2eimi

Uei is amount of mixing of electron
flavor with ith mass eigenstate.
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SM EFT: New Physics at Lower Scales

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

d u

d u

WL

WL

ν

e

e

This process can occur at the same rate as
light-ν exchange (or even a larger rate) if
mN ≈ mWR ≈ 1 TeV.

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

n p

n p

ν

e

e

+
n p

n p

e
e

Usual long-range exchange
Older models typically include only this.

Contact counter term from short
short-range exchange at energies
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.

9



Moving to nucleons: Chiral EFT
Light-ν Exchange at Leading Order

n p

n p

ν

e

e

+
n p

n p

e
e

Usual long-range exchange
Older models typically include only this.

Contact counter term from short
short-range exchange at energies
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.

9



Moving to nucleons: Chiral EFT
Light-ν Exchange at Leading Order

n p

n p

ν

e

e

+
n p

n p

e
e

Usual long-range exchange
Older models typically include only this.

Contact counter term from short
short-range exchange at energies
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.
9



Chiral EFT at Higher Order
≈ 10% effects
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FIG. 3. Loop diagrams contributing to an effective npnpe−e− vertex.

FIG. 4. Diagrams in the low-energy nuclear EFT contributing to the matching at N2LO. The gray circle
denotes an insertion of the LO strong potential of Eq. (11). The gray box denotes an insertion of the LO
∆L = 2 potential Vν,0. The remaining notation is as in Fig. 1.

In the literature, the dipole parameterization of the vector and axial form factors is often used

gV (q2) =

(
1 +

q2

Λ2
V

)−2

, gA(q2) =

(
1 +

q2

Λ2
A

)−2

, (16)

with vector and axial masses ΛV = 850 MeV and ΛA = 1040 MeV. The magnetic and induced
pseudoscalar form factors are then assumed to be given by

gM (q2) = (1 + κ1)gV (q2), gP (q2) = −2mNgA(q2)

q2 +m2
π

, (17)

where κ1 = 3.7 is the nucleon isovector anomalous magnetic moment. Expanding Eqs. (16) and
(17) for small |q|, one recovers the LO and, for gA(q2), the N2LO χPT expressions of the nucleon
form factors. In the case of gV , gP and gM , the N2LO χPT results, given for example in Ref. [50],
deviate from Eqs. (16) and (17). However, any parameterization that satisfactorily describes the
observed nucleon form factors can be used in the neutrino potential (14).

The potential Vν,2 is induced by one-loop diagrams with a virtual neutrino and pions contribut-
ing to nn → ppee, built out of the leading interactions of Eqs. (8). They can be separated into

GRAHAM CHAMBERS-WALL et al. PHYSICAL REVIEW C 113, 025502 (2026)

FIG. 2. Diagrams contributing to the neutrino potential at N2LO. Plain and double lines denotes nucleons and � baryons, respectively.
Dashed lines denote pions. Plain lines with arrows denote electrons and neutrinos, and a square denotes an insertion of the neutrino Majorana
mass. Dots indicate LO interactions from the pion and nucleon Lagrangians.

The third class of N2LO corrections can arise from short-
range LNV operators that are enhanced with respect to the
expectation of WPC, for example because of renormalization
arguments. The analysis of Ref. [25] showed that no new
divergeces arise at NLO but also that the derivative 1S0 cou-
pling gNN

2 ν contributes at N2LO, rather than N4LO as expected
in WPC. For other contact interactions, there is not at the
moment a consistent renormalization analysis.

IV. THREE-NUCLEON SECTOR

A. Three-nucleon neutrino potential at N2LO

The N2LO contributions to the neutrino potential are in-
duced by the diagrams in Fig. 2, with the exchange of an
intermediate � baryon, mediated by the nucleon-�-pion and
nucleon-�-axial current couplings. In momentum space, the
potential assumes the form

V (2)
ν, 3 = V(2a) + V(2b) + V(2c) + V(2d ), (59)

with

V(2a) = −2h2
Ag2

A

9F 2
π �

∑
i 	= j 	=k

(σk · qk )

q2
i

(
q2

k + m2
π

) [4(σ i · qk )τ+
i τ+

k + σ j · (qk × σ i )τ
+
i (τk × τ j )

+], (60)

V(2b) = V(2c) = 2h2
Ag2

A

9F 2
π �

∑
i 	= j 	=k

(σ i · qi )(σk · qk )

q2
i

(
q2

i + m2
π

)(
q2

k + m2
π

) [4(qi · qk )τ+
i τ+

k + σ j · (qk × qi )τ
+
i (τk × τ j )

+], (61)

V(2d ) = −2h2
Ag2

A

9F 2
π �

∑
i 	= j 	=k

(σ i · qi )(σk · qk )(
q2

i + m2
π

)2(
q2

k + m2
π

) [4(qi · qk )τ+
i τ+

k + σ j · (qk × qi )τ
+
i (τk × τ j )

+], (62)

where we define

i(τ i × τ j )
+ = τ+

i τ 3
j − τ 3

i τ+
j . (63)

B. Three-nucleon neutrino potential at N3LO

The N3LO three-body neutrino potential is given by

V (3)
ν, 3 =

k∑
ρ=a

V(3ρ). (64)

Diagrams in Figs. 3(a) and 3(b) contain NLO corrections to the nucleon vector and axial current induced by the Lagrangian
(21). As noted earlier, we neglect pure recoil corrections coming from operators with coefficients fixed by reparameterization
invariance. The only correction to the current then arises from the nucleon isovector magnetic moment term, proportional to
1 + κ1. This term contributes in conjunction with the coupling of the weak vector current to a nucleon and a pion [diagram in
Fig. 3(a)] and to two pions [diagram in Fig. 3(b)]. Finally, κ1 induces a coupling of the axial current to a nucleon and a pion,
which contributes together with the LO nucleon axial current [diagram in Fig. 3(d)]. In all, the contributions proportional to the

025502-10

+ higher order

Some N2LO diagrams for 0νββ
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.

Three-nucleon diagrams for 0νββ
operator in chiral EFT with ∆’s
From G. Chambers-Wall, based on
Chambers-Wall, Lieffers, King, Mereghetti,
Pastore, Piarulli, and Wiringa, Physical Review C
113, 025502 (2026).
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Chiral EFT in @NDB
Operators at low order and their matrix elements

Effects of all subleading operators have been evaluated in light
nuclei.
Chambers-Wall et al., Pastore et al., PRC 97, 014606 (2018).

V. Cirigliano, E. Mereghetti still working on
Three-body operators in ∆-less EFT
N3LO operators
Coefficients of higher-order contact terms?

J. Engel working with K. Hebeler and T Miyagi to compute matrix
elements of the three-body operators in heavy nuclei.
Modifying their code NuHamil, which works in oscillator basis, for charge-changing ββ
operators instead of interactions.
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Lattice QCD
Deriving chiral-EFT coefficients

The immediate goal of a lattice-QCD program for nuclear  decay is to calculate the QCD matrix elements of 
relevance to the  process in both the light Majorana-neutrino exchange and the short-distance scenarios.

ββ
nn → ppee

1) Constrain low-lying two-nucleon (NN) spectra and low-energy NN scattering amplitudes reliably (to learn about a good 
set of interpolating operators for the states, and for matching the -decay amplitude to lattice-QCD matrix elements at a 
later stage of the calculation). 

2) Compute -point correlation functions of relevance to the  process in both scenarios and obtain the 
associated (Euclidean finite-volume) matrix elements. 

3) Match the Euclidean finite-volume matrix elements obtained in the previous step to the physical amplitudes, e.g., those 
obtained in an EFT, hence constrain the unknown low-energy constants (LECs) of the EFT.

ββ

n nn → ppee

Three steps of a successful lattice-QCD endeavor for advancing theory of nuclear  decay:ββ

26

? n

n

p

p

e�

e�
d

u

d

u

pn

pn

u

u

d

d

⌫e

FIG. 14. One of the steps involved in lattice-QCD calculations of relevance to the 0⌫�� program is to
determine how the physical transition rates can be accessed from a lattice-QCD calculation that is performed
in a finite and Euclidean spacetime. This process must be done within each LNV scenario and may need
the EFT descriptions to be assisting the matching. Figure is taken from Ref. [199].

relation functions of the two-hadron state. This formalism, known as Lüscher’s method [176, 177],
has been extended to more general scenarios, including to three-hadron scattering amplitudes, see
Ref. [208, 209] for recent reviews. Furthermore, one-to-two hadronic transitions induced by a lo-
cal current can be determined from a corresponding lattice-QCD three-point function involving
the current and hadronic states, with successful applications in constraining matrix elements of
relevance to flavor physics [163, 210, 211]. The generalization of this formalism, known as Lellouch-
Lüscher method [212], is essential in determining the nn ! pp transition amplitude from lattice
QCD (see Refs. [213, 214] for early formalisms for two-nucleon transition amplitudes).

In particular, general model-independent formalisms for accessing one-to-two and two-to-two
hadronic transition amplitudes induced by local currents exist [215–217]. Therefore, once lattice
QCD determines the three-point functions relevant for the nn ! pp process with the higher-
dimensional local operators introduced in Sec. II D, these can be turned into the physical two-
nucleon matrix elements of interest. Similarly, if the matrix elements of relevance to the subprocess
n! ⇡p are needed to constrain the hadronic EFTs, the path to evaluating such matrix elements is
clear. The challenge to be faced in the upcoming years is to not only accurately and precisely deter-
mine the relevant lattice-QCD matrix elements, but also to constrain two-nucleon elastic scattering
amplitudes at the quark masses at which the nn! pp calculations are performed. This is because
the Lellouch-Lüscher-type matching conditions require information on the energy dependence of
the two-nucleon scattering amplitude near the transition energy. This puts further emphasis on
reliable and precise two-nucleon spectroscopy from lattice QCD, as described in Sec. III A.

Furthermore, for the scenario involving a light Majorana neutrino, matrix elements of two
spacetime-separated insertions of local currents are required, where hadronic and leptonic contri-
butions are convoluted via a neutrino propagator, hence complicating the matching process. In
fact, due to the long-range nature of the light-neutrino propagation between nuclear states, the
separation of short- and long-distance e↵ects necessary for arriving at a general model-independent
mapping is obscured, but the matching can be perfectly developed within a corresponding EFT.
Building upon the matching formalisms for one-to-one and simpler two-to-two bi-local matrix el-
ements [218–221], the formalism for matching to the leading-order pionless EFT for the 0⌫��
decay has been recently developed [222], hence providing the path to constraining the leading-
order unknown short-distance LEC gNN

⌫ introduced in Sec. II D. With a non-local matrix element,
another involved feature is the possibility of intermediate multi-hadron states with on-shell kine-
matics, which give rise to a di↵erent analytic structure of the four-point function in Euclidean
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Lattice QCD
Deriving chiral-EFT coefficients
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Lattice QCD
First: Good NN Spectroscopy, Form Factors, Scattering Amplitudes

Z. Davoudi and A. Nicholson both working hard on these problems.
Two @NDB postdocs currently at Maryland:
A. Grebe working on quantifying uncertainties/providing bounds
in energies of low-lying NN states (right now at large pion mass).
J. Mocosco, former Nicholson student, working on form factors in
bound two-nucleon systems (also still at large pion mass).

Together with Davoudi and M. Wagman, these two are also working
on finite-volume effects and EFT matching of current matrix
elements. Still need to move to physical pion mass.

And the QCD and EFT members of the Hub are still figuring out
how to ultimately do the 0ν matching to chiral EFT at finite
volume.
Lüscher-based matching formalism for any EFT?
Chiral EFT in a box?

...
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Tower’s Base: Ab Initio Nuclear-Structure Theory

VS-IMSRGIM-GCM,

CC

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.
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Interactions
From chiral EFT

Expand interaction in powers of of Q/Λχ .
Q = mπ or typical nucleon momentum.

+... +... +...

+...

2N Force 3N Force 4N Force

LO

(Q/⇤�)
0

NLO

(Q/⇤�)
2

NNLO

(Q/⇤�)
3

N3LO

(Q/⇤�)
4

Figure 1: Hierarchy of nuclear forces in ChPT. Solid lines represent nucleons and dashed lines pions. Small dots, large solid
dots, solid squares, and solid diamonds denote vertices of index � = 0, 1, 2, and 4, respectively. Further explanations are
given in the text.

The reason why we talk of a hierarchy of nuclear forces is that two- and many-nucleon forces are created
on an equal footing and emerge in increasing number as we go to higher and higher orders. At NNLO, the
first set of nonvanishing three-nucleon forces (3NF) occur [70, 71], cf. column ‘3N Force’ of Fig. 1. In fact, at
the previous order, NLO, irreducible 3N graphs appear already, however, it has been shown by Weinberg [52]
and others [70, 127, 128] that these diagrams all cancel. Since nonvanishing 3NF contributions happen first
at order (Q/⇤�)3, they are very weak as compared to 2NF which start at (Q/⇤�)0.

More 2PE is produced at ⌫ = 4, next-to-next-to-next-to-leading order (N3LO), of which we show only
a few symbolic diagrams in Fig. 1. Two-loop 2PE graphs show up for the first time and so does three-pion
exchange (3PE) which necessarily involves two loops. 3PE was found to be negligible at this order [57, 58].
Most importantly, 15 new contact terms ⇠ Q4 arise and are represented by the four-nucleon-leg graph with
a solid diamond. They include a quadratic spin-orbit term and contribute up to D-waves. Mainly due to
the increased number of contact terms, a quantitative description of the two-nucleon interaction up to about
300 MeV lab. energy is possible, at N3LO (for details, see below). Besides further 3NF, four-nucleon forces
(4NF) start at this order. Since the leading 4NF come into existence one order higher than the leading 3NF,
4NF are weaker than 3NF. Thus, ChPT provides a straightforward explanation for the empirically known
fact that 2NF � 3NF � 4NF . . . .

4. Two-nucleon interactions

The last section was just an overview. In this section, we will fill in all the details involved in the ChPT
development of the NN interaction; and 3NF and 4NF will be discussed in Section 5. We start by talking

19

15



Ab Initio Nuclear-Structure for Heavy Nuclei

Partition of Full Hilbert Space

P̂HP̂ P̂HQ̂

Q̂HP̂ Q̂HQ̂

P Q

P

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 Heff in P reproducing most
important eigenvalues.

Must must apply same unitary
transformation to transition
operator.

As difficult as solving original problem.
But many-body effective operators (beyond
2- or 3-body) can be treated approximately.
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In-Medium Similarity Renormalization Group
One way to determine the transformation

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

V [ MeV fm3]
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s = 0.0 s = 1.2 s = 2.0 s = 18.3

Figure 7: Decoupling for the White generator, Eq. (41), in the Jπ = 0+ neutron-
neutron interaction matrix elements of 40Ca (emax = 8, ~ω = 20 MeV, Entem-Machleidt
N3LO(500) evolved to λ = 2.0 fm−1). Only hhhh, hhpp, pphh, and pppp blocks of the
matrix are shown.

mechanism. A likely explanation is that the truncation of the commutator (49) to one-
and two-body contributions only (Eqs. (50), (51)) causes an imbalance in the infinite-
order re-summation of the many-body perturbation series. For the time being, we have to
advise against the use of the Wegner generator in IM-SRG calculations with (comparably)
“hard” interactions that exhibit poor order-by-order convergence of the perturbation
series.

5.4. Decoupling

As discussed in Sec. 4.1, the IM-SRG is built around the concept of decoupling the
reference state from excitations, and thereby mapping it onto the fully interacting ground
state of the many-body system within truncation errors. Let us now demonstrate that
the decoupling occurs as intended in a sample calculation for 40Ca with our standard
chiral N3LO interaction at λ = 2.0 fm−1. Figure 7 shows the rapid suppression of the
off-diagonal matrix elements in the Jπ = 0+ neutron-neutron matrix elements as we
integrate the IM-SRG(2) flow equations. At s = 2.0, after only 20–30 integration steps
with the White generator, the Γpp′hh′(s) have been weakened significantly, and when we
reach the stopping criterion for the flow at s = 18.3, these matrix elements have vanished
to the desired accuracy. While the details depend on the specific choice of generator, the
decoupling seen in Fig. 7 is representative for other cases.

With the suppression of the off-diagonal matrix elements, the many-body Hamiltonian
is driven to the simplified form first indicated in Fig. 2. The IM-SRG evolution not only
decouples the ground state from excitations, but reduces the coupling between excitations
as well. This coupling is an indicator of strong correlations in the many-body system,
which usually require high- or even infinite-order treatments in approaches based on the
Goldstone expansion. As we have discussed in Sec. 3, the IM-SRG can be understood as
a non-perturbative, infinite-order re-summation of the many-body perturbation series,
which builds the effects of correlations into the flowing Hamiltonian. To illustrate this,
we show results from using the final IM-SRG Hamiltonian H(∞) in Hartree-Fock and
post-HF methods in Fig. 8.

After the same 20–30 integration steps that lead to a strong suppression of the off-
diagonal matrix elements (cf. Fig. 14), the energies of all methods collapse to the same
result, which is the IM-SRG(2) ground-state energy. By construction, this is the result

29

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.
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Coupled-Cluster Theory

Ground state in closed-shell nucleus:
|Ψ0⟩ = eT |ϕ0⟩ T =

∑
i,m

tmi a
†
mai +

∑
ij,mn

1
4 t

mn
ij a†ma†naiaj + . . .

m,n>F i,j<F

Here the Hamiltonian is transformed in a non-unitary way:

H −→ H̃ ≡ e−THeT

so that |ϕ0⟩ 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 |ϕ0⟩.

Slater determinant
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IMSRG in Ge-Se System

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

Spectrum of 76Ge and 76Se

From talk by B. He

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.
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IMSRG Matrix Elements: 76Ge
76Ge with Two Versions of In-Medium Similarity Renormalization Group

A. Belley et al. PRL 132, 182502 (2024)

truncation in light nuclei [25]. This difference is somewhat
larger than what was found in 48Ca [26,27]. This can be
understood from the fact that the low-lying states in 48Ca
and 48Ti are relatively simple and the quadrupole collec-
tivity of 48Ti is adequately captured in both methods. In
contrast, the low-lying states of 76Ge and 76Se exhibit
strong shape coexistence and collectivity, including sig-
nificant triaxiality [72–74]. While these collective degrees
of freedom are difficult to capture within the VS-IMSRG
and other ab initio methods starting from spherical
references [75,76], they are efficiently incorporated within
the IM-GCM, as can be seen from the predicted excitation
spectra and electric multipole transitions [72,73]. We
expect that future systematic improvements to the many-
body truncations will improve the agreement between the
two methods.
The errors ϵOP from the transition operators can be

separated into three sources: the use of the closure
approximation for the intermediate odd-odd nucleus, the
determination of the LEC of the SR transition operator, and

the truncation of contributions beyond LO in the operator
expansion. The potential error stemming from the closure
approximation has been assessed with phenomenological
nuclear models [77,78] to be around 10% of the LR NME.
This finding aligns with the expectation that contributions
depending on the excitation energies of intermediate states
belong to the N2LO [79]. Recent nuclear shell-model
calculations [80] of the N2LO corrections to the closure
approximation also found that they reduce the matrix
elements by ∼10%. Eventually, these contributions will
need to be tackled explicitly in our methods as well as we
improve the precision of our NMEs. Figure 1(a) presents
different contribution to the 0νββ-decay operators at LO
and N2LO, noting that there is no contribution at NLO.
Figure 1(b) displays the convergence of the NMEs at LO
and N2LO with respect to eMax, the number of harmonic
oscillator major shells in the basis, in the IM-GCM
calculation [37]. The value of the LEC for the SR transition
operator is determined by fitting the transition amplitude
of nn → ppe−e− process following Ref. [81]. The SR

FIG. 2. Comparison of 0νββ-decay NMEs in 76Ge from nuclear models and ab initio calculations. (a) The NMEs from
phenomenological models, including the interacting-boson model (IBM-2) [9,62], energy-density-functional (EDF) methods [8,11],
quasiparticle random-phase approximation (QRPA) [12,63,64], interacting shell model (ISM) [7,10], ISM with generalized contact
formalism (ISM-GCF) [65], realistic shell model (RSM) [13], and EFT [66], are compared to the results of the VS-IMSRG and
IM-GCM using different chiral interactions. The error bars of phenomenological nuclear models reflect the discrepancy of calculations
from different groups and the bands shows results with the SR contributions included [65,67]. (b) The posterior distribution function of
the 0νββ NME using the MM-DGP emulator of the VS-IMSRGwith 8188 nonimplausible samples of chiral interactions from which the
confidence intervals are extracted.

PHYSICAL REVIEW LETTERS 132, 182502 (2024)

182502-4

Matrix elements are on the small side (compared to
phenomenological ones) but still quite uncertain.
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IMSRG Matrix Elements: Heavier Nuclei

A. Belley, T. Miyagi, S.R. Stroberg, and J.D. Holt, arXiv:2307:15156

Again, results are on low end of those produced by models.

Lots of UQ still to do here.
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IMSRG in @NDB
At least two useful version exist: valence-space IMSRG and
IMGCM, which uses correlated state (with deformation, pairing) as
starting point.
Initial calculations already exist for 48Ca, 76Ge, 130Te, 136Xe, etc.

These are being improved and supplemented.
R. Stroberg, B. He (UT postdoc), A. Todd have developed and
applied approximate IMSRG-3 for valence-space version. Effect
on matrix elements: about 10%. Or 50%???

Emulators, important for uncertainty quantification
Valence-space version already has an efficient one.
H. Hergert and collaborators have developed similar emulator for
IMGCM.

Postdoc Z. Wang implementing equations-of-motion method
for treating 2ν decay (much harder than 0ν) or µ capture.
Important for judging quality of model, which enters UQ.
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Coupled-Clusters Matrix Element for 48Ca

Comparison of all methods: no contact

IBM
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Ab initio results are leading order in χEFT
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Coupled Clusters for 76Ge

76Ge is triaxial.

First triaxial-nucleus structure calculations have been done:

E = -191.60 MeV  (β =0.39,  γ=6.01) 
E = -189.47 MeV  (β = 0.33, γ=0.12) 

EM 1.8/2.0  with emax=6

Preliminary result from triaxial CCSD

football-like

pancake-like

asymmetric
(triaxial)From talk last

summer by B. He

Now scaling up to heavier nuclei, moving to ββ decay.
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Benchmarking
Contributions to matrix elements as function of internucleon separation

NEUTRINOLESS DOUBLE-β DECAY MATRIX … PHYSICAL REVIEW C 97, 014606 (2018)
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FIG. 2. VMC calculations of the transition densities associated
with the F, GT, and T operators—

∑
a<b(τ+
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and
∑
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b ), respectively—for the 6He → 6Be (left panel)
and 10He → 10Be decays (right panel).

potentials. The GT-AP and GT-PP components, which have
pion range, steeply fall off for r ! 2 fm and give, respectively,
a ∼20% and ∼5% correction to the GT-ν matrix element. This
can be appreciated from Fig. 3, which shows that for r > 2 fm
the total GT distribution CGT ,ν is very well approximated by
the AA component. The weak-magnetic term GT-MM, which
is a N2LO correction in chiral EFT, is small, about 2%. Figure 3
also shows that the tensor matrix elements are negligible.

The results for the $T = 2 transitions are shown in rows
4–6 of Table I. The most important feature of these transitions
is the presence of nodes, which causes the GT and F densities,
illustrated in the right-hand panel of Fig. 2, to change sign
at about 2.5 fm. As a result, there is a large cancellation
for the F-ν and GT-AA matrix elements, which causes these
NMEs to be significantly smaller than in the case of transitions
involving isobaric analog states. This is illustrated in the
left-hand panel of Fig. 4 for the 12Be → 12C transition, where
the region with r > 2.5 fm reduces the GT-AA matrix element
by 50%. The same NMEs were compared in $T = 2 and
$T = 0 transitions of heavier systems, such as 48Ca → 48Ti,
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FIG. 3. VMC calculations of the transition distributions Cα,β (r)
defined in Eq. (26) for the 6He → 6Be decay.
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FIG. 4. VMC calculations of the transition distributions Cα,β (r)
defined in Eq. (26) for the 12Be → 12C decay.

in Refs. [59,60], where a similar suppression of the NMEs in
$T = 2 transitions was found. In contrast, the AP, PP and MM
components, which are pion- and short-range contributions,
are much less affected by this cancellation and are therefore
more important in the $T = 2 transitions. Both of these
effects can also be seen from Table I. For example, in the
10He → 10Be transition the AP, PP and MM components are,
respectively, 48%, 16%, and 10% of the GT-AA, and, while
the GT-AA matrix element is 20 times smaller than in the
6He → 6Be transition, the AP, PP and MM matrix elements
are only about a factor of 5 smaller. Table I also shows a partial
cancellation between the GT-AP and GT-PP and GT-MM
components, which is a common feature of both $T = 0 and
$T = 2 transitions. As a result we find that the GT-ν matrix
element is always dominated by the GT-AA component. In
the case of transitions between isobaric analogs, the GT-AA
matrix element is 90% of the total GT-ν contribution, while in
$T = 2 transitions, it is approximately 80%. A similar effect
is observed in calculations of heavier systems, such as 48Ca,
76Ge, and 136Xe [30,31,61–63]. The T-MM contribution—a
contact-like contribution—is statistically zero in both $T = 0
and 2. This is a consequence of the fact that the tensor operator
Sab vanishes in between nn pairs in relative S wave, which is
the dominant two-nucleon component at short distances.

The absolute size of the NMEs shows sizable variations
between different $T = 2 transitions. In particular, the matrix
elements increase by a factor of 2.5 between the 10He → 10Be
and 12Be → 12C transitions. This can be appreciated from
Fig. 5, where we show the GT-ν and F-ν transition distributions
in momentum space. While the shape of the distributions is
very similar in the two transitions, the peak is significantly
larger in 12Be → 12C. This effect may be due, at least partially,
to a large difference in the spatial extent of the relevant wave
functions. The 10He system is only a resonance, unstable
against breakup into 8He + 2n by about 1 MeV. Here we
have employed a pseudo-bound (with an exponentially falling
density at long range) VMC wave function that is quite diffuse,
with a proton (neutron) rms radius of 1.95 (3.66) fm. The
10Be, 12Be, and 12C nuclei are all bound systems, with VMC

014606-7

From S. Pastore et al., PRC 97, 014606 (2018).

Pastore and Piarulli leading efforts to compute matrix elements in
light nuclei. We will try to use their results to benchmark IMSRG
and coupled-cluster methods.
Need oscillator-basis matrix elements of Norfolk interaction and
associated ββ operators. 25



Quantifying Uncertainty
M1(θ) M2(θ) . . . Mp(θ) modelsy y y
M̃1(θ) M̃2(θ) . . . M̃p(θ) model emulatorsy y y model calibration

p(θ |y, M̃1) p(θ |y, M̃2) . . . p(θ |y, M̃p) posterior parametersy y y scoring rules accounting
for correlations withM0ν

w1(yev) w2(yev) . . . w2(yev) model weights︸                                                  ︷︷                                                  ︸
model mixing

p(M0ν |yev, y) =
p∑
k=1

wk (yev)p(M0ν |y,Mk)

−→ M̄0ν ± ∆M0ν prediction with uncertainties

Calibration data set y

Performance on evidence data set yev

• Repeat for all ββ nuclei
• Repeat with calibration data set refined for 0νββ .
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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 yev
and scoring models a major challenge.
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Timeline
Project Timeline and Milestones

The table below is a timeline for the fulfillment of the scientific promises made in our research pro-
posal. Arrows indicate the period during which work on each project is slated to take place. When arrows
are preceded by dots, it means that work may take place despite the absence of postdocs allocated to it.

Y1 Y2 Y3 Y4 Y5
P

h
en

o
m

en
o

lo
gy Analysis of neutrino mass models and matching onto SMEFT.

Study of complementary probes of neutrino mass models, e.g. col-
liders, astrophysics.
UQ: Establishment of precision needed in nuclear matrix elements
to disentangle signatures of different models of LNV.

E
F

T

Calculation of higher chiral order two-nucleon transition operators
for light Majorana neutrino exchange.
Analysis of three-body operators.
Operators made available for nuclear structure calculations.
Beginning of testing of two- and three-body operators at chiral
N2LO in light nuclei.
UQ: Calibration of EFT and validation of power counting.

LQ
C

D

Variational NN calculations at a pion mass below 200 MeV.
Variational algorithms for local and non-local NN matrix elements.
Finite-volume EFT matching of NLO operators.
Analysis of low-energy NN spectra and scattering amplitudes at a
pion mass below 200 MeV.
UQ: Application of Bayesian tools to design of LQCD studies of
double-beta decay, given precision target.
Benchmarking of variational matrix elements at larger pion mass to
understand systematic uncertainties.
Initial studies of local and non-local matrix elements related to nn
→ pp at a pion mass below 200 MeV, and EFT matching.
Use of UQ to combine and propagate uncertainties to LECs.

N
u

cl
ea

r
St

ru
ct

u
re

Triaxiality in CC reference state. Initial ωω matrix elements.
Approximate IMSRG(3) for 0εωω and other relevant operators.
Emulators for all three ab initio methods.
Benchmarking with QMC in light systems.
UQ: Error model for many-body methods.
UQ: Scheme for weighting methods in model mixing.
Two- and three-body matrix elements for NNLO 0εωω operator.
UQ: Error model for many-body methods.

O
ve

ra
ll Preliminary nuclear matrix elements for all important isotopes. X

Final matrix elements, with quantified uncertainty X

3
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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!
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