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INTERMEDIATE ENERGIES 
AND FEEBLE COUPLINGS

HIGH ENERGIES AND 
NATURAL-SIZE COUPLINGS



�3

HIGH ENERGIES AND 
NATURAL-SIZE COUPLINGS

(Benefits from an effective 
field theory description)



Physics Target Quantity Experiments

Baryon Number Violation and 
Grand Unified Theories Proton Decay Matrix Elements DUNE, Hyper-Kamiokande

Baryon Number minus Lepton 
Number Violation

Neutron-antineutron Matrix 
Elements

ILL, ESS 
Super-K, DUNE and other 

reactors

Lepton  
Flavor Violation

 Nucleon and Nuclei Form 
Factors Mu2e, COMET 

Lepton  
Number Violation 0νββ Matrix Elements EXO, Tonne-scale 0νββ

CP Violation and Baryon 
Asymmetry in Universe Electric Dipole Moment Hg, Ra,  n EDM at SNS and 

LANL

Dark Matter and New Physics 
Searches

Nucleon and Nuclei Form 
Factors

Dark Matter Experiments, 
Precision Measurements
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Addresses if neutrinos are Majorana fermions (P5) 



⇤ > TeV

⇤ < GeV

⇤ < MeV

⇤ ⇠ 102 GeV

⇤ ⇠ 2 GeV

START WITH A GIVEN HIGH-SCALE MODEL, e.g., LEFT-RIGHT 
SYMMETRIC MODEL:

RUN IT DOWN TO THE SCALE WHERE QCD IS STILL PERTURBATIVE:

USE AB INITIO NUCLEAR MANY-BODY 
CALCULATIONS TO MATCH TO NUCLEAR 
MATRIX ELEMENTS:

RUN IT DOWN TO HADRONIC SCALE:

RUN IT DOWN TO THE SCALE WHERE THE HIGH-SCALE PHYSICS CAN 
BE INTEGRATED OUT:
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MOTIVATION AND 
TARGET OBSERVABLES

e

e

• LNV from dimension-9 operators (“short-
distance” mechanisms). requires MEs of 
4-quark charge-changing operators

• Tonne-scale experiment planned in the U.S., design 
and interpretation of the results requires nuclear 
MEs in various scenarios. 

• LNV from dimension-5 operator (light Majorana 
neutrino exchange)  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PROGRESS REPORT

e

e

Long-range 
contribution

Short-range 
contribution
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FIG. 4. The left panel shows the quantity R
+
3S1,1S0

(t) used to extract the pp ! d bare transition matrix

element from the constant fit to its late-time region [16]. The right panel is a plot of quantity R
+
3S1,1S0

(t) used
to estimate the magnitude of excited-state contamination to the extraction of pp ! d bare matrix element,
see Sec. III B 2. Blue circles and orange diamonds denote results determined using SP and SS correlation
functions, respectively. The horizontal bands show constant correlated SP-SS fits to the late-time behavior
of the quantities.

transition matrix element and is shown in the right panel of Fig. 4. The late-time behavior of
this quantity returns a very small value indicating that the Nc scaling is borne out, recalling from
Sec. III B 2 that this quantity vanishes as 1/N4

c in the SU(4) Wigner-symmetry limit. With this
supporting evidence, it is reasonable to conclude that the contaminating term c� in Eq. (20) is
O(1/N4

c ) ⇠ O(1%) of the dominant term.
Fits to both the mass di↵erence, �, and to the bare pp ! d matrix element on each boot-

strap ensemble allow for the deuteron pole term to be determined and subtracted (in all cases,
the statistically-cleaner SP results are used for the fits shown below). The results obtained for
Rnn!pp(t) and R̂nn!pp(t) are shown in Fig. 5 for both the SS and SP source–sink combinations.
Comparing Fig. 5(b) with Fig. 5(a) (note the di↵erent scales), it is clear that the subtracted long-

(a) (b)

FIG. 5. The (a) ratio Rnn!pp(t) and (b) subtracted ratio R(sub)
nn!pp(t) that are constructed from the SP and

SS correlation functions, as given in Eq. (31) and Eq. (33) respectively. Blue circles and orange diamonds
denote results determined using SP and SS correlation functions, respectively. The horizontal bands show
constant correlated SP-SS fits to the late-time behavior of the quantities.
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FIG. 6. (a) The combination R(lin)
nn!pp(t) corresponding at late times to the unrenormalized short-distance

contribution to the matrix element as shown in Eq. (32) and Eq. (33). (b) R(full)
nn!pp(t), the sum of the

long-distance and short-distance contributions to the matrix element. In both panels, the orange diamonds
and blue circles correspond to the SS and SP results, respectively. The horizontal bands denote fits to the
SP results at late times, used to extract the final values of the matrix elements. NORMALISE by g2

A/� ??

alter the results herein. In the future it will be important to investigate these limitations of the
current work. DISCUSS FURTHER

V. SECOND-ORDER WEAK PROCESSES IN PIONLESS EFT

In this section, the results of the LQCD calculations are matched to EFT(⇡/), and explicitly
used to determine the coe�cient of a short-distance two-nucleon, second-order weak field operator
in the dibaryon formalism. In principle, with this contribution constrained, EFT(⇡/) can be used to
calculate ��-decay rates of light nuclei at this pion mass. EFT(⇡/) [19, 49–53] is a natural approach
to use at this heavy pion mass as the momenta involved in a 2⌫�� decay are small compared
with the start of the nucleon-nucleon t-channel cut when isospin breaking and electromagnetic are
included (in the current, isospin-symmetric numerical work, the transition is below threshold for
massive leptons). At lighter pion masses, including the physical point, and for 0⌫�� decay, pionfull
EFTs will be required [54].

A. Review of pionless EFT in the dibaryon approach

At momenta well below the pion mass, |p| ⌧ m⇡, the strong interactions of two-nucleon systems,
as well as their interactions with external currents, can be systematically studied in the framework
of EFT(⇡/) [19, 50, 52, 53]. As s-wave interactions in the two-nucleon sector drive the system
towards an infrared fixed point, they require summation to all orders and generate anomalously
large two-nucleon scattering lengths. However, interactions in higher partial waves can be included
perturbatively. In the dibaryon formulation of the EFT [53, 55], this resummation fully dresses the
s-wave dibaryon propagators. In terms of the nucleon field, N , and the isosinglet, ti, and isotriplet,
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FIG. 5. The e↵ective one-body (left) and two-body (center) operators contributing to a single insertion
of the axial current, A

+
µ , described by Eq. (44), with coe�cients gA and l1,A respectively, and the e↵ective

two-body operator corresponding to two insertions of the axial current (right), A

+
µ A

+
⌫ , described by Eq. (45),

with coe�cient h2,S . The first two interactions gives rise to an e↵ectively quenched value of gA in medium,
while the third does not contribute the �-decay.

C. The correlation function for nn ! pp process within pionless EFT

The LECs of the e↵ective Lagrangian, including couplings to the external fields, can be de-
termined by matching the EFT and LQCD correlation functions. To study the nn ! pp matrix
element induced by the background axial field used in this work (A+

3 ⇠ ⌧

+
�3), it is convenient to

construct the correlation function matrix in the {nn, np(3S1), pp} channel channels. Explicitly,

CNN,NN ⌘
0

@

Cnn,nn Cnn,np(3S1) Cnn,pp

Cnp(3S1),nn Cnp(3S1),np(3S1) Cnp(3S1),pp

Cpp,nn Cpp,np(3S1) Cpp,pp

1

A

. (46)

The goal is to express the elements of this matrix in terms of the LECs, including couplings
to the background axial field, while including the s-wave strong interactions in the two-nucleon
sector to all orders using the dibaryon approach. This can be accomplished with the diagrammatic
representation of the correlation function matrix, as depicted in Fig. 6. In momentum space, the
expansion can be cast in the following form

iCNN,NN (E) = Z · D(E) · 1

13⇥3 � I(E) · D(E)
· Z†

, (47)

where E denotes the total energy of the two-nucleon state, and the total momentum is projected
to zero. The overlap matrix Z is defined as

Z ⌘
0

@

Zs 0 0
0 Zt 0
0 0 Zs

1

A

, (48)

where Zs and Zt are the overlaps onto the isotriplet and isosinglet two-nucleon states, respectively.
A generalized bare propagator matrix, D, at second order in the weak field is introduced,

D ⌘

0

B

@

Ds �il̃1,ADsDt� (�ih̃2,S � l̃

2
1,ADt)Ds

2
�
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(�ih̃2,S � l̃

2
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2
�

2 �il̃1,ADsDt� Ds

1

C

A

,

(49)

to incorporate the e↵ect of channel-changing contact interactions on the bare dibaryon propagators.
The LECs have been redefined as l̃1,A = 1

2M
p
r1r3

l1,A and h̃2,S = 1
2Mr1

h2,S , and � denotes the

NN
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1S0

⇠ gA ⇠ L1,A

Constraint on the new 
short-range LEC.@ m⇡ ⇡ 800 MeV

H2,S = 4.7(1.3)(1.8) fm

2νββ DECAY

STATE OF THE ART: NPLQCD collaboration, Phys.Rev.Lett. 119, 062003 (2017), Phys.Rev.D 96, 054505 (2017).
See also Feng et al arXiv:1809.10511 [hep-lat] and Detmold et al, arXiv:1811.05554 [hep-lat] for the initial 
steps towards neutrinoless BB decay of the pion.
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STATE OF THE ART: CALLATT collaboration, Phys. Rev. Lett. 121, 172501 (2018).

 18



STRAIGHTFORWARD 
CALCULATIONS

CHALLENGING 
CALCULATIONS

EXTREMELY 
CHALLENGING 
CALCULATIONS

TO BE ACCOMPLISHED WITHIN LQCD 
EXT-III AND BEYOND

e

e

Pion matrix elements of 
local operators (almost 
done).

Two-nucleon and nucleon-pion matrix 
elements of local operators.

Pion matrix element in light v 
exchange scenario

Two-nucleon matrix element in light v 
exchange scenario at large quark 
masses

Fully controlled physical point NN 
matrix elements in light v 
exchange scenario

More ambitious: higher-n matrix 
elements to diagnose any 
potential issues with many-body 
calculations of 0vBB decay.
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TARGET OBSERVABLES

www.hyper-k.org

• GUT and SUSY-GUT constraints require p → meson MEs. 
Some models predict suppression of p decay MEs due to 
nonperturbative dynamics.

• Upcoming DUNE will examine p→ Klv and p→          decays 
with better precision, future hyper-K will further improve p-
decay constraints. 

ππe+
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Form factors parametrizing the shown normalized matrix elements at given values of momentum transfer:
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Figure 12: Summary of matrix elements obtained in our study; “W0, Wµ” which are evaluated

from “direct” method and “Wα,β
0 , Wα,β

µ ” which are evaluated “indirect” method, including the
systematic error as discussed in text.
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STATE OF THE ART RBC collaboration, Y. Aoki et al., Phys. Rev. D 96, 014506 (2017). 

 23



STRAIGHTFORWARD 
CALCULATIONS

CHALLENGING 
CALCULATIONS

EXTREMELY 
CHALLENGING 
CALCULATIONS

www.hyper-k.org

MEs for                      at a range 
of quark masses and at the 
physical point

Proton decay in nuclear 
medium, i.e.,                   
with P being the pseudo-
scalar meson.

TO BE ACCOMPLISHED WITHIN LQCD 
EXT-III AND BEYOND

Physical-point calculations with 
controlled systematic (multiple 
volumes, lattice spacing, etc.)

p → ππe+

NN → NP
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MOTIVATION AND 
TARGET OBSERVABLES

• Standard Model input is necessary to interpret the 
results of DM searches and translate these into 
limits on DM models.

• The low-energy limit of a generic spin-
independent interaction is scalar coupling to any 
quark flavor. 

• LQCD is the key tool to obtain the strange 
contributions.

• Spin-dependent couplings and other interactions 
require knowledge of parton structure of nuclei.
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SIGMA TERMS IN NUCLEON

hN |(ūu�d̄d)|Ni/hN |(ūu+d̄d)|Ni. Before lattice-QCD calculations became available [55–58],
estimates of these quantities from hadronic physics were very uncertain. The situation, as
shown in Fig. 3 is much better now, thanks to lattice QCD, but further improvements clearly
are needed. Note that the same matrix elements are needed to set bounds (or interpret a
signal) in muon-to-electron conversion near a nucleus [59], a topic more closely related to
the science driver covered in Sec. III E. In addition to the spin-independent matrix elements
shown in Fig. 3, spin-dependent matrix elements are also relevant [60] and computable
with lattice QCD. First attempts to address nuclear e↵ects on both spin-independent and
spin-dependent operators are underway [61].

Recently, models of the dark sector with QCD-like confining forces have been examined
for their phenomenological viability. To make headway, lattice-gauge-theory calculations of
the spectrum of the proposed confining theories have been undertaken. This topic is also
noteworthy because it led to collaborations between dark-matter model builders and lattice
experts, particularly in the U.S. This body of work is reviewed in Ref. [62].

FIG. 3. Comparisons of the “nucleon sigma term” �⇡N (left) and the strangeness content
of the nucleon �s (right), from Ref. [18]. Green symbols are included in the averages (gray
bands); red symbols fall short of certain criteria and are omitted. Entries labeled “�QCD” [58],
“Junnarkar” [57], “MILC” [56] (green), and “Engelhardt” [55] (red) used USQCD resources. Blue
pentagons denote analyses of several data sets, usually including USQCD data. NB: the Nf = 2
results omit the strange sea and are, thus, not recommended for phenomenology.

D. Understand cosmic acceleration

As the universe evolved from the Big Bang, the phase transitions of particle physics
influenced the expansion and cooling. If a confining dark sector exists, as in the models just
mentioned, then it is important to understand whether the confining transition is a smooth
crossover (as it is for QCD with physical up-, down-, and strange-quark masses) or a first-
order transition (as it would be in QCD with smaller quark masses). Thus, in addition to
studying the spectrum of confined dark hadrons, it is useful to study the thermodynamics
of these models as well [1], leveraging the extensive experience with QCD [6]. An especially
intriguing idea is that the violent behavior accompanying a first-order phase transition of
the dark sector would leave an imprint on gravitational waves [63].

9

�s = mshN |s̄s|Ni�⇡N =
1

2
(mu +md)hN |ūu+ d̄d|Ni

STATE OF THE ART: 10%-15% UNCERTAINTY ON SCALAR MEs IN NUCLEON, e.g., YANG et al., Phys. Rev. D 94, 
054503 (2016).
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SCALAR RESPONSE OF LIGHT NUCLEI

Nf = 3, m⇡ = 0.806 GeV, a = 0.145(2) fm 4

this Letter. Taken as a whole, the results indicate that
nuclear e↵ects in the charges are typically at the <⇠ 2%
level in light nuclei with atomic number A  3. The
exception to this picture is in the scalar channel where
⇠ 10% e↵ects are seen. For each type of interaction,
nuclear modifications scale approximately with the mag-
nitude of the corresponding charge. While strange quark
(equivalently, disconnected) contributions to the nuclear
axial and tensor charges are negligible, strange quarks
make significant contributions to the scalar charges, as
seen for matrix elements of the same operators in the
proton in previous studies [64, 66, 67].

The tensor charges encode the quark EDM contribu-
tions to the EDMs of light nuclei and thus set bounds
on BSM sources of CP violation [10]. Given that the CP
violation in the weak interaction is insu�cient to gen-
erate the observed matter-anti-matter asymmetry of the
universe (assuming exact CPT invariance and baryon–
anti-baryon symmetry of the initial conditions), many
experiments have sought to measure permanent EDMs
as evidence for such sources. Even with a successful
measurement of a permanent EDM, fully disentangling
the sources of CP violation requires multiple observ-
ables [7, 68], and experiments searching for EDMs of light
nuclei are in the planning stages [69–71]. Nuclear e↵ects
in the tensor charge have not been previously observed;
here they are resolved for the first time and found to
be at the few percent level for A  3 at these quark
masses. Similarly, modification of the axial charge in nu-
clei is found to be at the 1–2% level for both the isoscalar
and isovector combinations. The isovector 3He charge is
consistent with values extracted from measurements of
the � decay of tritium [72] and is more precise than our
previous work [46]. Nuclear e↵ects in the axial charges
can test predictions that nuclear modification of the spin-
dependent structure function may be significantly di↵er-
ent than the modification of the spin-independent struc-
ture function [73–75]. The small deviation resolved in
this study implies that quarks in nuclei carry a di↵erent
fraction of the total spin than quarks in free nucleons.

In contrast to the few-percent nuclear e↵ects seen in
the tensor and axial charges, the scalar charges of light
nuclei are suppressed at the 10% level relative to expec-
tations for non-interacting nucleons.2 In phenomenolog-
ical models of nuclei such as the Walecka model [76, 77]
and the quark-meson coupling model [78], a mean scalar
field in which the nucleons move is an important con-
tribution to the saturation of nuclear matter. The large
modifications of the scalar charges found here suggest
that models based on similar mechanisms may approxi-

2 The sign of these nuclear e↵ects is consistent with the deeper
binding of nuclei with increasing quark masses that is found from
direct calculations of the binding energies of light nuclei [45].
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FIG. 3: The calculated values of �R(f)
X for the deuteron (cir-

cles), diproton (diamonds) and 3He (squares) to those in the
proton. The panels display the results obtained for the scalar
(top), axial (middle) and tensor (bottom) interactions, and
the columns within the panels display results for the di↵erent
flavor structures of the currents, as indicated at the top of the
figure. In each case, the statistical and systematic uncertain-
ties have been combined in quadrature. The points exactly
at zero are constrained to vanish by spin and/or isospin sym-
metry, while ratios are not given for the strange quark axial
and tensor charges as both the numerators and denominator
are consistent with zero.

mately describe nuclei even at unphysical values of the
quark masses. A determination of the scalar polar-
izabilities through extensions of the calculations pre-
sented here (using analogues of the methods discussed
in Refs. [48, 49, 79]) would be interesting in this context
[80, 81].

The scalar charges of nuclei are also important in the
interpretation of experimental searches for dark mat-
ter [26–31, 33–39, 41, 42]. These charges quantify the
contribution of explicit chiral symmetry breaking to nu-
clear masses [82, 83], and define nuclear �-terms. The

Kaixuan Ni                               Recent Results from Dark Matter Direction Detection                    CIPANP 2018, 5/29-6/3/2018, Palm Springs, CA

Direct Detection of WIMPs by 2025?

 30

Neutrino Coherent Scattering

CMSSM

Direct detection of WIMP by 2025?

Chang et al, NPLQCD collaboration, Phys. Rev. Lett. 120, 152002 (2018).

Courtesy of Kaixuan Ni 
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PROJECTED UNCERTAINTY ON NUCLEON AND NUCLEAR MATRIX ELEMENTS
WITHIN LQCD EXT-III

TABLE I. Calculations supporting the principal milestones of the proposed research program. The
meanings of the categories and milestones are explained in the text. The compute percentages
reflect 2019 planning and will change in time in response to many external factors. “LCF” refers
to the high-energy-physics part of USQCD’s resources on the leadership-class computers at ALCF
and OLCF. “NP” means that these topics are covered by the nuclear-physics part of USQCD’s
leadership-class resource. An asterisk * indicates that the target precision falls short of the exper-
imental uncertainty.

Category Milestone Target Compute %-age Experiment(s)

precision LCF cluster

aµ = (gµ � 2)/2 aHVP, LO
µ 0.2% 10% 4% Muon g � 2 (E989)

aHVP, HO
µ 20% with aHVP, LO

µ Muon g � 2 (E989)

aHLbL
µ 10% – 2.5% Muon g � 2 (E989)

CKM B physics fB!D(⇤)
(q2) 1% 10% 2% Belle II

fB!⇡(q2) 2% 10% 5% Belle II

f⇤b!p/⇤c(q2) 2% – – LHCb

FCNC B physics fB!K(q2) 2% with fB!⇡(q2) Belle II, LHCb

fB!K⇤
(q2) 10%* – – Belle II, LHCb

f⇤b!⇤(q2) 2% – – LHCb

�MB(s)
5%* 8% – Belle II, LHCb, BaBar, CDF, D0

D physics fD!⇡,K(q2) 1% with fB!⇡(q2) Belle II, BES III

K physics fK!⇡(0) 0.1% 5% – First-row CKM unitarity

�MK 20%* 12% 2.5% KTeV, NA48

✏0/✏ 15% – 2.5% KTeV, NA48

K ! ⇡⌫⌫̄ 3% 5% 1% NA62, K0T0

Nucleon Nucleon gu�d
A 1%* with FA(q2) Neutron lifetime puzzle

matrix Nucleon gu�d
T 1% NP 1.5% UCNB, Nab

elements Nucleon gu�d
S 3% NP 1.5% UCNB, Nab

�⇡N , �s 5% NP 2% Mu2e, LZ, CDMS

Nucleon rE , rA 5% with FA(q2) DUNE, MicroBooNE, NOvA, T2K

Nucleon FA(q2) 8% NP 15% DUNE, MicroBooNE, NOvA, T2K

Nucleon tensor 20% NP 3% DUNE, MicroBooNE, NOvA, T2K

Nucleon PDFs 12%* NP 15% ATLAS, CMS, DUNE

Proton decay 10% NP – DUNE, HyperK

nn ! pp 50%* NP 4% EXO, other 0⌫�� experiments

Nucleon EDM 10%* NP 3.5% Neutron, proton EDM experiments

gA,T,S , A  4 20%* NP 3% All neutrino, DM, EDM, . . .

16

Single-nucleon
Multi-nucleon
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Many-body nuclear structure 
and reaction calculations

Neutron-antineutron 
oscillations in nuclei

Neutrino-nucleus 
scattering for DUNE

CP violation in nuclei 
and atoms

muon to electron conversion 
near nuclear media

Nature of dark matter and its 
interactions with ordinary matter

Lepton-number nonconservation and 
neutrinoless BB decay

…

Few
-body physics

M
any-body physics

T
heory

Lattice Quantum Chromodynamics

https://news.fnal.gov/
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NPLQCD collaboration, Beane, et al., Phys.Rev. D87 (2013), Phys.Rev. C88 (2013)

NUCLEI FROM QCD IN A WORLD WITH HEAVIER QUARKS

Nf = 3, m⇡ = 0.806 GeV, a = 0.145(2) fm

See also USQCD’s recent whitepaper on Hadrons and Nuclei.

m⇡ ⇡ 800 MeV
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Predictions Beyond the LQCD calculations 
First Realization of the Dream !!

12

Effective Field Theory for Lattice Nuclei 

N. Barnea et al, Phys.Rev.Lett. 114 (2015) no.5, 052501 
Ground-State Properties of 4He and 16 O Extrapolated from Lattice QCD with Pionless EFT 

L. Contessi et al,  e-Print: arXiv:1701.06516

Predictions Beyond the LQCD calculations 
First Realization of the Dream !!

12

Effective Field Theory for Lattice Nuclei 

N. Barnea et al, Phys.Rev.Lett. 114 (2015) no.5, 052501 
Ground-State Properties of 4He and 16 O Extrapolated from Lattice QCD with Pionless EFT 

L. Contessi et al,  e-Print: arXiv:1701.06516

QCD input Few-body EFT interactions

Many-body calculations of nuclei and hypernuclei

Many-body calculations of nuclei and hypernuclei

Effective Field Theory for Lattice Nuclei,  
Barnea et al, Phys.Rev.Lett. 114 (2015) no.5, 052501.

Ground-State Properties of 4He and 16 O Extrapolated from Lattice QCD with 
Pionless EFT Contessi et al., arXiv:1701.06516.

…MATCHED TO EFTs TO REACH LARGER NUCLEI.

m⇡ ⇡ 800 MeV
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TO SUMMARIZE:
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Physics

Baryon Number Violation and 
Grand Unified Theories

Baryon Number minus Lepton 
Number Violation

Lepton  
Flavor Violation

Lepton  
Number Violation

CP Violation and Baryon 
Asymmetry in Universe

Dark Matter and New Physics 
Searches

A vibrant experimental program is searching for unambiguous signatures of 
new physics in violation of fundamental symmetries of nature,  in direct dark-
matter detections and in precision beta decay and isotope shift spectroscopy. 
These often use nucleon and nuclear targets.

Theorists supporting this program can be divided into to three categories: 
high-energy physicists building the high-scale models, QCD physicists 
matching high-scale models to hadronic-scale quantities, and nuclear 
physicists matching the hadronic quantities to nuclear-scale quantities for 
experiment. The synergy among these communities will be essential.

USQCD has long identified the impactful calculations in this area and is a key 
contributor, and often a leader, in the international effort in exploratory as well 
as mature full-scale computations of quantities relevant to the Fundamental 
Symmetries program.

The quantities of interest are a set of local (and bi-local) nucleon and nuclear 
matrix elements associated with SM or beyond the SM quark- and gluon-level 
currents. Few percent uncertainties in nucleon matrix elements and <50% 
uncertainties in few-nucleon matrix elements are achievable goals of this 
program.

Nuclear physicists have already started developing approaches that take full 
advantage of matching to the QCD input in such multi-scale problems.



BACK-UP SLIDES
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Physics Target Quantity Experiments

Baryon Number Violation and 
Grand Unified Theories Proton Decay Matrix Elements DUNE, Hyper-Kamiokande

Baryon Number minus Lepton 
Number Violation

Neutron-antineutron Matrix 
Elements

ILL, ESS 
Super-K  

other reactors

Lepton  
Flavor Violation

 Nucleon and Nuclei Form 
Factors Mu2e, COMET 

Lepton  
Number Violation 0νββ Matrix Elements EXO, Tonne-scale 0νββ

CP Violation and Baryon 
Asymmetry in Universe Electric Dipole Moment Hg, Ra,  n EDM at SNS and 

LANL

Dark Matter and New Physics 
Searches

Nucleon and Nuclei Form 
Factors

Dark Matter Experiments, 
Precision Measurements

Baryon Number minus Lepton 
Number Violation

Neutron-antineutron Matrix 
Elements

ILL, ESS 
Super-K, DUNE and other 

reactors
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MOTIVATION AND 
TARGET OBSERVABLES

• Some models of B-L violation do not allow the 
proton decay and neutron-antineutron oscillation 
bounds can therefore provide powerful 
constraints.

• Two types of experiments: slow neutron beams 
and oscillation in nuclear medium with a distinct 
5-pion final state.

• Theoretical uncertainties in neutron beam expts 
easier to control. Bounds could be improved by a 
factor of 1000 in next experiments.

• LQCD evaluates matrix elements of 6-quark 
operators that convert a neutron to an 
antineutron.
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FIG. 2. Ratios of three-point correlation functions for oper-
ator Q2 to two-point functions vs. operator insertion time ⌧
and 10 di↵erent source/sink separations t. Lattice data points
are shifted for visibility. These data are compared to two-state
fits (colored shaded bands) used to extract the ground state
bare matrix elements, which are shown with statistical uncer-
tainty for a particular value of fit ranges (horizontal bands).

turbative e↵ects / p�2, discretization e↵ects / (ap)2,
and rotational symmetry breaking. We analyze these ef-
fects following Ref. [33], with a representative fit for op-
erator Q2 and µ0 = 2 GeV shown in Fig. 3. Fits with
varying momentum ranges up to 1.6  p  4.5 GeV are
used to define central values and stochastic and system-
atic uncertainties for ZRI

I . We have found no substantial
di↵erence between fits using 1-loop and 2-loop perturba-
tive factors in Eq. (10). Fit details and similar plots for
other operators can be found in Ref. [23]. RI-MOM ma-
trix element results are then converted to the MS(2 GeV)
and MS(700 TeV) scheme using 1-loop matching [22],

D
n
���QMS

I

���n
E

=


ZMS
I,Nf=4

ZRI
I,Nf=3

�pert
ZRI
I,Nf=3 hn|QI |ni , (11)

where the di↵erence between Nf = 3 and Nf = 4 QCD
is taken into account by matching ↵S [34] and operator
normalization at the charm quark threshold µ = Mc.
Statistical and systematic uncertainties of the renormal-
ization factors and the bare matrix elements are added
in quadrature. Higher-order matching uncertainties are
estimated to be . 7% based on the size of 1-loop match-
ing e↵ects [22] and are neglected. Final results for the

FIG. 3. RI-MOM “scale-independent” renormalization fac-
tors ZSI for the operator Q2. Lattice data (circles) are
fit to a constant (star) plus lattice artifacts: including /
(ap)2 (dashed line), / (ap)�2 (solid line), and O(4)-breaking
(crosses) terms [33].

MS matrix elements are shown in Tab. I and compared
to previous “MIT bag model” results.
Phenomenological implications — In BSM theo-

ries where �B = 2 transitions are permitted, experimen-
tally observable n-n oscillations are low-energy phenom-
ena that can be described in an EFT containing only SM
fields. The low-energy EFT will include �B = 2 terms
involving the operators QI above,

Ln-n =
7X

I=1

�
CI(µ)QI(µ) + CP

I (µ)QP
I (µ)

�
, (12)

where the CI are numerical coe�cients with mass di-
mension (�5) that are predicted to be non-zero in some
BSM theories. The SU(2)L-singlet operators are EW-
symmetric and their coe�cients should scale as C1,2,3,4 ⇠
⇤�5
BSM in naive dimensional analysis. In contrast, the

SU(2)L non-singlet operators QP
1,...,7 and Q

(P )
5,6,7 can only

appear in an SM gauge-invariant Lagrangian in prod-
ucts with additional SM Higgs (or BSM) fields to make
them SU(2)L singlets. Assuming the former, their co-
e�cients should scale as CP

1,...,7(⇤BSM) ⇠ v2⇤�7
BSM and

C5,6,7 ⇠ v4⇤�9
BSM, where v is the vacuum expectation

value of the Higgs field. For v ⌧ ⇤BSM, this provides a
significant additional suppression on n-n oscillation rate
contributions from SU(2)L-non-singlet operators.

The n-n oscillation rate is given by the matrix element
of the associated Hamiltonian between neutron and an-
tineutron states, which in the isospin limit of QCD sim-
plifies to

⌧�1
n-n =

���
X

I=1,2,3,5

bCI(µ) hn̄|QI(µ) |ni
��� , (13)

where bCI = CI � CP
I for I = 1, . . . , 4 and bC5 = (C5 �

CP
5 )+ (C6�CP

6 )� 2
3 (C7�CP

7 ). Contributions involving

C
(P )
4 vanish exactly in the isospin limit considered here,

3

Operator MMS
I MMS

I
MMS

I
MIT bag A

MMS
I

MIT bag B

(2 GeV) (700 TeV) (2 GeV) (2 GeV)

Q1 �46(13) �26(7) 4.2 5.2

Q2 95(17) 144(26) 7.5 8.7

Q3 �50(12) �47(11) 5.1 6.1

Q5 �1.06(48) �0.23(10) -0.8 1.6

TABLE I. For each operator QI we show its renormalized

matrix element value MMS
I in units of [10�5 GeV6]. The total

uncertainty includes statistical and systematic errors added
in quadrature. Renormalized results are obtained through
nonperturbative RI-MOM renormalization and perturbative
matching to MS at two scales: 2 GeV and 700 TeV in column
two and three, respectively. The last two columns show a
comparison between the Lattice QCD matrix elements and
the results of the same matrix elements for two choices of the
“MIT bag model” from Ref. [12].

steps using point-source quark propagators aided by all-
mode-averaging (AMA) sampling [27] to reduce stochas-
tic uncertainty. On each configuration, we compute 1 ex-
act and 81 low-precision samples evenly distributed over
the 4D volume. For the latter, quark propagators are
computed with low-mode deflation and 250 iterations of
the conjugate gradient algorithm. The propagators are
contracted into intermediate baryon blocks [28, 29] rep-
resenting (anti)neutron source or sink operators made
of point and Gaussian-smeared quarks and denoted by
nJ=P,S , respectively. These blocks are finally contracted
into (anti)neutron two-point correlation functions of P
source and J = P, S sink operators,

GPJ
2pt(t) =

X

x

hnJ
" (x, t)nP

" (0)i =
X

n

q
ZJ
n ZP

n e�Ent , (7)

as well as three-point correlation functions involving
J = S, P antineutron sources, neutron sinks, and six-
antiquark operators Q̄I that are obtained from QI by
charge conjugation and have identical matrix elements,

GJJ 0

3pt (⌧, t; QI) =
X

x,y

hnJ
" (x, t � ⌧)QI(0)nJ 0

# (y,�⌧)i

=
X

n,m

q
ZJ
n ZJ 0

m e�En(t�⌧)e�Em⌧ hn, " |QI |m, " i , (8)

where |m, "i (|n, "i) denote the spin-up (anti)neutron
states, (⌧, t) are the Euclidean time intervals from the
source to the operator and the sink, respectively.

The n-n ground-state matrix elements are extracted
with two-state fits using optimal shrinkage [30], variable
projection (VarPro) [31], and weighted averages of results
for a variety of source/sink separations that are described
at length in our companion paper [23]. First, GPP

2pt and

GPS
2pt are fitted in order to determine E0,1 and

q
ZP,S
0 . An

example fit is shown in Fig. 1. These results are subse-
quently used to extract matrix element results from linear

FIG. 1. Neutron e↵ective mass MPJ
n (t) = ln

GPJ
2pt(t)

GPJ
2pt(t+a)

deter-

mined from point-point and point-smeared (J = P, S) two-
point correlation functions. Lattice data points are shifted
for visibility and compared to two-state fits (shaded bands).
The asymptotic t result is compatible with the nucleon mass
when converted to physical units, indicating negligible dis-
cretization and finite volume e↵ects.

fits to GSS
3pt and GPS

3pt + GSP
3pt . Ten di↵erent source/sink

separations are included in order to isolate and remove
excited state e↵ects. Ratios of GJJ 0

3pt to GJJ 0

2pt for operator
Q2, that reach a plateau when the ground state saturates
the correlation functions and excited state contributions
have become negligible, are shown in Fig. 2 including fit
results and statistical uncertainties.

In regularization schemes which do not violate chiral

symmetry, operator mixing between Q
(P )
I (2–4) is for-

bidden, as in the continuum perturbation theory calcula-
tion of Ref. [22]. Since quark mass, residual chiral sym-
metry breaking, and nonperturbative e↵ects might lead
to operator mixing on a lattice, we compute the renor-
malization and mixing of these operators nonperturba-
tively using the regularization-invariant-momentum (RI-
MOM) scheme [32]. RI-MOM renormalization factors
ZRI
IJ , QRI

I = ZRI
IJQbare

J at momentum p are defined as

⇥
ZRI
q (p)

⇤�3
ZRI
IJ (p) ⇤JK(p) = �IK , (9)

where ZRI
q is the quark field renormalization and ⇤JK(p)

are amputated Green’s functions of the lattice operators
QJ and quark fields carrying momenta ±p projected onto
the spin-color-flavor structure of QK . All steps to calcu-
late the renormalization factors numerically can be found
in the companion paper [23]. We find that the matrices
⇤IJ and therefore ZRI

IJ are diagonal in the chiral basis
(2–4) up to O(10�3) [23], thanks to chiral symmetry of
the lattice action we use. We neglect this residual mixing
and identify ZI = ZII below.

The “scale-independent” combinations

ZSI
I (µ0, p) = ZRI

I (p)


ZRI
I (µ0)

ZRI
I (|p|)

�pert
(10)

of perturbative and nonperturbative factors have residual
dependence on the lattice momentum p⌫ due to nonper-

Normalized six-quark operators matrix elements obtained from LQCD at the physical point:

STATE OF THE ART: Rinaldi et al.,arXiv:1809.00246 [hep-lat].
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STRAIGHTFORWARD 
CALCULATIONS

CHALLENGING 
CALCULATIONS

EXTREMELY 
CHALLENGING 
CALCULATIONS

Precision single-neutron matrix 
elements (sensitive to 
discretization, chiral symmetry 
is important). 

Neutron-antineutron annihilation 
matrix element

Neutron-antineutron annihilation 
matrix element in nuclei 
(deuteron?) for SNO

TO BE ACCOMPLISHED WITHIN LQCD 
EXT-III AND BEYOND

MEs of 6-quark operators 
including EM current insertions

Multi-nucleon contributions for 
DUNE/super-K
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Physics Target Quantity Experiments

Baryon Number Violation and 
Grand Unified Theories Proton Decay Matrix Elements DUNE, Hyper-Kamiokande

Baryon Number minus Lepton 
Number Violation

Neutron-antineutron Matrix 
Elements

ILL, ESS 
Super-K, DUNE and other 

reactors

Lepton  
Flavor Violation

 Nucleon and Nuclei Form 
Factors Mu2e, COMET 

Lepton  
Number Violation 0νββ Matrix Elements EXO, Tonne-scale 0νββ

CP Violation and Baryon 
Asymmetry in Universe Electric Dipole Moment Hg, Ra,  n EDM at SNS and 

LANL

Dark Matter and New Physics 
Searches

Nucleon and Nuclei Form 
Factors

Dark Matter Experiments, 
Precision Measurements

Lepton  
Flavor Violation

 Nucleon and Nuclei Form 
Factors Mu2e, COMET 
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MOTIVATION AND 
TARGET OBSERVABLES

Reliable matrix elements will help establish pattern of LFV signatures in various decay channels depending 
on the underlying mechanism.

6 LORENZO CALIBBI and GIOVANNI SIGNORELLI

Year
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γ e → µ
  e N→ N µ

 e e e→ µ

Figure 1. – Limit on the branching ratio of flavour violating muon decays as a function of the
year. The three main clusters correspond to the usage of cosmic ray muons (until the 1950s),
stopped pion beams (until the 1970s) and stopped muon beams. Presently the best limit is that
on the µ+ ! e+� decay set by the MEG experiment [49].

searching for Charged Lepton Flavour Violation (CLFV) is the aim of the present review.
We first give a theoretical introduction to set the stage and to see in a more formal and
detailed way what we mentioned above, as well as to discuss how and why Lepton Flavour
can be violated in extensions of the Standard Model: what, in other words, makes CLFV
processes so sensitive to new physics.

We will then review the general aspects of the experimental searches and discuss
some of the present and planned experiments with particular emphasis on the transition
between the first and the second family of leptons. To this class, in fact, belong the
three most searched modes – µ+ ! e+� (“mu-to-e-gamma”), µ�N ! e�N (“mu-e-
conversion”), and µ+ ! e+e�e+ (“mu-to-three-e”) – due to the copious availability of
the parent particle in the cosmic radiation first and at dedicated accelerators afterwards.
The history of the limit on the probability of these processes is shown in Figure 1, which
starts with the first experiment performed by Hinks and Pontecorvo in 1947 [259]. They
stopped cosmic ray muons in a lead absorber and measured the coincidence between
signals from two Geiger-Müller counters: having seen no such coincidence they gave as
a limit essentially the inverse of the number of observed muons. The limits on the three
processes improved as artificial muons were produced, stopping pion beams first (until
the 1970s) and starting directly with muon beams afterwards.

These experiments give the best constraints to date to possible extensions of the Stan-
dard Model inducing CLFV, therefore they play a prominent role in this review. There
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STRAIGHTFORWARD 
CALCULATIONS

CHALLENGING 
CALCULATIONS

EXTREMELY 
CHALLENGING 
CALCULATIONS

Nucleon form factors (scalar, 
vector, axial, tensor, 
pseudoscalar) at                  .

Most relevant is the set of 
scalar form factors (with u, 
d, s flavor) and GG gluonic 
operator.

Few-percent precision on nucleon 
form factors

Going beyond impulse approx: 
directly evaluating MEs in nuclei 
(2 and 3 body contributions)

Directly evaluating MEs in 
larger nuclei

q2 = m2
µ

TO BE ACCOMPLISHED WITHIN LQCD 
EXT-III AND BEYOND
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Physics Target Quantity Experiments

Baryon Number Violation and 
Grand Unified Theories Proton Decay Matrix Elements DUNE, Hyper-Kamiokande

Baryon Number minus Lepton 
Number Violation

Neutron-antineutron Matrix 
Elements

ILL, ESS 
Super-K, DUNE and other 

reactors

Lepton  
Flavor Violation

 Nucleon and Nuclei Form 
Factors Mu2e, COMET 

Lepton  
Number Violation 0νββ Matrix Elements EXO, Tonne-scale 0νββ

CP Violation and Baryon 
Asymmetry in Universe Electric Dipole Moment Hg, Ra,  n EDM at SNS and 

LANL

Dark Matter and New Physics 
Searches

Nucleon and Nuclei Form 
Factors

Dark Matter Experiments, 
Precision Measurements

CP Violation and Baryon 
Asymmetry in Universe Electric Dipole Moment Hg, Ra,  n EDM at SNS and 

LANL
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MOTIVATION AND 
TARGET OBSERVABLES

Jörg Pretz

STATE OF THE ART: BHATTACHARYA et al., Phys. Rev. Lett. 115, 212002.
IZUBUCHI et al, arXiv:1702.00052 [hep-lat].

4

System Current SM
e 10�29 10�38

µ 10�19 10�35

⌧ 10�16 10�34

n 10�26 10�31

p 10�23 10�31

199Hg 10�29 10�33

129Xe 10�27 10�33

225Ra 10�23 10�33

TABLE I. Approximate limits on EDM’s of
various systems and their predictions from
the standard model CKM CP-violation.

Experimental landscape
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FIG. 2. Progress has slowed down in nEDM
measurements, but future experiments are
planned that will increase the precision by
up to two orders of magnitude

and matched from nuclear level to quark/gluon e↵ective CP-violating operators, as discussed in
the introduction. Since the structure and interactions of the nucleon are described by QCD in the
nonperturbative regime, LQCD calculations are essential to carry out this matching in a model-
independent way. At the quark-gluon level, there are several e↵ective operators that may be orga-
nized by their dimension. From the lowest-dimension dimension-4 QCD ✓QCD-term,1 to dimension-
5(6) quark-EDM and quark-gluon chromo-EDM (cEDM),2 to the dimension-6 CP-violating 4-quark
and the 3-gluon interactions (Weinberg operator, or gluon cEDM), these e↵ective operators rep-
resent BSM CP-violating interactions that are increasingly suppressed by the energy scale of the
underlying new physics. Quark/gluon CP-violating interaction can manifest itself at the nuclear
and atomic level in two ways. First, they induce intrinsic EDMs in the proton and the neutron.
Second, quark and gluon CP-violating interactions induce CP-violating nucleon and nucleon-pion
couplings that also contribute to nuclear EDMs. Quantification of the nuclear EDMs, even for
light nuclei, will require low-energy nuclear e↵ective theories and ab-initio nuclear many-body cal-
culations that are based on nuclear EFTs. For heavy nuclei, such as 199Hg and 255Ra, nuclear
modification to EDM are expected to be especially large.

ZD comments: What is the state-of-the art? An exemplary plot? Did we reach the level of
precision/advancement we promised in the 2013 whitepaper?

5-year goals and plans: LQCD calculation of nucleon EDMs is similar to calculations of nucleon
form factors, and its methodology is straightforward. However, the required statistical precision is
more di�cult to achieve because of additional (CP-violating) interactions added as perturbation to
CP -even QCD interactions. The di�culty may vary substantially depending on the CP-violating
operator in question, and in some cases the calculation may become challenging and require new
methods for evaluating LQCD correlators. The status of LQCD calculations with di↵erent CP-
violating operators is summarized below.

– Isovector quark EDM-induced p,nEDM calculations are straightforward since they are given
by the tensor charge up to electromagnetic corrections. Isoscalar quark EDM-induced
p,nEDM calculations are also straightforward, eventhough the disconnected contributions
(those arising from the interactions of sea quarks with the CP-violating currents) lead to

1
The ✓QCD term is allowed in QCD as part of the SM, although its smallness is di�cult to reconcile without

extending SM.

2
Dimension-5 operators arise from dimension-6 operators during electroweak symmetry breaking. In many explicit

BSM models, however, these operators are additionally suppressed due to the chirality violation that accompanies

them and their contribution is no larger than the dimension-6 operators.
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and matched from nuclear level to quark/gluon e↵ective CP-violating operators, as discussed in
the introduction. Since the structure and interactions of the nucleon are described by QCD in the
nonperturbative regime, LQCD calculations are essential to carry out this matching in a model-
independent way. At the quark-gluon level, there are several e↵ective operators that may be orga-
nized by their dimension. From the lowest-dimension dimension-4 QCD ✓QCD-term,1 to dimension-
5(6) quark-EDM and quark-gluon chromo-EDM (cEDM),2 to the dimension-6 CP-violating 4-quark
and the 3-gluon interactions (Weinberg operator, or gluon cEDM), these e↵ective operators rep-
resent BSM CP-violating interactions that are increasingly suppressed by the energy scale of the
underlying new physics. Quark/gluon CP-violating interaction can manifest itself at the nuclear
and atomic level in two ways. First, they induce intrinsic EDMs in the proton and the neutron.
Second, quark and gluon CP-violating interactions induce CP-violating nucleon and nucleon-pion
couplings that also contribute to nuclear EDMs. Quantification of the nuclear EDMs, even for
light nuclei, will require low-energy nuclear e↵ective theories and ab-initio nuclear many-body cal-
culations that are based on nuclear EFTs. For heavy nuclei, such as 199Hg and 255Ra, nuclear
modification to EDM are expected to be especially large.

ZD comments: What is the state-of-the art? An exemplary plot? Did we reach the level of
precision/advancement we promised in the 2013 whitepaper?

5-year goals and plans: LQCD calculation of nucleon EDMs is similar to calculations of nucleon
form factors, and its methodology is straightforward. However, the required statistical precision is
more di�cult to achieve because of additional (CP-violating) interactions added as perturbation to
CP -even QCD interactions. The di�culty may vary substantially depending on the CP-violating
operator in question, and in some cases the calculation may become challenging and require new
methods for evaluating LQCD correlators. The status of LQCD calculations with di↵erent CP-
violating operators is summarized below.

– Isovector quark EDM-induced p,nEDM calculations are straightforward since they are given
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underlying new physics. Quark/gluon CP-violating interaction can manifest itself at the nuclear
and atomic level in two ways. First, they induce intrinsic EDMs in the proton and the neutron.
Second, quark and gluon CP-violating interactions induce CP-violating nucleon and nucleon-pion
couplings that also contribute to nuclear EDMs. Quantification of the nuclear EDMs, even for
light nuclei, will require low-energy nuclear e↵ective theories and ab-initio nuclear many-body cal-
culations that are based on nuclear EFTs. For heavy nuclei, such as 199Hg and 255Ra, nuclear
modification to EDM are expected to be especially large.
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5-year goals and plans: LQCD calculation of nucleon EDMs is similar to calculations of nucleon
form factors, and its methodology is straightforward. However, the required statistical precision is
more di�cult to achieve because of additional (CP-violating) interactions added as perturbation to
CP -even QCD interactions. The di�culty may vary substantially depending on the CP-violating
operator in question, and in some cases the calculation may become challenging and require new
methods for evaluating LQCD correlators. The status of LQCD calculations with di↵erent CP-
violating operators is summarized below.

– Isovector quark EDM-induced p,nEDM calculations are straightforward since they are given
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p,nEDM calculations are also straightforward, eventhough the disconnected contributions
(those arising from the interactions of sea quarks with the CP-violating currents) lead to
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• Permanent EDM of protons, 
neutrons and nuclei would be 
the best evidence for CP 
violation beyond the SM.

• Several neutron EDM 
experiments are planned 
(SNS and LANL in the 
U.S.), improving the limits 
by 2 orders of magnitude. 
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MOTIVATION AND 
TARGET OBSERVABLES

Jörg Pretz

STATE OF THE ART: BHATTACHARYA et al., Phys. Rev. Lett. 115, 212002.
IZUBUCHI et al, arXiv:1702.00052 [hep-lat].

• Constraining BSM requires combining different 
non-zero EDM results and matching between 
nuclear-level EDM and quark/gluon effective CP 
violating operators.

• Quark EDM and tensor charges essentially done, 
more on isoscalar and strange/charm to be done. 
the rest of EDM contributions yet unconstrained.

• Permanent EDM of protons, 
neutrons and nuclei would be 
the best evidence for CP 
violation beyond the SM.

• Several neutron EDM 
experiments are planned 
(SNS and LANL in the 
U.S.), improving the limits 
by 2 orders of magnitude. 
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STRAIGHTFORWARD 
CALCULATIONS

CHALLENGING 
CALCULATIONS

EXTREMELY 
CHALLENGING 
CALCULATIONS

Jörg Pretz

✓QCD

       Isovector qchromo-EDM-
induced nEDM at the 
physical point

       Isoscalar qchromo-EDM-induced 
nEDM at the physical point, requires 
subtraction of the first item.

Weinberg GGG-induced p/nEDM 
at large quark masses

Weinberg GGG-induced p/nEDM at 
the physical point, again mixing with 
first item

4-quark-induced p/nEDM 
requires 4pt functions, and 
often disconnecteds contb.

piNN and NNNN CP violating 
interactions

EDM in deuteron and light nuclei

✓QCD            -induced p/nEDM at large 
quark masses

            -induced p/nEDM at 
physical point

TO BE ACCOMPLISHED WITHIN 
LQCD EXT-III AND BEYOND
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