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A Strange Time for Fundamental Physics
Lots problems; solutions hard to come by

Big Open Questions

Nature of dark energy and matter
Orders of magnitude difference between masses of neutrinos
and masses of other particles
Excess of matter over antimatter

...

Neutrinoless double-beta decay may help.
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If 0νββ Decay is Observed . . .
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Explicit Neutrino Physics
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Diagram is proportional to
effective “Majorana mass”
of light neutrinos,

m̄ν =
∑
i
U2eimi

Uei is amount of mixing of electron
flavor with ith mass eigenstate.

If mass hierarchy is inverted, or if it’s normal and neutrinos are heavy enough,
coming generation of experiments should be able to see the decay.

Whatever the hierarchy, the Majorana mass must come from
somewhere, and the Standard Model by itself doesn’t allow it.
Its presence implies new particles, which would make the low
masses of neutrinos natural, and could also change 0νββ rate.
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New Physics Can Contribute Directly to ββ Decay
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Heavy-particle exchange can occur at the
same rate as light-ν exchange (or even a
larger rate) ifmN ≈ mWR ≈ 1 TeV.
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The Problem

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

May soon be an NSF theory research hub to address the problem.
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HowWe Understand Things: A Tower of EFTs
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EFT
Example: Light-ν Exchange at Leading Order
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Usual long-range exchange
Most calculations so far 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.

Can estimates be improved?
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EFT
N2LO for Light-ν Exchange

Corrections of order 10% to standard diagram:
8

(a)

(f)

(k)

(p)

(b) (c) (d) (e)

(g) (h) (i) (j)
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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

Many of the coefficients are still undetermined. Techniques used to
estimate leading-order contact should be extended.
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Lattice QCD
Determining 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
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d

u

d

u
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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

Chiral-EFT 0νββ operator from LQCD (courtesy of Z. Davoudi).

10 / 20



Important LQCD Steps
Determining chiral-EFT coefficients

Recent progress in NN systems at large pion mass, 0νββ decay
involving exchange of neutrinos/heavy particles between pions,
steps towards more general calculations.

Special case successfully treated:
n p

n p

e-

e-

~gA

π-

π+

e-

d u

e-

d u

_

_

π-

π+

This is the matrix element we 
need to calculate using LQCD 

From A. Nicholson

For general case, still need to:

Improve NN calculations, move to lower pion mass.
Extract 0νββ decay amplitude.
Develop formalism for matching LQCD amplitudes to chiral EFT
couplings.
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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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-20

hh pp✛ ✲
hh

pp

❄

✻

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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Ab Initio Light-ν-Exchange Matrix Elements for 48Ca
In-Medium Generator Coordinate Method and Coupled Clusters

Ab initio results are leading order in χEFT

Comparison of
all methods:
no contact IBM
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FIG. 2. (a-b) Ratio of total amplitudes at different orders to the N4LO
result as a function of incoming and outgoing momentum, respec-
tively. (c-d) Relative difference between the amplitudes using the
LO operator and the operator containing beyond-LO corrections as a
function of incoming and outgoing momentum, respectively.

respectively.
Application to finite nuclei. While suitable for generating

the synthetic datum, a scattering state of neutrons is not ideal
for observing 0νββ decay in experiment. For that, we need to
move to finite nuclei for which the single-β decay is energeti-
cally forbidden. Due to the long lifetime any competing decay
would drown out the 0νββ-decay signal. A few candidate nu-
clei that fulfill this requirement have been identified, some of
which can even be used to build an active detector.

Previous calculations of the NME in finite nuclei only con-
sidered the long-range part of the operator. With the LEC of
the short-range part of the operator adjusted to the synthetic
datum, we can now calculate its effect and provide a first prop-
erly renormalized result. Here, we revisit our benchmark cal-
culations for light nuclei [33], as well as the candidate pair

Ca48 and Ti48 [21]. The interaction used in these studies is
the so-called EM1.8/2.0 [37], which consists of the EM inter-
action SRG-evolved to a scale λ = 1.8 fm−1 augmented by an
unevolved N2LO three-nucleon interaction. To estimate the
dependence of the NME on SRG scale and chiral order, we
additionally consider Hamiltonians based on the EM interac-
tion with a local-nonlocal 3N force [38], called “LNL” here,
one that combines the EMN N3LO with an N2LO 3N interac-
tion [39] (designated there as N3LO’), and the ∆N2LOGO(394)
NN+3N Hamiltonian. The LECs for each of the NN interac-
tions are shown in table I.

The NME for finite nuclei is defined as

M0ν =
4πR
g2

A

〈 (Z + 2)A | ˆ̃VF + ˆ̃VGT + ˆ̃VT − 2g̃V̂S | ZA 〉 , (17)

with the empirical nuclear radius R = R0A1/3 and R0 = 1.2 fm.
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FIG. 3. The NMEs M0ν of isospin-conserving (∆T = 0) transition
He6 → Be6 , and isospin-nonconserving (∆T = 2) transitions He8 →
Be8 and Ca48 → Ti48 , calculated with different chiral nuclear forces

and with both long- and short-range transition operators.

The operator ˆ̃VT contains the tensor part of the decay operator.
With this definition, M0ν is dimensionless.

First, we investigate the NME in the pairs of light nuclei
He6 – Be6 and He8 – Be8 as examples of ∆T = 0 and ∆T = 2

transitions with the importance-truncated no-core shell model
(IT-NCSM) [40]. The results are summarized in fig. 3. We
note that the contact operator increases the NME by a fac-
tor ranging from 11 % to 17 % for ∆T = 0 transition in He6 .
Transitions with ∆T = 2 have a node in the transition den-
sity that leads to a cancellation between short and long dis-
tances. This cancellation affects the long-range part more
strongly than the contact, leading to small overall NMEs and
relatively larger contributions of the contact term. Thus, the
contact increases the ∆T = 2 transition in He8 by 92 % to
172 %. Overall, SRG-transforming the ∆N2LOGO as well as
switching to the LNL Hamiltonian barely changes the NME.
Despite using the same NN interaction at a similar SRG scale
as the LNL, the EM1.8/2.0 produces systematically smaller
NMEs than the other interactions. The EMN + N3LO’ Hamil-
tonian yields a smaller NME in He6 than the LNL while the
He8 NME is larger. Both are driven by the long-range part,

the short-range contribution is of similar size compared to the
LNL Hamiltonian. This shows that there is still some uncer-
tainty stemming from the Hamiltonian, in particular the 3N
interaction, which needs to be quantified further.

For the lightest 0νββ-decay candidate nucleus Ca48 , the
short-range operator increases the NME by 37 % to 50 %.
With this contribution, the value of M0ν is 0.875(40) for Ca48

from the in-medium generator coordinate method (IM-GCM)
[21] calculation, the uncertainty of which is from the LEC g̃
of the short-range transition operator.

Effect of contact
in “IM-GCM”

Matrix elements are small, but contact increases them.
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NMEs than the other interactions. The EMN + N3LO’ Hamil-
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Heavier Elements
Beginning to Quantify Uncertainty

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

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

This is just a preliminary analysis.

Results for heavier isotopes in the works.

Fuller uncertainty analysis, too.
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Important Nuclear-Structure Steps

Still need:

Next Order in truncation schemes.
More general treatment of nuclear deformation.
Faster codes.

...

These will require more intensive and sophisticated supercomputer
use, and more personnel.
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A Plan for Uncertainty Quantification
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Important UQ Steps

Will need:

Development of good calculation emulators.
Collaboration between physicists and statisticians to develop
model-mixing procedure.
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Well . . .

It’s an interesting time to be alive.

Thanks for listening!
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