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New Physics
Some Basic Questions

What underlies the Standard Model?
What are the consequences for neutrinos?
Why is the θ parameter in QCD so small?
Why is there more matter than antimatter in our universe?

...

Low-energy experiments are an increasingly important part of the
effort to address these questions.

Examples: Searches for

Electric Dipole Moments (EDMs) and CP violation
β decay and breaking/extension of SU(2)L
0νββ decay and lepton-number violation
Dark Matter

...

Nuclear structure, experiment and
theory, has a lot to contribute.
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EDMs: How Atoms Can Get Them

EDMs require CP violation
and

an undiscovered source of CP violation is required to explain why
there is so much more matter than antimatter.

The source can work its way into
nuclei through CP-violating πNN
vertices (in chiral EFT). . .

leading, e.g. to a neutron EDM. . .
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EDMs: How Atoms Can Get Them (cont.)

. . . and to a nuclear EDM from the nucleon
EDM or a T-violating NN interaction:

Note:��CP = �T
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ḡ

π
ḡ
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VPT ∝ ḡ (σ1 ± σ2) · (+1 − +2)
exp (−mπ |r1 − r2 |)

mπ |r1 − r2 |
+ contact term

The ḡ’s (isoscalar, isovector and isotensor) depend on source of CP violation.

Atom gets an EDM from nucleus. But electronic shielding replaces
nuclear dipole operator with “Schiff operator,”

S ≈
∑

p
r2
pzp + . . . ,

making relevant nuclear quantity the Schiff moment:

〈S〉 =
∑

m

〈0| S |m〉 〈m| VPT |0〉
E0 − Em

+ c.c.

Job of nuclear-structure theory: compute dependence of
〈S〉 on the ḡ’s (and on the contact term and nucleon EDM).

It’s up to QCD to compute the dependence of the
ḡ vertices on fundamental sources of CP violation.
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VPT ∝ ḡ (σ1 ± σ2) · (+1 − +2)
exp (−mπ |r1 − r2 |)

mπ |r1 − r2 |
+ contact term
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Uncertainties in Calculations

More precisely,

〈S〉 =
∑

i

ai g ḡi ,

and we have to calculate the three ai. These reflect action of both S
and VPT .

In the heavy and sometimes deformed nuclei used in atomic EDM
experiments, only Skyrme DFT and more similar but more
phenomenological models have been used.

The uncertainty in the ai is large and difficult to estimate.

Nuclear-structure observables can help.



225Ra: Octupole Physics
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of the favored K * = z* band. (We have chosen to show in fig. 4 the M 1 multipolarity 
for the 134 keV y so that this apparent con%& in the data will not be overlooked 
by the reader.) 

Definitive I” assignments for the remaining levels above 236 keV are difficult to 
make fram the available data, although the y-ray multipolarities and o-transition 
hindrance factors provide at least some insight. Again, the low value (23) of the 
hindrance factor of the rw-transition to the 394.7 keV Ievel is quite interesting, but 
no definite conclusion can be drawn regarding the I” assignment of this fevei. 

Parity doublet

Unlike in other nuclei, these
two states are the whole story.
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Correlation of 〈S〉intr. with Octupole Defm. in 224Ra
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Will be determined at ANL.



Implications for Lab Schiff Moment

The resulting ai:
isoscalar isovector isotensor

Skyrme analysis -0.4 − 0.8 -2 − -8 2 − 5

Range doesn’t include systematiojc uncertainty.

The problem is that we don’t have information about 〈VPT〉.

Can we find measurements that will constrain its matrix element?

In one-body approximation VPT ≈ ®σ · ®+ρ. The closest simple
one body operator is ®σ · ®r .

Can we measure 〈1/2− | ®σ · ®r |1/2+〉 or something like it?

What about charge-changing transition strength to isobar
analog of |1/2−〉 in 225Fr? Axial-charge β decays in other nuclei?

VPT is similar to two-body current operator in axial-charge channel.
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Reducing Uncertainty in 〈S〉 for 199Hg
The Isotope with the Best Experimental EDM Limit

Here no single excited state dominates the sum.

Isoscalar dipole operator
∑A

i=1 r2
i ®ri is isoscalar version of Schiff

operator. 208Pb
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ββ Decay

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
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of which signal new physics.

Most focus is on this one.
Rate related to Majorana ν mass.

Largest part of matrix element:

M0ν
GT = g2
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a,b
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+
a τ

+
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Quenching of gA in β Decay

Leading order decay operator is ®στ+.

50-Year-Old Problem: Effective gA needed in all calculations of
shell-model (or related) type.

Brown & Wildenthal
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() parameters can be empirically extracted as the residuals between a set 
of experimental values and the values of the matrix elements calculated 
with the free-nucleon operators. Our results are discussed in Sections 3.2 
and 3.3 for the GT and M I  operators, respectively. Values for the () 
parameters in the effective operator can also be calculated from fun
damental considerations. Our empirical results are compared with such 
calculations in Section 3.4. 

3.2 Gamow-Teller Results 

The relationships between experimental GT matrix elements from sd-shell 
beta decays and the predictions of the W interaction have been studied 
comprehensively in (57). This study incorporated a compilation of extant 
beta decay in A = 17-39 nuclei together with shell-model calculations 
for all the initial and final states concerned. The essential conclusions 
drawn in (57) can be inferred from the comparisons of experimental and 
theoretical matrix elements presented in Figure 6. The values of the 
matrix elements are normalized to reflect the 3(N - Z) sum rule, such 
that R(GT) = M(GT)/W, where W = 19A/9vl[(2Jj+ 1)3(Nj _Zj)]1/2 for 
Ni i= Zi and W = 19A/9vl[(2Jr+ 1)3(Nr - Zr)]1/2 for Ni = Zi' The matrix 
elements M(GT) are obtained from it = 6170j[B(F)+B(GT)], where 
B(GT) = M(GT)2j(2Ji + I). B(GT) is the GT transition probability (which 
depends on the transition direction). M(GT) is the GT reduced matrix 
element (which is independent of the transition direction). 

It is evident from inspection of the left side of Figure 6 that the exper
imental values of GT matrix elements in the sd shell are systematically 
smaller than the predictions of the W-interaction wave functions coupled 
with the free-nucleon operator, by a factor of about 0.77 (indicated by the 
lower line on the left side of Figure 6). The same wave functions combined 
with the effective operator account for most of the data extremely well. 

R(GT) 

FREE-NUCLEON EFFECTIVE 
0.8 

0.2 

o. 0 __ ----'�_____.L�---L..�--L-� ___ ........L�_L.�--'--�L-..� 
o 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8 

THEORY 
Figure 6 Theoretical vs experimental R(GT) matrix elements (see Sections 3 and 3.2). 
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Many suggestions about the cause but, until recently, no consensus.



Quenching in the sd and pf Shells
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IMSRG calculation, preliminary
Figure from J.D. Holt

Quenching caused both by
correlations from outside
the model space and by
the two-body current.



What about 0νββ Decay?
Recent work on two-body current suggests that quenching is
less than about 20%. L.J. Wang, JE, J.M. Yao

We’re working on the correlations side. Could use some help.
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Here the current transfers momentum of 100 – 200 MeV (on
average) to nucleons.

How much are such high-q transitions quenched? Can we look at:
µ capture?
ν scattering?
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A Problem with Chiral Effective Theory of ββ Decay

Effects from beyond nucleon-pion degrees of freedom aggregated
in “contact terms.”

The 0νββ operator has one, corresponding to the exchange of a
neutrino with really high momentum:
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We know coupling constant for only one of two operators like this.
Need a matrix element of an operator with the same quark
structure, e.g. from π double-charge exchange.

Any alternatives?
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What Can Theorists Contribute?

Better 0νββ matrix elements

Topical collaboration devoted to this and next item.

Better calculations of Schiff moments
Will require improved density functionals with
well-determined statistical uncertainty.

Ab initio calculations of interesting beta decay matrix
elements, including recoil-order terms
Improved calculations of radiative corrections in superallowed
beta decay

W − γ box diagram particularly important.

Linear response for understanding gA quenching

Both ab initio and density-functional methods important.

...



Finally. . .
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