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Perspective

Discovering the mechanisms of this new physics

rely, in part, on fundamental symmetry studies in 
hadrons, nuclei, atoms, and molecules

Non-zero ν masses, a cosmic BAU, dark matter, 

dark energy are all established, but the underlying 
dynamics — and any interconnections — are unclear

These are multi-scale problems, and QCD, and the 
ability to control it, flows through the interpretation of 
the experimental results  

TODAY: we consider “UQ” in these new physics 
searches — and use hadronic parity violation 

in the SM as a particular example




Coupling 
to SM 

particles
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Particle production at colliders!

New Particle Discovery Space 

Dichotomies 

𝒪(1)

Tiny

MW Energy

Probed

Energy vs. Precision
Direct vs. Indirect Detection 

EDM Searches!

Big

Usually assumed
(as HERE!)

∼ g2/M2
new
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Cosmic small-scale structure is washed out if DM is too light

Behaves like 

a classical field 

New opportunities!! New probes!! (Also theory driven!) 

Rare collisions

A Vast Range of Dark Matter Candidates
Particle Masses

“WIMPs” “Exotics’’“Fuzzy DM”

Fits in Galaxy
Elementary

 Particle

nDM λdB3 >> 1 nDM λdB3 << 1

“Black  
Holes”!
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Phenomenology controlled by deBroglie λ 

at the Sun’s location:  

Wave-like! Particle-like!
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Model Independent Analysis
Assuming new physics scale  heavy cf. to the weak scale Λ v

Λ
new, massive particles…

v

60

in the neutron is needed, and the QCD sum rule calcula-
tion of Ref. [854] has been employed to realize the limits
noted [852]. Stronger limits on the color-blind dipole
moments, however, come from b ! s� and b ! s`+`�

decays [852, 855]. In the face of such constraints, the
new-physics phase space to be explored at the LHC is
significantly reduced [852, 853], and presumably can be
sharpened further, even in the absence of additional ex-
perimental data, if the nonperturbative matrix element
can be more accurately calculated.

4.3. Low-energy framework for the analysis of
BSM e↵ects

The SM leaves many questions unanswered, and the
best-motivated models of new physics are those which
are able to address them. Commonly this is realized so
that the more fundamental theory has the SM as its low-
energy limit. Interestingly we can realize a framework in
which to probe the nature of physics BSM even if we do
not assume a specific theory with a definite ultraviolet
completion. Rather, we need only assume that we work
at some energy E below the scale ⇤ at which new par-
ticles appear. Consequently for E < ⇤ any new degrees
of freedom are “integrated out,” and the SM is amended
by higher-dimension operators written in terms of fields
associated with SM particles [856]. Specifically,

LSM =) LSM +
X

i

ci
⇤D�4

O
D

i
, (40)

where the new operators O
D

i
have dimension D with

D > 4. We emphasize that LSM contains a dimension-
four operator, controlled by ✓̄, which can also engender
CP-violating e↵ects, though they have not yet been ob-
served. The higher-dimension operators include terms
which manifestly break SM symmetries and others which
do not. A prominent example of the former is the Wein-
berg operator, which is of dimension five. This opera-
tor gives the neutrino a Majorana mass and can mediate
neutrinoless double � decay [857], a |�L| = 2 process.
Setting such possibilities aside, the remaining higher-
dimension terms can usefully be organized so that they
remain invariant under SM electroweak gauge symme-
try. This emerges from no fundamental principle but
rather follows from experiment, for flavor physics ob-
servables constrain the appearance of non-SM invariant
operators to energies far beyond the weak scale [858–
860]. Upon imposing SM electroweak gauge invariance
the leading order (dimension six) terms in our SM ex-
tension, prior to electroweak symmetry breaking, can be
found in Refs. [847, 848]. Nevertheless, this description
does not capture all the admissible possibilities in dimen-
sion six because of the existence of neutrino mass. The
latter has been established beyond all doubt[1], though
the need for the inclusion of dynamics beyond that in the
SM to explain it has as yet not been established. To wit,
we can use the Higgs mechanism to generate their mass.

Since the neutrinos are all light in mass, to explore the
consequences of this possibility we must include three
right-handed neutrinos explicitly in our description at
low energies [861]. Finally if we evolve our description to
the energies appropriate to the study of the weak decays
of neutrons and nuclei, we recover precisely ten indepen-
dent terms, just as argued long-ago by Lee and Yang
starting from the assumption of Lorentz invariance and
the possibility of parity nonconservation [862].

We now turn to the analysis of particular low-energy
experiments to the end of discovering physics BSM and
the manner in which theoretical control over confinement
physics can support or limit them.

4.4. Permanent EDMs

4.4.1. Overview

The neutron EDM is a measure of the distribution
of positive and negative charge inside the neutron; it is
nonzero if a slight o↵set in the arrangement of the posi-
tive and negative charges exists. Such can exist if inter-
actions are present which break the discrete symmetries
of parity P and time reversal T. In the context of the
CPT theorem, it reflects the existence of CP violation,
i.e., of the product of charge conjugation C and parity P,
as well. Consequently, permanent EDM searches probe
the possibility of new sources of CP violation at the La-
grangian level. The EDM d of a nondegenerate system is
proportional to its spin S, and it is nonzero if the energy
of the system shifts in an external electric field, such that
S · E.

The SM nominally possesses two sources of CP vio-
lation, though the second does not appear to operate.
They are: a single phase � in the Cabibbo-Kobayashi-
Maskawa (CKM) matrix, as well as through the T-odd,
P-odd product of the gluon field strength tensor and its
dual, the latter product being e↵ectively characterized
in the full SM by the parameter ✓̄. The CKM mecha-
nism of CP violation does give rise to nonzero perma-
nent EDMs; however, the first nontrivial contributions
to the quark and charged lepton EDMs come in three-
and four-loop order, respectively, so that for the down
quark |dd| ⇠ 10�34 Ec.m. [863, 864]. The neutron EDM
does possess a well-known, long-distance chiral enhance-
ment; estimates yield estimated to be |dn| ⇠ 10�31–10�33

Ec.m. [865–867], making it several orders of magnitude
below current experimental sensitivity. A table of the
results from various systems is shown in Table 11.

4.4.2. Experiments

The last few years has seen an explosion of interest in
experimental approaches to searches for electric dipole
moments of particles composed of light quarks and lep-
tons. This increased scientific interest has developed

“SMEFT” + invariants

Low energy EFTs

Continue to evolve and match to still lower E scales 

& EFTs as needed….

Energy

[Appelquist & Carazzone, 1975; note Buchmuller & Wyler, 1986; Grzadkowski et al., 2010]

Many?!



“Fundamental Symmetries’’
 Studies of B, C, CP, L, P, & T Violation 


in Nuclei —and Light Hadrons (& more!)

The particle physics of the early universe can explain this 

asymmetry if B (baryon number), C (particle-antiparticle), 

and CP (matter-antimatter) violation all exist in a non-
equilibrium environment. [Sakharov, 1967]

6

But what is the mechanism?

Motivation:  A cosmic baryon asymmetry…

The SM almost has the right ingredients, but we  
need BSM physics to explain it. Probes?
permanent EDMs  decay0νββ  oscillationsnn
Also…  conversion;  -decay correlations…μ → e β



7

A Cosmic Baryon Asymmetry 
Via electroweak baryogenesis (& a SFO EWPT!)3

<ϕ> = 0
<ϕ> = 0

<ϕ> = 0

<ϕ> = 0

Figure 1. Expanding bubbles of the electroweak-broken phase within the
surrounding plasma in the electroweak-symmetric phase.

Figure 2. Baryon production in front of the bubble walls.

2. These asymmetries diffuse into the symmetric phase ahead of the bubble wall, where they
bias electroweak sphaleron transitions [15, 16] to produce more baryons than antibaryons.

3. Some of the net baryon charge created outside the bubble wall is swept up by the expanding
wall into the broken phase. In this phase, the rate of sphaleron transitions is strongly
suppressed, and can be small enough to avoid washing out the baryons created in the first
two steps.

We illustrate these three steps in figure 2.
These EWBG steps satisfy explicitly the three Sakharov conditions for baryon

creation [17]. Firstly, departure from thermodynamic equilibrium is induced by the passage
of the rapidly expanding bubble walls through the cosmological plasma. Secondly, violation of
baryon number comes from the rapid sphaleron transitions in the symmetric phase. And thirdly,
both C- and CP-violating (CPV) scattering processes are needed at the phase boundaries to
create the particle number asymmetries that bias the sphalerons to create more baryons than
antibaryons.

All the ingredients required for EWBG are contained in the Standard Model (SM).
Unfortunately, EWBG is unable to explain the observed baryon asymmetry within the SM alone.
The first impediment is that the SM EWPT is first-order only if the mass of the Higgs boson

New Journal of Physics 14 (2012) 125003 (http://www.njp.org/)

3

Figure 1. Expanding bubbles of the electroweak-broken phase within the
surrounding plasma in the electroweak-symmetric phase.
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Figure 2. Baryon production in front of the bubble walls.

2. These asymmetries diffuse into the symmetric phase ahead of the bubble wall, where they
bias electroweak sphaleron transitions [15, 16] to produce more baryons than antibaryons.

3. Some of the net baryon charge created outside the bubble wall is swept up by the expanding
wall into the broken phase. In this phase, the rate of sphaleron transitions is strongly
suppressed, and can be small enough to avoid washing out the baryons created in the first
two steps.

We illustrate these three steps in figure 2.
These EWBG steps satisfy explicitly the three Sakharov conditions for baryon

creation [17]. Firstly, departure from thermodynamic equilibrium is induced by the passage
of the rapidly expanding bubble walls through the cosmological plasma. Secondly, violation of
baryon number comes from the rapid sphaleron transitions in the symmetric phase. And thirdly,
both C- and CP-violating (CPV) scattering processes are needed at the phase boundaries to
create the particle number asymmetries that bias the sphalerons to create more baryons than
antibaryons.

All the ingredients required for EWBG are contained in the Standard Model (SM).
Unfortunately, EWBG is unable to explain the observed baryon asymmetry within the SM alone.
The first impediment is that the SM EWPT is first-order only if the mass of the Higgs boson

New Journal of Physics 14 (2012) 125003 (http://www.njp.org/)

[Morrisey & Ramsey-Musolf, 2012]

EWSB

EDM limits constrain

this mechanism!



ACME II, 2018 (ThO): 
Roussy et al., 2023 (HfF+): 

|de | < 1.1 × 10−29 e-cm [90 % C.L.]
|de | < 4.1 × 10−30 e-cm [90 % C.L.]

8

Scaling the n to Earth’s size implies a charge 
separation 

of < 4μm 


(cf. human hair width 40 μm)

+
−

EDMs to Probe CPV for a BAU? 

|dn | < 1.8 × 10−26 e-cm [90 % C.L.]Neutron: 

Current limits for the electron and neutron 
strongly constrain models of EW baryogenesis 

[Abel et al., 2020]

For a sense of scale: 

Expts under development reach for 10-100x sensitivity
Applied electric fields can be enormously enhanced  

in atoms and molecules  [Purcell and Ramsey, 1950]

New CPV sources not yet observed….
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Hadronic Matrix Elements (indirect):

Context: Assert T &/or P, or B &/or B-L… broken at a 
high scale  to extend the SM: enter SMEFT
Λnew

Assuming new physics heavy cf. to the weak scale  

ℒ(d=6)
|ΔB|=1 ⊃ ∑

i

ci

Λ2
|ΔB|=1

(qqqℓ)i + h.c.

EFT+QCD for New Physics Searches

[Buchmuller & Wyler, 1986; 
Grzadkowski et al., 2010]

ℒSM ⟹ ℒSM + ∑
i

ci

Λd−4
𝒪d

i

e.g.: p → e+π0

Local operator: 

 LQCD to compute its


hadronic matrix element

For  work in an explicit BSM model 

or make  — with matrix element

experimental limit bounds  ….




ci
𝒪(1)

Λnew
p → ℓ+π0 ⟹ Λnew > 1015 GeV! [e.g., Aoki et al., FLAG review,  

2111.09849]
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FIG. 1. A “tower of theories” leading to the computation of the nuclear matrix elements M0⌫ that control the rate of 0⌫��
decay. At the highest level, above the cuto↵ ⇤LNV for all e↵ective theories, is the ultimate BSM LNV. It manifests itself at
the quark and gluon level through Standard-Model EFT, at the nucleon and pion level through chiral perturbation theory
(ChiPT), at the nucleon-only level (i.e., with pions no longer part of the Hilbert space, but instead accounted for in multi-
nucleon operators) through chiral EFT, and at the nuclear level through the techniques of nuclear-structure theory. Figure
adapted from Ref. [35].

improve our knowledge of these LECs, both by relating 0⌫�� decay to other �I = 2 processes and by direct
calculation within LQCD.

• To use the results of EFT and LQCD in the computation of nuclear matrix elements—that is, to use the chiral-
EFT Hamiltonians and transition operators that these methods supply in many-body calculations—we need to
improve ab initio methods. The improvement will involve an increase in accuracy, the use of a wide range of
chiral-EFT Hamiltonians (to allow uncertainty quantification), and a careful analysis of the way such methods
employ the EFT operators. The first two of these will require, in addition to analytic work, more e�cient use
of our best supercomputing resources. Existing codes and their extensions will need to be reworked to leverage
accelerators such as GPUs. Benchmarking with methods that are known to give very accurate results (so-called
“quasi-exact” methods that have thus far been restricted by complexity to light nuclei) is also important.

• At both the hadronic and nuclear scales, we need a consistent and unified quantification of uncertainties. We
must be able to both propagate parameter uncertainties to observables and to account for and disentangle
deficiencies in our calculations. The innovative use of Bayesian methods will be essential.

In short, the framework developed in the last few years to combine LQCD, EFT, and ab initio nuclear structure is not
yet e�cient enough to allow a genuine assessment of uncertainty. To be of real use in the search for new physics, all
three ingredients must be improved in the coming decade and made more computationally e�cient; their uncertainty
also needs to be reliably addressed. But these kinds of intelligent improvements will not, on their own, be enough:
increased access to computing resources and dedicated exascale allocations will also be important.

The NSF Project Scoping Workshop that led to this white paper was organized by Jon Engel, Witek Nazarewicz,
and Daniel Phillips, and held virtually on January 31 and February 1, 2022. After reviewing the experimental and

Connecting LNV to Complex Systems
Example: “Tower of theories” for  decay0νββ

Quarks

  N, π

N only

[Cirigliano et al., 2207.01085]Also μ → e ; EDMs . . .

ΛW

e.g., 
light  
& L-R

[de Vries et 

al., 
2209.03031]

νR
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Here SM / QCD RG effects must be addressed

EFT+QCD for New Physics Searches
Assume new physics is heavy but much more accessible 

How can we test our assessments?

permanent EDMs

BSM sources


of CPV(*)

 decay0νββ
|ΔL | = 2

 oscillationsnn
|ΔB | = 2

Nonzero signals in  

would speak to BSM physics  

Here UQ is essential to understanding 

the BSM landscape 
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SM + QCD at scale MW

ℋeff = ℋZ + ℋW

PV E↵ective Hamiltonian at MW

Summing all �S = 0 tree level amplitudes, (we keep the W± and Z 0

contributions separate for clarity):

H
PV ⌘ H = HZ +HW

HZ (MW ) =
GF s2w
3
p
2

✓
⇥1�3(

1

2s2w
�1)⇥5

◆

⇥1 = [(ūu)V +(d̄d)V +(s̄s)V ]
aa [(ūu)A� (d̄d)A� (s̄s)A]

bb

⇥5 = [(ūu)V � (d̄d)V � (s̄s)V ]
aa [(ūu)A� (d̄d)A� (s̄s)A]

bb

HW (MW ) =�GFp
2

�
cos2(qc)⇥9+ sin2(qc)⇥11

�

⇥9 = (ūd)aa
V (d̄u)bb

A +(d̄u)aa
V (ūd)bb

A

⇥11 = (ūs)aa
V (s̄u)bb

A +(s̄u)aa
V (ūs)bb

A

G.Muralidhara HPV 5 / 18Gluon radiation modifies ℋeff

SM example: hadronic parity violation ( ) ΔF = 0

Can we determine its outcomes at low(er) energies?
Compare to experiments?
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Hadronic Parity Violation ( ) in NucleiΔF = 0
The experiments are very challenging

NS67CH04-Holstein ARI 21 September 2017 7:57

1. The longitudinal analyzing power in the scattering of polarized protons from an unpolarized
proton target, for which measurements were performed at 13.6 MeV at Bonn, 15 MeV at
Los Alamos National Laboratory (LANL), 45 MeV at the Paul Scherrer Institut (PSI), and
221 MeV at TRIUMF:

AL( p⃗ p) =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

(−0.93 ± 0.20 ± 0.05)× 10−7 13.6 MeV (40)
(−1.7 ± 0.8)× 10−7 15 MeV (41)
(−1.57 ± 0.23)× 10−7 45 MeV (42−44)
(0.84 ± 0.34)× 10−7 221 MeV (45, 46)

. 9.

The first three experiments were done at relatively low energy, where a description in terms
of S–P amplitudes is a reasonable approximation. Thus, they constrain the partial wave
coefficients of Equation 7 in a straightforward way (3, 39):

!
1S0−3P0
0 + !

1S0−3P0
1 + 1√

6
!

1S0−3P0
2 = 419 ± 43. 10.

The S–P LECs ! are given in units of 10−7. The TRIUMF measurement, in contrast, must
be treated in a formalism that includes higher partial waves in the weak interaction, such
as the DDH potential. As shown in Figure 1a, the resulting constraints on weak couplings
can be expressed in terms of one combination related to S–P amplitudes, using the relations
in Equation 8, and another associated with P–D amplitudes. We discuss this result in more
detail in Section 3.2, below.

2. The longitudinal analyzing power for scattering 46-MeV polarized protons on a 4He target
was measured at PSI (47, 48) to be

AL( p⃗α)
∣∣∣
46 MeV

= −(3.3 ± 0.9)× 10−7, 11.

placing the following constraint on the S–P LECs (3, 47):

!
1S0−3P0
0 + 0.89!

1S0−3P0
1 + 0.75!

3S1−1P1
0 + 0.32!

3S1−3P1
1 = 930 ± 253. 12.

3. The circular polarization of photons emitted in the decay of the 1.081-MeV 0−0 excited state
of 18F to the 1+0 ground state is induced by PNC mixing of the 0− state with the nearby 0+1
state at 1.042 MeV (Figure 2). Consequently, this experiment selects out isovector hadronic
PNC. Four independent experiments have yielded the limits

Pγ =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

(−7 ± 20)× 10−4 Caltech/Seattle (9)
(−10 ± 18)× 10−4 Mainz (11)
(3 ± 6)× 10−4 Florence (12)
(2 ± 6)× 10−4 Queens (13)

. 13.

These results lead to the constraint (3, 14)

|!
3S1−3P1
1 + 2.42!

1S0−3P0
1 | < 340, 14.

which implies a value of h1
π significantly below the DDH best value.

4. The γ decay angular asymmetry for the transition from the polarized 110-keV 1
2
− excited

state in 19F to the 1
2

+ ground state has been measured, testing the parity mixing of these
levels (Figure 2). The results,

Aγ =
{

(−8.5 ± 2.6)× 10−5 Seattle (16)
(−6.8 ± 1.8)× 10−5 Mainz (49, 50)

, 15.

www.annualreviews.org • A New Paradigm for Hadronic Parity Nonconservation 77
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be treated in a formalism that includes higher partial waves in the weak interaction, such
as the DDH potential. As shown in Figure 1a, the resulting constraints on weak couplings
can be expressed in terms of one combination related to S–P amplitudes, using the relations
in Equation 8, and another associated with P–D amplitudes. We discuss this result in more
detail in Section 3.2, below.

2. The longitudinal analyzing power for scattering 46-MeV polarized protons on a 4He target
was measured at PSI (47, 48) to be

AL( p⃗α)
∣∣∣
46 MeV

= −(3.3 ± 0.9)× 10−7, 11.

placing the following constraint on the S–P LECs (3, 47):

!
1S0−3P0
0 + 0.89!

1S0−3P0
1 + 0.75!

3S1−1P1
0 + 0.32!

3S1−3P1
1 = 930 ± 253. 12.

3. The circular polarization of photons emitted in the decay of the 1.081-MeV 0−0 excited state
of 18F to the 1+0 ground state is induced by PNC mixing of the 0− state with the nearby 0+1
state at 1.042 MeV (Figure 2). Consequently, this experiment selects out isovector hadronic
PNC. Four independent experiments have yielded the limits

Pγ =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

(−7 ± 20)× 10−4 Caltech/Seattle (9)
(−10 ± 18)× 10−4 Mainz (11)
(3 ± 6)× 10−4 Florence (12)
(2 ± 6)× 10−4 Queens (13)

. 13.

These results lead to the constraint (3, 14)

|!
3S1−3P1
1 + 2.42!

1S0−3P0
1 | < 340, 14.

which implies a value of h1
π significantly below the DDH best value.

4. The γ decay angular asymmetry for the transition from the polarized 110-keV 1
2
− excited

state in 19F to the 1
2

+ ground state has been measured, testing the parity mixing of these
levels (Figure 2). The results,

Aγ =
{

(−8.5 ± 2.6)× 10−5 Seattle (16)
(−6.8 ± 1.8)× 10−5 Mainz (49, 50)

, 15.
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where on the right the DDH-predicted “best values” have been employed, yielding values for
the LECs (in units of 10−7). Similarly, the EFT potentials of Girlanda (22) and Zhu et al. (21)
must also be equivalent to Equation 7. The translation between the various formulations is given
in the so-called Rosetta stone, table 2 of Reference 3.

This comparison shows that the DDH potential is effectively equivalent to pionless EFT at
the low energies for which the latter is valid. In this regime, an S–P partial wave description is
adequate, and five linear combinations of the seven DDH weak couplings describe the physics.
The redundancy among these parameters is broken when P–D interactions become important.
Then the meson masses also play an explicit role, as higher partial wave channels allow one to
detect the noncontact form of the radial interaction. One can think of the DDH interaction as an
EFT that is married to a physically motivated model, for the purpose of extending the interaction’s
range of validity to higher momenta.

However, regardless of what formulation one uses, there remains a major problem: Five pa-
rameters are needed to describe hadronic PNC in the low-momentum limit, but we do not have
five reliable experimental constraints. Thus, some simplification is needed beyond that provided
by EFT or by a low-momentum reduction of the DDH potential.

2.3. Experimental Constraints and Two-Dimensional Reductions
A standard display of experimental constraints on hadronic PNC was introduced in Reference 17
and has been in wide use ever since. It employs two parameters, not five, and was derived on
largely empirical grounds—an after-the-fact examination of how theoretical predictions of PNC
observables depend on the underlying weak couplings. In light of the discussion of the large-N c

expansion in Section 3, below, we sketch here how this standard display came about.
The current version of this plot is shown in Figure 1. It includes constraints from four types

of experiments:

–40
–40 –20–60–80

–35

–30

–25

–20

h ρ
   +

 0
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Figure 1
(a) The standard plot of experimental constraints on the DDH [Desplanques, Donoghue, and Holstein (8)]
parameters, including recent revisions introduced in Reference 3. The experimental bands are 1σ . The
vertical blue band comes from a preliminary estimate of h1

π , based on a lattice QCD calculation of a
three-point function (38). (b) Constraints on h pp

ρ,ω = h0
ρ,ω + h1

ρ,ω + h2
ρ/
√

6 derived from AL( p⃗p) (3, 39). The
ellipses represent the 68%- and 90%-CL contours.
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angular asymmetry in 19F 

limits in 18F… 

[Desplanques, Donoghue, Holstein (DDH), 1980]

And newer results in …   A = 2,4

[SG, Haxton, & Holstein, 2017]
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Hadronic Parity Violation ( ) in NucleiΔF = 0
At very low energies, 5 PV NNNN contact interactions exist

NS67CH04-Holstein ARI 21 September 2017 7:57

2.2. The Effective Field Theory Picture
Although the DDH meson-exchange approach clearly contains some model dependence, it has
stood as the standard language for analyzing low-energy PNC experiments for nearly four decades.
In recent years, however, an alternative to the DDH potential has been developed, based on
pionless EFT. Pionless EFT provides a model-independent formalism for describing experiments
performed at momentum scales well below the pion mass, where the pion interaction becomes
local. Most applications to PNC scattering satisfy this condition (36), at least with respect to the
external momenta of the scattered particles. (If a nuclear bound state is involved, however, the
nuclear Fermi momentum can also play a role.)

This approach was introduced in studies of hadronic PNC by Zhu et al. (21), although the
roots of this kind of analysis reach back to Danilov’s (24, 25) partial wave analysis and to the
use of contact potentials by Desplanques & Missimer (37). The Zhu et al. formulation contained
redundant terms that were later identified and eliminated by Girlanda (22). The EFT method was
also developed by Phillips et al. (23). In pionless EFT, the NN interaction is represented by a small
number of empirically determined contact terms. In the parity-conserving case, for example, there
are only two, representing scattering lengths in the 1S0 and 3S1 channels. In the parity-violating
case, however, there exist five low-energy S–P channels, and consequently five associated LECs.

Although the DDH and EFT approaches appear to be quite distinct, they are in fact
operationally equivalent at the very low energies where pionless EFT is valid. This point was
recently made by constructing an effective contact interaction that maps onto Danilov’s partial
wave analysis (3):

V PNC
LO (r) = !

1S0−3P0
0

(
1
i

←→∇ A

2mN

δ3(r)
m2

ρ

· (σ 1 − σ 2)− 1
i

←→∇ S

2mN

δ3(r)
m2

ρ

· i (σ 1 × σ 2)

)

+ !
3S1−1P1
0

(
1
i

←→∇ A

2mN

δ3(r)
m2

ρ

· (σ 1 − σ 2) + 1
i

←→∇ S

2mN

δ3(r)
m2

ρ

· i (σ 1 × σ 2)

)

+ !
1S0−3P0
1

(
1
i

←→∇ A

2mN

δ3(r)
m2

ρ

· (σ 1 − σ 2)(τ1 z + τ2 z)

)

+ !
3S1−3P1
1

(
1
i

←→∇ A

2mN

δ3(r)
m2

ρ

· (σ 1 + σ 2)(τ1 z − τ2 z)

)

+ !
1S0−3P0
2

(
1
i

←→∇ A

2mN

δ3(r)
m2

ρ

· (σ 1 − σ 2)(τ 1 ⊗ τ 2)20

)

, 7.

where (τ 1 ⊗ τ )20 ≡ (3τ1 zτ2 z − τ 1 · τ 2)/
√

6. The subscripts on the LECs denote the change in
isospin %I induced by the associated operator, and the superscripts indicate the specific PNC
transition. With these operator definitions, the various !s are dimensionless. Of course, there
must exist a matching to the low-energy form of the DDH potential, yielding (3)

!
1S0−3P0
0 = −gρ (2 + χρ )h0

ρ − gω(2 + χω)h0
ω

DDH!
1S0−3P0
0 = 210,

!
3S1−1P1
0 = −3gρχρh0

ρ + gωχωh0
ω

DDH!
3S1−1P1
0 = 360,

!
1S0−3P0
1 = −gρ (2 + χρ )h1

ρ − gω(2 + χω)h1
ω

DDH!
1S0−3P0
1 = 21,

!
3S1−3P1
1 =

√
1
2 gπNN

(
mρ

mπ

)2
h1

π + gρ (h1
ρ − h1

ρ

′)− gωh1
ω

DDH!
3S1−3P1
1 = 1340,

!
1S0−3P0
2 = −gρ (2 + χρ )h2

ρ
DDH!

1S0−3P0
2 = 160, 8.
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mixing

2s+1SI −2s′ +1 PI

[Danilov 1965, 1971, Zhu et al. 2005, Girlanda, 2008]

But there are not enough experiments to fix all the 
coefficients (& note map to DDH) [Haxton & Holstein, 2013]

And it may be that none are negligibly small 
[SG, Haxton, & Holstein, 2017]



15[SG & Muralidhara, 2023;         after n3He (Gericke et al.), 2020]

68% CL

Implications

Constraints on the parity-violating vector-meson-nucleon coupling constants:

n3He: hr�w ⌘ h0r +0.605h0w �0.605h1r �1.316h1w +0.026h2r = (�17.0±6.56)⇥10�7

LOQCD+LQCD: hr�w =�12.9±0.52+
⇣

0.97
�1.9

⌘
+0.62+(�3.4))⇥10�7;

Along with the pion coupling, these predictions are within ±1s of experiment.

G.Muralidhara HPV 14 / 18

[NPDGamma (Blyth et al.), 2018]

ChPT [de Vries et al., 2015; 
de Vries et al., 2020]

[Haxton, 1981; 
Adelberger et al., 1983;
Haxton & Holstein, 
2013]

Hadronic Parity Violation ( ) in NucleiΔF = 0

asymmetries: 

Viviani et al., 

PRC 2010


DDH+AV18/UIX



16

SM example: hadronic parity violation ( ) ΔF = 0
This can be generated by SM  exchangeZ0

[Girish Muralidhara, Ph.D. thesis, 2024]

computable in pQCD!

EFT+QCD for New Physics Searches

Analysis through 2-loop order

[SG & Girish Muralidhara, PLB 2022, PRC 2023; 
Girish Muralidhara & SG, PLB 2024]
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An Effective Hamiltonian for HPV
At  for all isosectorsμ = 2 GeV

9/18

HPV Isosectors

I HPV operators are a blend of isospin I = 0, 1, 2 four-quark structures and can be separated
into isovector and isoscalar � isotensor sub-operators.

I This means, the study of the HPV can be divided into the study of Hamiltonians: H
I=1 and

H
I=0�2. A useful distinction in estimating the different meson-nucleon couplings later.

H
I=1
eff (µ) = GF s2

w
3
p

2 Â10
i=1 CI=1

i (µ)⇥I=1
i

⇥1
I=1 = [(ūu)V +(d̄d)V +(s̄s)V ]

aa [(ūu)A � (d̄d)A]
bb

⇥2
I=1 = [(ūu)V +(d̄d)V +(s̄s)V ]

ab [(ūu)A � (d̄d)A]
ba

⇥3
I=1 = [(ūu)A +(d̄d)A +(s̄s)A]

aa [(ūu)V � (d̄d)V ]
bb

⇥4
I=1 = [(ūu)A +(d̄d)A +(s̄s)A]

ab [(ūu)V � (d̄d)V ]
ba

⇥5
I=1 = (s̄s)aa

V [(ūu)A � (d̄d)A]
bb

⇥6
I=1 = (s̄s)ab

V [(ūu)A � (d̄d)A]
ba

⇥7
I=1 = (s̄s)aa

A [(ūu)V � (d̄d)V ]
bb

⇥8
I=1 = (s̄s)ab

A [(ūu)V � (d̄d)V ]
ba

⇥9
I=1 = (ūs)aa

V (s̄u)bb
A +(s̄u)aa

V (ūs)bb
A

⇥10
I=1 = (ūs)ab

V (s̄u)ba
A +(s̄u)ab

V (ūs)ba
A

H
I=0�2
eff (µ) = GF s2

w
3
p

2 Â10
i=1 CI=0�2

i (µ)⇥I=0�2
i

⇥1
I=0�2 = [(ūu)V +(d̄d)V +(s̄s)V ]

aa [(s̄s)A]
bb

⇥2
I=0�2 = [(ūu)V +(d̄d)V +(s̄s)V ]

ab [(s̄s)A]
ba

⇥3
I=0�2 = [(ūu)A +(d̄d)A +(s̄s)A]

aa [(s̄s)V ]
bb

⇥4
I=0�2 = [(ūu)A +(d̄d)A +(s̄s)A]

ab [(s̄s)V ]
ba

⇥5
I=0�2 = [(ūu)V � (d̄d)V ]

aa [(ūu)A � (d̄d)A]
bb +(s̄s)aa

V (s̄s)bb
A

⇥6
I=0�2 = [(ūu)V � (d̄d)V ]

ab [(ūu)A � (d̄d)A]
ba +(s̄s)ab

V (s̄s)ba
A

⇥7
I=0�2 = [(ūu)V +(d̄d)V +(s̄s)V ]

aa [(ūu)A +(d̄d)A +(s̄s)A]
bb

⇥8
I=0�2 = [(ūu)A +(d̄d)A +(s̄s)A]

ab [(ūu)V +(d̄d)V +(s̄s)V ]
ba

⇥9
I=0�2 = (ūd)aa

V (d̄u)bb
A +(d̄u)aa

V (ūd)bb
A

⇥10
I=0�2 = (ūd)ab

V (d̄u)ba
A +(d̄u)ab

V (ūd)ba
A

I g I=1
NLO and g I=0�2

NLO , 10⇥10 matrices, are calculated following the procedures discussed before.

[Dai et al., 1991; SG & Girish Muralidhara, 2022; Girish Muralidhara & SG, 2024]

These operator sets close under renormalization

& their mixing is characterized by an 


anomalous dimension matrix

[sin2 θC] [cos2 θC]
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4/18

HPV Operator Mixing and ADM
Operators renormalize and mix even under LO QCD corrections. Inserting
⇥1 = [(ūu)V +(d̄d)V +(s̄s)V ]

aa [(ūu)A � (d̄d)A � (s̄s)A]
bb

LO current-current corrections

LO Penguin corrections

⇥1 !⇥1 +
g2�( e

2 )

(4p)2µe

✓
2
9
⇥1�

2
3
⇥2 +1⇥3�3⇥4

◆

The mixing can be characterized by Anomalous Dimension Matrix (ADM)

Example
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An Effective Hamiltonian for HPV
Since QCD is flavor blind up to quark mass effects…


7/18

Current-Current Basis
Renormalization of the �S = 1 physics operators:

O1=(s̄u)aa
V�A(ūd)bb

V�A O2=(s̄u)ab
V�A(ūd)ba

V�A

O5=(s̄d)aa
V�A Âf

q(q̄q)bb
V+A O6=(s̄d)ab

V�A Âf
q(q̄q)ba

V+A

due to insertions into diagrams such as:

give the information of the mixing of prototype basis:

�1=(y1y2)aa
V (y3y4)

bb
A

�2=(y1y2)
ab
V (y3y4)

ba
A

�3=(y1y2)aa
A (y3y4)

bb
V

�4=(y1y2)
ab
A (y3y4)

ba
V

CNLO =
� as

4p
�2

0

BBB@

1279
12 � 20f

3
17
4 � 4f

3
2f
9 � 173

12
173
4 � 2f

3
95
2 � 5f

3
149

6 � 17f
3 � f

3
202
3 � 7f

9
2f
9 � 173

12
173

4 � 2f
3

1279
12 � 20f

3
17
4 � 4f

3
� f

3
202

3 � 7f
9

95
2 � 5f

3
149

6 � 17f
3

1

CCCA

Buras et al., 

Nucl. Phys. B (1993)

with penguin
type-1,2 

contributions 
we get the 

full a.d. matrix
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An Effective Hamiltonian for HPV

8/18

HPV NLO anomalous dimension matrix

I Use prototype basis ~�cc and corresponding ADM CNLO on operators of
HPV: gHPV

cc,NLO

I Use prototype basis ~�p and mixing schemes P1 and P2 on operators
of HPV: gHPV

penguin,NLO

I The NLO mixing matrix for the Z -sector: gHPV
cc,NLO + gHPV

penguin,NLO = gHPV
NLO =

a2
s

(4p)2

0

BBBBBBBBB@

97087
972 � 64f

9
6737
324

2f
9 � 1205

108
1717

36 � 2f
3 0 0 � 142q

9 � 2q
3

281
6 � 1970f

243
818f
81 + 161

6 16� 20f
27

202
3 � 4f

3 0 0 � 92q
27 � 52q

9

� 20525
972

19373
324

28f
3 + 11863

108
313
36 � 4f

3 0 0 4q
9 � 4q

3

� 16f+18
27

208
3 2f+ 127

2
149�4f

6 0 0 1664q
243 � 1232q

81
2q
3 �2q �16q 0 553

6 � 58f
9

95
2 �2f � 836

243
1700
81

1628q
243 � 1340q

81 � 88q
27 � 40q

9
95
2 �2f 553

6 � 58f
9

46
3 2

0 0 0 0 0 0 80f
9 + 43121

486
11095

162
0 0 0 0 0 0 377

6 � 1322f
243

1178f
81 + 565

6

1

CCCCCCCCCA

[Girish Muralidhara & SG, PLB, 2024]& compute RG flow 
to yield ⃗C (2 GeV)
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Example: Meson-nucleon Couplings
Use nucleon charges from lattice QCD 

Meson-Nucleon couplings: hIM

The DDH’s meson-exchange phenomenological HPV Hamiltonian is
dictated by couplings hIM for meson M and isosector I :
h

1

p , h
1

r0 , h
0

r , h
2

r , h
0

w and h
1

w

To obtain them from our RG Hamiltonian, we make the following
matching from the quark to hadron level: hMN 0|H I

eff
|Ni= hMN 0|HDDH|Ni

For example, the pion contribution to hadronic PV:

H
p

DDH
= ih1p(p+p̄n�p�n̄p) =) �ih1p ūnup =

⌦
np+

��H I=1
eff

|pi

uN is a Dirac spinor.

Next, we make use of factorization approximation to evaluate these matrix
elements. If we consider vector meson (V) emission, the factorization
approximation for long-distance hadronic interaction matrix elements in
terms of four-quark operators separate as

⌦
VN 0��(q̄1q2)v q̄3q4)A |Ni= hV |(q̄1q2)v |0i

⌦
N 0��(q̄3q4)A |Ni

G.Muralidhara HPV 11 / 18

[Desplanques, Donoghue, Holstein (DDH), 1980]
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h1p

As a pseudoscalar meson
⌦
p+n

��HI=1 |pi=�ih1p ūnup =

=
GF s

2
w

3
p
2

⌦
p+

��(ūg5d) |0i
⇣
2c I=1

1

3
+2c I=1

2 �
2c I=1

3

3
+2c I=1

4

⌘
hn| d̄u |pi

With fp the charged pion decay constant

⌦
p+

��(ūg5d) |0i=
m2

p fp
i(mu +md )

mp = 135MeV ; fp = 130; (mu +md )[RGI] = 2(4.736(60)m(1.5)⇤)MeV

and isovector quark scalar charge of the nucleon
1

hn| d̄u |pi= gu�d
s ūnup ; gu�d

s = 1.06(10)(06)sys

h1p =(3.06±0.34+
⇣
+1.29
�0.64

⌘
+0.42+(1.00))⇥10�7(npdGamma

2 :2.6(1.2)(0.2)⇥10�7)

1mud : FLAG Review 2021, 2111.09849; gs : (Nf = 2+1) [S. Parke et al., 2103.05599]

2
D. Blyth, et al., Phys. Rev. Lett. 121 (24) (2018) 242002.

G.Muralidhara HPV 12 / 18

Example: h1
π

1FLAG review, 2021 2Blyth et al., 2018Can also evaluate h0,1,2
ω,ρ

h1
π = 2.13 ± 0.22 + (+0.19

−0.33) × 10−7 (NLO)
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Implications

[SG & Muralidhara, 2023 with 2024 updates;         after n3He (Gericke et al.), 2020]

68% CL

Implications

Constraints on the parity-violating vector-meson-nucleon coupling constants:

n3He: hr�w ⌘ h0r +0.605h0w �0.605h1r �1.316h1w +0.026h2r = (�17.0±6.56)⇥10�7

LOQCD+LQCD: hr�w =�12.9±0.52+
⇣

0.97
�1.9

⌘
+0.62+(�3.4))⇥10�7;

Along with the pion coupling, these predictions are within ±1s of experiment.

G.Muralidhara HPV 14 / 18

[NPDGamma  (Blyth et al.), 2018]

ChPT  [de Vries et al., 2015; 
de Vries et al., 2020]

[Haxton, 1981; 
Adelberger et al., 1983;
Haxton & Holstein, 
2013]

[SG & Muralidhara, 
2022 (LO)]

Scale

dependence?


cf. exact

NN EFT

study

[Epelbaum, Gegelia, 
Meissner, 2017]

[Muralidhara & SG, 
PLB 2024 (NLO) 
+LQCD inputs]

( hρ−ω = − 11.9 ± 0.65 + (0.09
−0.77) × 10−7

(NLO)
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76

A NEW ERA OF DISCOVERY | THE 2023 LONG RANGE PLAN FOR NUCLEAR SCIENCE

stroyed. This result would have profound consequenc-
es for our understanding of how the universe contains 
so much more matter than antimatter. 

Currently, no experimental evidence indicates that 
neutrinoless double beta decay occurs in nature. 
However, the existence of neutrinoless double beta 
decay is intimately related to one of the most import-
ant questions in fundamental physics today: what is 
the physics responsible for the tiny but nonzero neu-
trino masses? We do not know the answer, but sever-
al potential mechanisms exist for neutrino masses. 
These mechanisms fall into two very broad catego-
ries that make different predictions for another key 
question: are neutrinos Majorana fermions (i.e., are 
neutrinos their own antiparticles)? The existence 
of fundamental Majorana fermions has never been 

demonstrated. If the neutrino is a Majorana fermion, 
then the exact conservation of lepton number is not 
allowed because the neutrino and the antineutrino—
which are one and the same—cannot have opposite 
lepton numbers. Hence, if neutrinos are Majorana 
fermions, then neutrinoless double beta decay can 
occur, and if it is ever observed, then neutrinos must 
be Majorana fermions. 

Quantitatively, the connection between neutrino 
masses and the rate for neutrinoless double beta 
decay depends on the details of the BSM physics 
that determines neutrino masses. However, if light 
Majorana neutrino exchange is the dominant con-
tribution to neutrinoless double beta decay, then the 
rate for neutrinoless double beta decay is direct-
ly connected to a combination of light neutrino 

Sidebar 6.2 Radioisotope Harvesting at FRIB for Fundamental Physics 

The Facility for Rare Isotope Beams (FRIB) will yield the discovery of new, exotic isotopes and the measurement 
of reaction rates for nuclear astrophysics, and will produce radioactive isotopes that can be used for a broad 
range of applications, including medicine, biology, and fundamental physics.

Converting waste to wealth               
Radioisotopes at FRIB are produced via fragmenta-
tion when accelerated ion beams interact with a thin 
target. Several isotopes, including those previously 
unobserved, across the entire periodic table will be 
produced in practical quantities for the first time in the 
water beam dump at the FRIB accelerator. The Isotope 
Harvesting Project provides a new opportunity to col-
lect these isotopes, greatly enhancing their yield and 
real-time availability to enable a broad spectrum of re-
search across multiple scientific disciplines. Isotopes 
will be extracted from the beam dump and chemically 
purified using radiochemistry techniques in a process 
called harvesting. Harvesting operates commensally, 
therefore providing additional opportunities for science.  

Pear-shaped nuclei enable new-physics searches 
With uranium-238 ion beams, these methods can produce heavy, pear-shaped nuclei that can be used to search 
for violations of fundamental symmetries that would signal new forces in nature. For example, a nonzero per-
manent electric dipole moment (EDM) would break parity and time-reversal symmetries. Figure 1 shows a pear-
shaped nucleus spinning under applied electric and magnetic fields. Its magnetic dipole moment (MDM) is non-
zero, and if its EDM is also nonzero, then its spin-precession rate changes if the direction of time is reversed. 
Heavy, pear-shaped nuclei can greatly amplify the sensitivity to a nonzero EDM and complement neutron EDM 
studies. Pear-shaped isotopes such as radium-225 and protactinium-229 will be produced in abundance at FRIB, 
and their EDM effects can be further enhanced by using them to form polar molecules, which can then be probed 
using cutting-edge laser techniques. The unique sensitivity of these experiments opens otherwise inaccessible 
windows on new physics.

Figure 1. A pear-shaped nucleus spins counterclockwise or 
clockwise, depending on the direction of time [S47]. 

Some Future BSM Tests
Radioisotope Harvesting at FRIB

Pear-shaped nuclei for permanent EDMs searches:

[2023 LRP for Nuclear Science]

Quantum sensing & BSM searches with 

(radioactive) molecules [DeMille et al., Nature Physics, 2024]



Summary

—Forthcoming AMO studies may yield information

on PV in lighter systems

—We have constructed the PV effective Hamiltonian 
 of the SM in LO & NLO QCD at ℋeff μ = 2 GeV

—We have considered BSM tests in complex 

nuclei & UQ re the “tower of EFTs” that can appear 

—Using our result, the factorization approximation, 
and lattice QCD charges, we have computed meson-
nucleon coupling constants that compare favorably 

to few-body experiments

25

— We have considered limited aspects of this task 
within the example of hadronic parity violation
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For Discussion
Can we use our  to compute the PV LECs 
in chiral EFT?

ℋeff

Will computations of PV in complex nuclei
(anapole moments?) prove possible?

Will we eventually be able to compute the
Schiff moments of heavy, deformed nuclei
(for future EDM searches) with defendable errors? 

How well will we be able to realize UQ in “Tower
of EFTs”  BSM searches?



Backup Slides  
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Permanent Electric Dipole Moments
Atomic Scale Effects & Enhancements 

Schiff Theorem (1963): 
In the non-relativistic limit a neutral, point-like atom will 
shield an applied electric field, so that there is no atomic 

EDM even if dnucleus is not zero!

Limits on the electron EDM de come from paramagnetic 
and (to a limited extent) diamagnetic atoms — and from 

molecules

Schiff’s theorem can be strongly violated by relativistic 
and finite-size effects! 

In paramagnetic atoms & polar molecules relativistic effects 
dominate. Note in alkali atoms datom ~ Z3 α2 de 

(dTl ~585de + … !) [Sandars, 1965]



Heavy Atom EDMs

[Gaffney et al., 
Nature (2013)]

evade Schiff’s theorem through 
large Z, finite nuclear size, and 

permanent (octupole) deformation

Permanent deformation in Ra-225 makes the nucleus more 
“rigid” and the Schiff moment computation more robust and 
1000x bigger than             (existing best atomic EDM limit)199

Hg

This is just one example…



Electric & Magnetic Dipole Moments

H = �µ
~S

S
· ~B �d

~S

S
· ~E

Maxwell Equations…

A permanent EDM breaks P & T 

~B
P ! ~B ~E

P ! � ~E ~S
P ! ~S

~B
T ! � ~B ~E

T ! ~E ~S
T ! �~S

MDM: P even, T even 
  EDM: P odd, T odd 

under CPT,  CP is also broken
30



By dimensional analysis we infer the scaling 

EDMs & Sensitivity to New Physics

 ̄�µ⌫ = ( ̄L�
µ⌫ R +  ̄R�

µ⌫ L)

 The electric and (anomalous) magnetic moments change chirality 

 ̄�µ⌫�5 = ( ̄L�
µ⌫�5 R +  ̄R�

µ⌫�5 L)

df ⇠ e
↵

4⇡

mf

⇤2
sin�CP

dd quark ⇠ 10�3e
md(MeV)

⇤(TeV)2
⇠ 10�25 1

⇤(TeV)2
e� cm

Note ILL limit on neutron EDM: 
dn < 3x10-26 e-cm @ 90%CL [Pendlebury et al., 2015]

EDM experiments have TeV scale sensitivity

New Physics 
Scale

31
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EDM Measurement Principle
Much simplified!

Consider the precession frequency

ν =
1

2π
dφ
dt

=
2 ⃗μ ⋅ ⃗B ± 2 ⃗d ⋅ ⃗E

h
and its change under  field reversal 
B must be very well determined!

⃗E

The experimental sensitivity to the energy  is set by  ⃗d ⋅ ⃗E

σd ∼
ℏ

| ⃗E |Tm N
measurement time
number of counts

Tm

dn < 1.8 × 10−26 e-cm [90 % C.L.]
N

Neutron: 
 [Abel et al., 2020]

d ∼
2
3

eℓ ∼ 6 × 10−15 e-cm if ℓ ∼ 0.1rp

u

d d

ℓ

Estimate: (!)



Operator Analysis of EDMs 
Multiple sources with  exist  d ≤ 6

Can all the low-energy CPV sources be determined? 

Even a single TeV scale source can give rise to 
multiple GeV scale sources through QCD effects

33

Need to interpret EDM limits in nuclei, atoms, molecules 

LQCD studies of apropos neutron matrix elements
exist (e.g., tensor charges) and is ongoing

[Chien et al., 2016]

[note FLAG review; Snowmass white paper 2203.08103]

ℒd≤6 ⊃ θ̄αsGG̃ + ∑
i∈u,d,s

i(diq̄i(Fσ)γ5q + d̃iq̄i(Gσ)γ5q) + dGGGG̃
[Pospelov & Ritz, 2005]

Note  can act as axion portalsaGG̃ , ∂μaN̄γμγ5N
[Batell, Pospelov, & Ritz, 2009]
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2.2. The Effective Field Theory Picture
Although the DDH meson-exchange approach clearly contains some model dependence, it has
stood as the standard language for analyzing low-energy PNC experiments for nearly four decades.
In recent years, however, an alternative to the DDH potential has been developed, based on
pionless EFT. Pionless EFT provides a model-independent formalism for describing experiments
performed at momentum scales well below the pion mass, where the pion interaction becomes
local. Most applications to PNC scattering satisfy this condition (36), at least with respect to the
external momenta of the scattered particles. (If a nuclear bound state is involved, however, the
nuclear Fermi momentum can also play a role.)

This approach was introduced in studies of hadronic PNC by Zhu et al. (21), although the
roots of this kind of analysis reach back to Danilov’s (24, 25) partial wave analysis and to the
use of contact potentials by Desplanques & Missimer (37). The Zhu et al. formulation contained
redundant terms that were later identified and eliminated by Girlanda (22). The EFT method was
also developed by Phillips et al. (23). In pionless EFT, the NN interaction is represented by a small
number of empirically determined contact terms. In the parity-conserving case, for example, there
are only two, representing scattering lengths in the 1S0 and 3S1 channels. In the parity-violating
case, however, there exist five low-energy S–P channels, and consequently five associated LECs.

Although the DDH and EFT approaches appear to be quite distinct, they are in fact
operationally equivalent at the very low energies where pionless EFT is valid. This point was
recently made by constructing an effective contact interaction that maps onto Danilov’s partial
wave analysis (3):

V PNC
LO (r) = !

1S0−3P0
0

(
1
i

←→∇ A

2mN

δ3(r)
m2

ρ

· (σ 1 − σ 2)− 1
i

←→∇ S

2mN

δ3(r)
m2

ρ

· i (σ 1 × σ 2)

)

+ !
3S1−1P1
0

(
1
i

←→∇ A

2mN

δ3(r)
m2

ρ

· (σ 1 − σ 2) + 1
i

←→∇ S

2mN

δ3(r)
m2

ρ

· i (σ 1 × σ 2)

)

+ !
1S0−3P0
1

(
1
i

←→∇ A

2mN

δ3(r)
m2

ρ

· (σ 1 − σ 2)(τ1 z + τ2 z)

)

+ !
3S1−3P1
1

(
1
i

←→∇ A

2mN

δ3(r)
m2

ρ

· (σ 1 + σ 2)(τ1 z − τ2 z)

)

+ !
1S0−3P0
2

(
1
i

←→∇ A

2mN

δ3(r)
m2

ρ

· (σ 1 − σ 2)(τ 1 ⊗ τ 2)20

)

, 7.

where (τ 1 ⊗ τ )20 ≡ (3τ1 zτ2 z − τ 1 · τ 2)/
√

6. The subscripts on the LECs denote the change in
isospin %I induced by the associated operator, and the superscripts indicate the specific PNC
transition. With these operator definitions, the various !s are dimensionless. Of course, there
must exist a matching to the low-energy form of the DDH potential, yielding (3)

!
1S0−3P0
0 = −gρ (2 + χρ )h0

ρ − gω(2 + χω)h0
ω

DDH!
1S0−3P0
0 = 210,

!
3S1−1P1
0 = −3gρχρh0

ρ + gωχωh0
ω

DDH!
3S1−1P1
0 = 360,

!
1S0−3P0
1 = −gρ (2 + χρ )h1

ρ − gω(2 + χω)h1
ω

DDH!
1S0−3P0
1 = 21,

!
3S1−3P1
1 =

√
1
2 gπNN

(
mρ

mπ

)2
h1

π + gρ (h1
ρ − h1

ρ

′)− gωh1
ω

DDH!
3S1−3P1
1 = 1340,

!
1S0−3P0
2 = −gρ (2 + χρ )h2

ρ
DDH!

1S0−3P0
2 = 160, 8.
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Limits on  Decays|ΔB | = 1
Mediated by mass dimension 6 operators in SMEFT 

!

ℒ(d=6)
|ΔB|=1 ⊃ ∑

i

ci

Λ2
|ΔB|=1

(qqqℓ)i + h.c.

[Berryman, SG, & Zakeri, 2022]

But the origin of 




processes can

be distinct! 

|ΔB | = 2

ℒ(d=9)
|ΔB|=2 ⊃ ∑

i

ci

Λ5
|ΔB|=2

(qqqqqq)i + h.c.

 [Marshak & Mohapatra, 1980; 
Babu & Mohapartra, 2001 & 2012;
Arnold, Fornal, & Wise, 2013….]

nn̄ expt’l limit yields 
Γ|ΔB|=2 ≳ 105.5 GeV
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On Neutrinoless Double Beta 
(0ν ββ) decay


If observed, the ν has a Majorana mass

(or π- π-      e- e- )

d

d u

u

e−

e−
ν

W−

W−

(a)
d

d
u

u

e−

e−
ν

W−

(b)

d

d
u

u

e−

e−
ν

(c)

d

d

u

u

e−

e−

(d)

Figure 2: Different contributions to 0νββ : (a)-(c) A light neutrino is exchanged between two point-
like vertices, which are classified as “long-range”. (d) Contributions mediated by heavy particles
are classified as “short-range”. Diagram (a) corresponds to the mass mechanism — the standard
interpretation of 0νββ with Majorana neutrino propagation. See main text for details.

2 Model-independent parametrisation of the 0νββ decay

rate

A general Lorentz-invariant parametrisation of new physics contributions to 0νββ has been developed
in [37,38]. This formalism allows to derive limits on any LNV new physics contributing to 0νββ decay
without recalculation of nuclear matrix elements. In order to make contact with this formalism, we
recapitulate the main results and definitions of [37, 38] in this section. The total amplitude of 0νββ
is most conveniently divided into two parts: Long-range and short-range contributions, see Fig. 2.

2.1 Long-range contributions

Consider first the long-range part. Here, we can sub-divide the amplitudes into parts (a)-(c) as
shown in the figure. In case (a), a massive Majorana neutrino is exchanged between two SM charged
current vertices, while cases (b) and (c) contain one and two (unspecified) non-standard interactions
respectively, indicated by the black blobs.

At low energy, we can write the relevant part of the effective Lagrangian with the leptonic (j)
and hadronic (J) charged currents as

L4-Fermi = LSM + LLNV

=
GF√
2

[

jµV−AJV−A,µ +
∑

α, β ̸= V −A

ϵβα jβJα

]

. (2)

Here, we follow the notations of j and J adopted in [38], which are6

Jµ
V±A = (JR/L)

µ ≡ uγµ(1± γ5)d , jµV±A ≡ eγµ(1± γ5)ν , (3)

JS±P = JR/L ≡ u(1± γ5)d , jS±P ≡ e(1± γ5)ν ,

Jµν
TR/L

= (JR/L)
µν ≡ uγµν(1± γ5)d , jµνTR/L

≡ eγµν(1± γ5)ν ,

6Note that the difference in normalisation of Eq. (3) and the normal convention for L/R in particle physics leads
to various powers of two, see appendix, when relating models with the ϵβα of Eq. (2).

4

[Schechter & Valle, 1982]

O / ūūddēē

          mediated by a dimension 9 operator: 

“long range” “short range”
[Bonnet, Hirsch, Ota, & Winter, 2013]

“mass mechanism”

0ν ββ

mediated by B-L breaking! [Note Cirigliano et al., EFT analysis]
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For choices of fermions fi 
this decay topology can yield
          or                  decay

0ν ββ Decay in Nuclei

The “short-range” mechanism involves new 
B-L violating dynamics; e.g., 

Can be mediated by “short-” or “long”-range mechanisms 

[Bonnet, Hirsch, Ota, & Winter, 2013]

S or V that carries B or L

u-u

0ν ββ
Can we relate the possibilities in a data-driven way?
[Yes!] [S.G. & Xinshuai Yan, PLB 2019]
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Bibliography: 
S.G. & Xinshuai Yan, Phys. Rev. D93, 096008 (2016) [arXiv:1602.00693]; 
S.G. & Xinshuai Yan, Phys. Rev. D97, 056008 (2018) [arXiv:1710.09292]; 
S.G. & Xinshuai Yan, Phys. Lett. B790 (2019) 421 [arXiv:1808.05288];
and on ongoing work in collaboration with Xinshuai Yan

Fundamental Majorana Dynamics

Lorentz invariance allows 


Can exist for electrically neutral massive fermions: 
either leptons (ν’s) or combinations of quarks (n’s)

L =  ̄i/@ � 1

2
m( TC +  ̄C ̄T ) [Majorana, 1937]

where m is the Majorana mass.

A “Majorana neutron” is an entangled n and      state,

but a  Majorana neutrino can be a two-component field  

u



A Dark-Dominated Universe
Why should quarks (& QCD) matter?
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The dark content 
is unknown

η = nbaryon/nphoton = (6.12 ± 0.04) × 10−10

[Planck, 2020; PDG, 2022]

a baryon excess: 

N.B. primordial D/H abundance…

Linked?
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PVES probes SM fermion couplings
Limits BSM possibilities

ℒSM
PV = ēγμγ5e∑

q ( GF

2
C1q) q̄γμqLETTERRESEARCH

backgrounds and corrections associated with each of the two halves of 
the experiment, are provided in Methods.

The asymmetry measurement results are Aep = −223.5 ± 15.0 
(statistical) ± 10.1 (systematic) p.p.b. in the first half of the experi-
ment, and Aep = −227.2 ± 8.3 (statistical) ± 5.6 (systematic) p.p.b. in 
the second half. These values are in excellent agreement with each 
other and consistent with our previously published commissioning 
result3. Accounting for correlations in some systematic uncertainties  
between the two measurement periods, the combined result is 
Aep = −226.5 ± 7.3 (statistical) ± 5.8 (systematic) p.p.b. The total 
uncertainty achieved (9.3 p.p.b.) sets a new level of precision for  
parity-violating electron scattering (PVES) from a nucleus.

The relationship between the measured asymmetries Aep and the 
proton’s weak charge Qw

p  is expressed by equation (3), where the  
hadronic-structure-dependent term B(Q2, θ) grows with the momen-
tum transfer Q2. Higher-Q2 data from previous PVES experiments (see 
online references, Methods) were included in a global fit3,7,8 to con-
strain the proton-structure contributions for the short extrapolation 
from our datum to Q2 = 0 in order to determine Qw

p, the intercept of 
equation (3). The average Q2 of this experiment (0.0248 GeV2 c−2) is 
much smaller than that of any other PVES experiments used in this fit, 
with correspondingly smaller contributions from the proton structure. 
The superior precision of the Qweak measurement tightly constrains the 
fit near Q2 = 0, where the connection to Qw

p can be made.
The parameters of the global fit3,7,8 to the PVES data are the  

axial-electron–vector-quark weak-coupling constants C1u and C1d, the 
strange charge radius ρs and strange magnetic moment µs (which char-
acterize the strength of the proton’s electric and magnetic strange-quark 
form factors) and the strength of the neutral weak (Z0 exchange) isovector  
(T = 1) axial form factor =G Z T

A
( 1). The EM form factors GE and GM used 

in the fit were taken from ref. 9; uncertainties in this input were 
accounted for in the result for Qw

p and in its uncertainty.
The ep asymmetries shown in Fig. 2 were corrected1,3 for the energy- 

dependent part of the γZ-box weak radiative correction10–13 and its 
uncertainty. No other electroweak radiative corrections need to be 
applied to determine Qw

p. However, ordinary electromagnetic radiative 
corrections (bremsstrahlung) were accounted for in the asymmetries 
used in the fit, including our datum. Details of the fitting procedure, as 

well as a description of the corrections applied to the asymmetry for 
this experiment, are described in Methods.

The global fit is shown in Fig. 2 together with the ep data, expressed 
as Aep(Q2, θ = 0)/Α0. To isolate the Q2 dependence for this figure,  
the θ dimension was projected to 0° by subtracting [Acalc(Q2, θ) −  
Acalc(Q2, θ = 0)] from the measured asymmetries Aep(Q2, θ), as 
described in refs 3,8. Here Acalc refers to the asymmetries determined 
from the global fit. The fit includes all relevant PVES data for the 
scattering of polarized electrons on protons (ep), deuterons (e2H) and 
4He (e4He); see Methods. The PVES database provides a data-driven 
(as opposed to a more theoretical) constraint on the nucleon structure 
uncertainties in the extrapolation to Q2 = 0. We consider this to be 
the best method to provide our main result (denoted in Table 1 as 

e

e

J

J

p
Z0

Z0

Fig. 1 | Parity-violating electron scattering from the proton. An 
incoming electron, e, with helicity +1 scatters away from the plane of  
the ‘parity-violating mirror’. The image in the parity-violating mirror 
shows the incoming electron with the opposite helicity, −1; instead of 
scattering into the plane of the parity-violating mirror (as it would in a  
real mirror), it scatters out of the plane of the parity-violating mirror.  
The dominant electromagnetic interaction, mediated by the photon  
(γ, blue wavy line), conserves parity. The weak interaction, mediated 
by the neutral Z0 boson (dashed red line), violates parity. The weak 
interaction is studied experimentally by exploiting parity violation through 
reversals of the incident-beam helicity, which mimic the parity-violating 
mirror ‘reflection’.
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Fig. 2 | The reduced asymmetry θ= / = +A A Q Q B Q 0( , )ep 0 w
p 2 2  versus Q2.  

The global fit is illustrated using ep asymmetries from this experiment 
(Qweak 2018), from the commissioning phase of this experiment3 (Qweak 
2013), as well as from the earlier experiments HAPPEX, SAMPLE, PVA4 
and G0 (see Methods), projected to θ = 0° and reduced by a factor A0(Q2) 
appropriate for each datum. The data shown here include the γZ-box 
radiative correction and uncertainty. Inner error bars correspond to one 
standard deviation (s.d.) and include statistical and systematic uncertainties. 
Outer error bars on the data indicate the additional uncertainty estimated 
from the forward-angle projection (for some data points, inner and outer 
error bars coincide). The solid line represents the global fit to the complete 
PVES database (see Methods), and the yellow band indicates the fit 
uncertainty (1 s.d.). The arrowhead at Q2 = 0 indicates the standard-model 
prediction2, = .Q 0 0708(3)w

p , which agrees well with the intercept of the fit 
( = . ± .Q 0 0719 0 0045w

p ). The inset shows a magnification of the region 
around this experiment’s result, at 〈 〉 = . −Q c0 0248 GeV2 2 2.

Table 1 | Results extracted from the asymmetry measured in the 
Qweak experiment

Method Quantity Value Error

PVES fit Qw
p 0.0719 0.0045

ρs 0.20 0.11
µs −0.19 0.14

=GZ T
A

( 1) −0.64 0.30
PVES fit + APV Qw

p 0.0718 0.0044
Qw

n −0.9808 0.0063
C1u −0.1874 0.0022
C1d 0.3389 0.0025
C1 correlation −0.9318

PVES fit + LQCD Qw
p 0.0685 0.0038

Qweak datum only Qw
p 0.0706 0.0047

Standard model Qw
p 0.0708 0.0003

‘PVES fit’ refers to a global fit incorporating the Qweak result and the PVES database, as described 
in Methods. When combined with APV14,15 (to improve the C1d precision), this method is denoted 
as ‘PVES fit + APV’. If the strange form factors in the global fit (without APV) are constrained to 
match LQCD calculations16, we label the result as ‘PVES fit + LQCD’. The method labelled ‘Qweak 
datum only’ uses the Qweak datum, together with electromagnetic9, strange16 and axial18 form 
factors from the literature in lieu of the global fit. Uncertainties are 1 s.d.

N A T U R E | www.nature.com/nature
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‘PVES fit’), which is = . ± .Q 0 0719 0 0045w
p . Below we discuss the sensi-

tivity of this result to variations in the experimental and theoretical 
input used to determine it.

Just as the proton’s weak charge depends on its u and d quark content 
(see equation (1)), the weak charge of other nuclear systems depends 
on their (different) u and d quark content. Because ep, e2H and e4He 
data are included in the global fit, C1u and C1d are reasonably well deter-
mined. However, if the very precise atomic-parity violation (APV) 
result14,15 on 133Cs is also included in the global fit, C1u and C1d can be 
determined with greater precision and then used to extract the neu-
tron’s weak charge = − +Q C C2( 2 )w

n
1u 1d . We note that inclusion or 

exclusion of the APV result has negligible impact on our result for Qw
p, 

which is derived from the intercept of the global fit. The results for C1u, 
C1d, Qw

p  and Qw
n obtained by including APV in the PVES global fit, 

which are listed in Table 1 as ‘PVES fit + APV’, are in agreement with 
the standard-model values2.

While our preferred result is based on the data-driven analysis of 
PVES fit, the final determination of the weak charge of the proton 
does not change appreciably with additional theoretical constraints. 
One of the dominant uncertainties in the term B(Q2, θ) of equation 
(3) arises from the knowledge of the strange-quark contributions. 
These have been determined very precisely in recent theoretical  
calculations16,17 employing lattice quantum chromodynamics 
(LQCD). Using these theoretical results to constrain the extrapolation 
to Q2 = 0 results in a slightly lower weak charge and a reduction in 
the uncertainty, as shown in Table 1 (‘PVES fit + LQCD’). The APV 
result was not included in this determination of Qw

p ; its inclusion 
makes negligible difference.

Because the proximity to threshold (Q2 → 0) and precision of our 
Qweak result overwhelmingly dominate the fits described above, it is 
possible to go one step further and use the Qweak datum by itself to 
determine Qw

p. The fact that the strange and axial form factors contri-
bute so little at the kinematics of the Qweak experiment (0.1% and 2.5%, 
respectively) also helps motivate this consistency check. Using the same 
electromagnetic form factors9 as in the fits above, the same lattice  
calculation16 for the strange form factors, and following the extraction 
method of ref. 18 for the axial form factor, the Qw

p  result obtained by 
using just the Qweak datum falls in-between the consistent results of the 

other determinations described above, which employ the entire PVES 
database (see Table 1, ‘Qweak datum only’). The uncertainty of the Qw

p 
result in this case includes an additional uncertainty (4.6 p.p.b.) due to 
the calculated form factors, but is only 4% larger than the uncertainty 
of the global fit result, which uses the entire PVES database. The dom-
inant correction, from the electromagnetic form factors (23.7%), is well 
known in the low-Q2 regime of the Qweak experiment.

The Qw
p  determinations described above can be used to test the  

prediction of the standard model for sin2θW, the fundamental  
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Fig. 3 | Variation of sin2θW with energy scale Q. The modified-minimal-
subtraction (MS) scheme is shown as the solid curve2,19, together with 
experimental determinations at the Z0 pole2 (Tevatron, LEP1, SLC, LHC), 
from APV on caesium14,15, Møller scattering (E158)22, deep inelastic 
scattering of polarized electrons on deuterons (e2H; PVDIS)23 and from 
neutrino–nucleus scattering (NuTeV)24. It has been argued25, however, 
that the latter result contains substantial unaccounted-for nuclear physics 
effects, such as neutron-excess corrections to the quark momenta, charge-
symmetry breaking and strange-quark momentum asymmetries. Our new 
result is plotted in red at the energy scale of the Qweak experiment, 
Q = 0.158 GeV (slightly offset horizontally for clarity). Error bars (1 s.d.) 
include statistical and systematic uncertainties.
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Fig. 4 | Mass and coupling constraints on new physics. a, Constraints, 
at the 95% confidence level, on the axial-electron–vector-quark weak-
coupling constants C1u and C1d, derived from the weak charge determined 
in this experiment using the global fit method ‘PVES fit’ (blue band) and 
the APV result2,14,15 on 133Cs (gold band). The combined (95% confidence 
level) constraint is shown by the black ellipse. Contours of the mass reach 
Λ/g for new physics with coupling g to arbitrary quark-flavour ratios are 
indicated by dashed circles centred about the standard-model values2 
of C1u and C1d, which are denoted by the red square. b, Mass reach Λ/g 
(95% confidence level) as a function of the quark-flavour mixing angle 
θh for the Qweak ‘PVES fit’ result (blue curve), for the 133Cs APV14,15 
result2 (gold curve) and for both results combined (black curve). The two 
maxima in the blue curve at θh = tan−1(nd/nu) = tan−1(1/2) = 26.6° and 
206.6° correspond to Λ−/g = 8.4 TeV and Λ+/g = 7.4 TeV in equation (4), 
respectively.
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The PVES “mirror”
[Qweak Collaboration, Nature, 2018]

HPV studies should help
probe QCD framework


