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Low energy probes of 
physics beyond the Standard Model (2)



• The quest for new physics at the low-energy frontier: overview of questions and probes 

• How does the precision / intensity frontier work?  

• Basics & example from history:  the making of the Standard Model

• The Standard Model and its symmetries 

• BSM effective field theory (EFT) framework 

• “Zoom in” on selected low-energy probes: illustrate methods and impact 

• Search for symmetry violation

• Neutrino mass and symmetries: Lepton Number and Lepton Flavor Violation 

• CP-violation and permanent Electric Dipole Moments 

• Precision tests  

• Weak charged current (β decays), neutral current (parity-violating e-scattering), muon g-2

Flow of the lectures
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Lecture 1
Lecture 2

Lecture 3



The Standard Model 
and its symmetries
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SM(EFT): building blocks

• Recipe to build the SM Lagrangian: write down all Lorentz and gauge invariant operators of dimension ≤ 4

• SMEFT: go beyond mass dimension 4 

Q = T3 + Y 

• Building blocks:  fields and their “charges” (transformation properties under G)

• Gauge group:  G= SU(3)c x SU(2)W x U(1)Y        
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The SM Lagrangian: dim=4
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• This Lagrangian has a large flavor symmetry group:  U(3)5 . Nothing yet distinguishes the three families!  

U(3) [3 families!] for each fermionic multiplet, e. g.          
qi  →Mijqj ,  M ∈ U(3)  

The SM Lagrangian: dim=4
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EWSB
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LHiggs = (Dµ')
†
(Dµ')� �('†'� v2)2

LYukawa = Ye
¯̀e' + Yd q̄d' + Yu q̄u'̃ + h.c.

LYukawa =
¯̀Ye e' + q̄ Yd d' + q̄ Yu u'̃ + h.c.

36

V(H)V (ω†ω)

eL,R → eiω eL,R εL,R → eiω εL,R εL → eiω εL

!(N → H→ϑ) ↑= !(N → H ϑ̄)

LD ↓ ε̄Rω [M
ωε

D
] εLε

LM ↓ εT

Lω
[CMωε

M
] εLε

LD ↓ ε̄R MD εL

LM ↓ εT

L
CMM εL

T↑1

1/2
= |gLNV |

2
↔ |M |

2
↔G

|gLNV | =
1

M

√
1

T1/2G

mεε =
me

g2
A
M

√
1

T1/2G

gLNV → mεε

2

The SM Lagrangian: dim=4



EWSB
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• Ye,u,d  (complex) matrices are the only couplings that distinguish the three families

The SM Lagrangian: dim=4



• Gauge symmetry: color is manifest,  SU(2)xU(1) is hidden (Higgs mechanism)

• Global internal symmetries:  

• U(3)5 explicitly broken only by Yukawa couplings*

• U(1) associated with B, and Lα=e,μ,τ  survive (hence L= Le + Lμ+ Lτ) 

• Anomaly: only B-L is conserved

• Discrete symmetries:

• P, C maximally violated by weak interactions

• CP (and T) violated by CKM and QCD theta term: specific pattern of CPV in flavor transitions and EDMs

Standard Model symmetries (1)
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• Global symmetries such as B and Lα=e,μ,τ  are not an input in the construction of the model,  rather an outcome 
that depends on the field content and the fact that we included only operators up to dimension 4

• Weinberg called these “accidental symmetries” 

• Accidental symmetries are typically broken by higher dim.  operators obeying Lorentz and Gauge invariance

Standard Model symmetries (2)
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• Global symmetries such as B and Lα=e,μ,τ  are not an input in the construction of the model,  rather an outcome 
that depends on the field content and the fact that we included only operators up to dimension 4

• Weinberg called these “accidental symmetries” 

• Accidental symmetries are typically broken by higher dim.  operators obeying Lorentz and Gauge invariance

Accidental symmetries and symmetries broken in a very specific

 way in the SM (flavor, CP) offer great opportunity to probe physics beyond the SM

Standard Model symmetries (2)
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The Standard Model EFT 
(SMEFT)
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Guided tour of Leff beyond dim. 4



Weinberg 1979• Dim 5:  only one operator 
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Guided tour of Leff beyond dim. 4



• Violates total lepton number by two units 

• Generates Majorana mass for L-handed neutrinos (after EWSB)

• “See-saw”:

Weinberg 1979• Dim 5:  only one operator 

10
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• Example: explicit realization of dimension-5 operator in models with heavy R-handed Majorana neutrinos 

l

φ φ

νR νR

λνT λν

MR-1

l

Integrate out heavy νR

      
 gαβ ~ (λνT MR-1 λν)αβ
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• Dim 6:  affect many processes (59 structures not including flavor → 2499 if one includes family indices) 

No fermions

Two fermions

Four fermions

12

Guided tour of Leff beyond dim. 4

Gauge boson Higgs
 boson

Fermions

Alonso,  Jenkins, Manohar, Trott  2013



• B violation (ΔB=ΔL=1) 

• Gauge and Higgs boson couplings [LHC as a precision frontier tool!]

• CPV,  LFV,  qFCNC, ... 

• Corrections to g-2, Charged Currents, Neutral Currents, …

Buchmuller-Wyler 1986,  ....  
Grzadkowski-Iskrzynksi-
Misiak-Rosiek (2010)

Weinberg 1979
Wilczek-Zee1979• Dim 6:  affect many processes

• EFT beyond tree-level: one-loop running of effective couplings is known

Alonso,  Jenkins, Manohar, Trott  2013
13

Guided tour of Leff beyond dim. 4



Grzadkowski-Iskrzynksi-Misiak-Rosiek (2010) 1008.4884

fermions scalars

field ljLp eRp qαjLp uαRp dαRp ϕj

hypercharge Y −1
2 −1 1

6
2
3 −1

3
1
2

Table 1: The SM matter content

2 Notation and conventions

The SM matter content is summarized in Tab. 1 with isospin, colour, and generation indices
denoted by j = 1, 2, α = 1, 2, 3, and p = 1, 2, 3, respectively. Chirality indices (L, R) of the
fermion fields will be skipped in what follows. Complex conjugate of the Higgs field will always
occur either as ϕ† or ϕ̃, where ϕ̃j = εjk(ϕk)", and εjk is totally antisymmetric with ε12 = +1.

The well-known expression for L(4)
SM before Spontaneous Symmetry Breakdown (SSB) reads
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SM = −

1

4
GA

µνG
Aµν −

1

4
W I

µνW
Iµν −

1

4
BµνB

µν + (Dµϕ)
† (Dµϕ) +m2ϕ†ϕ−

1

2
λ
(
ϕ†ϕ

)2

+ i
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l̄ Γeeϕ+ q̄ Γuuϕ̃+ q̄ Γddϕ+ h.c.

)
, (2.1)

where the Yukawa couplings Γe,u,d are matrices in the generation space. We shall not consider
SSB in this paper. Our sign convention for covariant derivatives is exemplified by

(Dµq)
αj =

(
∂µ + igsT

A
αβG

A
µ + igSI

jkW
I
µ + ig′YqBµ

)
qβk. (2.2)

Here, TA = 1
2λ

A and SI = 1
2τ

I are the SU(3) and SU(2) generators, while λA and τ I are the
Gell-Mann and Pauli matrices, respectively. All the hypercharges Y have been listed in Tab. 1.

It is useful to define Hermitian derivative terms that contain ϕ†
←

Dµϕ ≡ (Dµϕ)†ϕ as follows:

ϕ†i
↔

Dµ ϕ ≡ iϕ†
(
Dµ −

←

Dµ

)
ϕ and ϕ†i

↔

D I
µ ϕ ≡ iϕ†

(
τ IDµ −

←

Dµτ
I
)
ϕ. (2.3)

The gauge field strength tensors and their covariant derivatives read

GA
µν = ∂µGA

ν − ∂νGA
µ − gsfABCGB

µG
C
ν , (DρGµν)

A = ∂ρGA
µν − gsfABCGB

ρ G
C
µν ,

W I
µν = ∂µW I

ν − ∂νW I
µ − gεIJKW J

µW
K
ν , (DρWµν)

I = ∂ρW I
µν − gεIJKW J

ρ W
K
µν ,

Bµν = ∂µBν − ∂νBµ, DρBµν = ∂ρBµν . (2.4)

Dual tensors are defined by X̃µν =
1
2εµνρσX

ρσ (ε0123 = +1), where X stands for GA, W I or B.

The fermion kinetic terms in L(4)
SM are Hermitian up to total derivatives, i.e. iψ̄ "Dψ − h.c.

= ∂µ(ψ̄γµψ). Total derivatives of gauge-invariant objects in LSM are skipped throughout the
paper, as they give no physical effects. At the dimension-five and -six levels, we encounter no
gauge-invariant operators that are built out of non-abelian gauge fields only, and equal to total
derivatives of gauge-variant objects. At the dimension-four level, the two possible such terms
G̃A

µνG
Aµν = 4εµνρσ∂µ

(
GA
ν ∂ρG

A
σ − 1

3gsf
ABCGA

νG
B
ρ G

C
σ

)
and the analogous W̃ I

µνW
Iµν should be

understood as implicitly present on the r.h.s of Eq. (2.1). They leave the Feynman rules and
EOMs unaffected, showing up in topological quantum effects only [14–19].
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Full dim-6 operator basis (1)



Grzadkowski-Iskrzynksi-Misiak-Rosiek (2010) 1008.4884
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Full dim-6 operator basis (2)



Hadronic 
matrix 

elements 

Nuclear   
matrix 

elements 

Non-perturbative strong interactions

Matching      
with BSM 

theory  

Perturbative 
matching 
within SM

BSM dynamics

SMEFT

LEFT

ChPT (π, N)

Chiral EFT (NN, ..)
ΔEnuclear

What scales are we probing? 
To connect UV physics to low-energy processes, use ladder of EFTs

• Use appropriate 
degrees of freedom 
in each range of 
energies 

• Write down all 
interactions 
consistent with the 
given symmetries  

• At each threshold, 
need  appropriate 
perturbative and 
non-perturbative 
matching conditions:         
Ahi = Alow  

• Expand amplitudes 
to a given order in 
mhow/mhi 



What scales are we probing? 

• Effective scale probed by an experiment can be obtained through this equation: 

δOBSM(Λ) ≤ (Oexp −OSM)< ~
(for any observable O,  δOBSM ~ (v/Λ)n   n=2,4,..)

17

Contribution to  observable  ‘O’ 
induced by SMEFT operators

Figure copyright: David Mack 

Precision tests: need 
high-precision theory 

and experiment

Rare / forbidden processes. 
Sensitive experiments & 

theory to gauge the ‘reach’ 



Λ ~ maximal scale probed by a given measurement,  obtained by assuming O(1) 
couplings (for all probes) and one-loop factor for g-2, EDMs, LFV, FCNC

What scales are we probing? 

18



Rare / Forbidden processes: 
Searches for B, L, LF, CP violation probe 

extremely high effective scale.
Strongest constraints on symmetry  

structure of  low (TeV) scale new physics 

Λ ~ maximal scale probed by a given measurement,  obtained by assuming O(1) 
couplings (for all probes) and one-loop factor for g-2, EDMs, LFV, FCNC

What scales are we probing? 
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Precision measurements:  
Match or exceed LHC existing 

bounds and future reach.          
Can play important role in 

reconstructing TeV dynamics

Λ ~ maximal scale probed by a given measurement,  obtained by assuming O(1) 
couplings (for all probes) and one-loop factor for g-2, EDMs, LFV, FCNC

What scales are we probing? 

18
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Adding new light degrees of freedom
FIGURE source

47

E

Λχ 
 (~ GeV)

Q~kF, mπ 
(~100 MeV)

   MW.Z 
(~100 GeV)

ΔEnucl 
(~ MeV)

ΛBSM 
??

Standard Model Effective Field Theory  

Chiral Perturbation Theory  

LEFT: Fermi Th. + QCD + QED + BSM 

BSM

Nuclear EFTs (chiral, pion-less,…) 

WIMPs

Sterile ν’s

Dark sector 
particles

Axion-like 
particles

• New light degrees of freedom can be added to the EFT — just need to know their gauge ‘charges’ 

Example:  

 νSMEFT:  SMEFT + νR 
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“Portals”: dominant interactions through which the SM and dark sector couple         
(↔ lowest dimensional SM singlet operators)

Light, weakly coupled new physics: portals

Leading axion interactions appear at O(1/Λ):

aF F̃/fa , aGG̃/fa ,  ̄�µ�5 @µa/fa

mD ⌫̄R⌫L + h.c.

1

2
mM ⌫T

L
C⌫L + h.c.

�⌧!e⇡⇡

�ep!⌧XQ

⇠ 10�4
m5

⌧

(2⇡)2S

|k| [GeV]

a(|k|) [GeV�1]

LL =

✓
⌫L
eL

◆

L↵

L
=

✓
⌫L
eL

◆↵

L↵

L
=

✓
⌫↵
L

e↵
L

◆

↵, � 2 {e, µ, ⌧}

⌫R

m↵� ⌫↵L⌫
�

R
+ h.c.

m↵� ⌫
↵T

L
C⌫�

L
+ h.c.

m ⌫̄L⌫R + h.c. = m ⌫̄⌫ ⌫ = ⌫L + ⌫R

m ⌫T
L
C⌫L + h.c. = m ⌫̄⌫ ⌫ = ⌫L + ⌫c

L
= ⌫c

2

portal  
interaction

 Credit:  Stefania Gori



Rare / forbidden processes & 
symmetry violations

Origin of neutrino mass

Are there new forces,                            
weaker than the weak force? 

Nature of dark matter                  
Light & weakly interacting particles

Baryon asymmetry                
(violation of B, L, CP) 

0νββ
Charged LFV
(μ→e, e ↔τ)

Quark FCNC

EDMs,  …, 
n-n oscillations

_

 p-decay

Rare / forbidden processes

0νββ
Charged LFV
(μ→e, e ↔τ)

Quark FCNC

EDMs,  …, 
n-n oscillations

_

 p-decay

1. Rare / forbidden processes

Start by taking a glimpse into the ν world
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No Neutrino Mass,  no Matter (Baryon Asymmetry),  no Dark Matter,  no Dark Energy                        

 Credit: X-ray: NASA/CXC/CfA/M.Markevitch et al.; Optical: NASA/STScI; Magellan/U.Arizona/
D.Clowe et al.; Lensing Map: NASA/STScI; ESO WFI; Magellan/U.Arizona/D.Clowe et al.

 Credit: Fermilab

X

The Standard Model encodes our knowledge of nature’s building blocks and interactions (up to gravity)                          

Neutrinos and the quest for new physics 

Need new physics
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No Neutrino Mass,  no Matter (Baryon Asymmetry),  no Dark Matter,  no Dark Energy                        

Need ν physics? 

 Credit: X-ray: NASA/CXC/CfA/M.Markevitch et al.; Optical: NASA/STScI; Magellan/U.Arizona/
D.Clowe et al.; Lensing Map: NASA/STScI; ESO WFI; Magellan/U.Arizona/D.Clowe et al.

 Credit: Fermilab

X

The Standard Model encodes our knowledge of nature’s building blocks and interactions (up to gravity)                          

Neutrinos and the quest for new physics 

Understanding the elusive neutrino can shed light on other mysteries



A glimpse into the ν world  

• Neutrino basics 

• Neutrino mass and symmetry 

• Lepton Number Violation and 0νββ decay  
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Neutrino basics



25

• Pauli (1930):  neutrinos enter the scene as ‘ghost particles’ needed to save energy conservation in β decays 

Elusive particles
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12 E. FERMI 

e le diseguaglianze (33) e (34) diventano: 
(38) H~ ~_ IV; W ~ mc" 
Infine ]a probabilit5 di transizione (32) prende la forma 

Vita media e forma della earva  di distribuziozte 
de l l ' energ ia  per trans iz ion i  permesse .  

w 8. Dalla (39) si pub ricavare una formula che esprime quante 
transizioni ,8, in eui la particella } riceve un impulso eompreso t ra  
mc~ e mc(% q- dr,), hanno luogo nell'unit'h di tempo. Per  questo oe- 
eorre caleolare la somma dei valori di ~?~ ,p, nel nueleo, estesa a tut t i  
gli staff (de] eontinuo) che appartengono a]l ' intervallo di impulso 
indicato, tSi noti a questo proposito che le autofunzioni relativistiehe 

E0 
Fig. 1 

in eampo eoulombiano per gli stati con j - -  1/2 (~s~/~ e -~pl/.~) diven- 
tano infinite nel eentro. D 'a l t ra  parte la legge di Coulomb non 
valida fino al centro del nucleo, ma solo fino a una distanza da que- 
sto maggiore di R, R essendo il raggio nucleare. Ora un calcolo di 
orientamento dimostra che, se si fanno ipotesi plausibili sopra l 'an- 
damento del potenziale elettrico nell ' interno del nucleo, il valore di 
'~ '~s nel eentro de] mleleo risulta assai prossimo a quello ehe ~s ~ 
assumerebbe, nel caso della legge di Coulomb, a distanza R dal 
centro. A.pplieando le note formule (~) per le autofunzioni rela- 

(l) R. H. HUL~E, cProe. Roy. Soc.)> 188, 381, ]931. 

Fermi 1934

Fermi (1934) developed the theory of weak interactions and computed the β spectrum,  concluding that 
“The neutrino mass is zero or,  in any case,  small in comparison to the electron mass”  

• It took decades to achieve direct detection (Cowan & Raines 1956) and almost a century to show they have (tiny) masses!
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• Interact through gravity and the weak force (weak isospin doublet with charged leptons)
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• Interact through gravity and the weak force (weak isospin doublet with charged leptons)

W+

(e+)α=e,μ,τ 

• Massive neutrinos produced in a given interaction (“flavor”) state can “oscillate” into another flavor  

Uαi

νi=1,2,3

W-

νi l α
-

Figure 2: Absorption of a W boson by a neutrino.

W− and turn into any charged lepton ℓ−α of definite mass. This absorption is
illustrated in Fig. (2). We expect that in analogy with Eq. (4) for the W -quark
couplings, the SM interaction that describes the W -lepton couplings is

LℓνW = −
g

√
2

∑

α=e,µ,τ

i=1,...,N

ℓLαγ
λUαiνLiW

−
λ −

g
√
2

∑

α

i

νLiγ
λU †

iαℓLαW
+
λ . (5)

Here, U is an N×N unitary matrix which is the leptonic analogue of the quark
mixing matrix V . The matrix U is referred to as the leptonic mixing matrix.3

If N > 3, then only the top 3 rows of U enter in the W -lepton interaction,
Eq. (5).

The leptonic decays of the W+ are governed by the second term of LℓνW ,
Eq. (5). From this term, we see that when W+ → ℓ+α+ “να”, the neutrino state
|να⟩ produced in association with the specific definite-mass charged lepton ℓ+α
is

|να⟩ =
∑

i

U∗
αi |νi⟩ . (6)

That is, the “flavor-α” neutrino |να⟩ produced together with ℓ+α is a coherent
superposition of the mass-eigenstate neutrinos |νi⟩, with coefficients which are
elements of the leptonic mixing matrix.

What if N is bigger than three? Suppose, for example, that N = 4.
Then, with the elements of the bottom row of U , Ulastrow,i, we can construct
a neutrino state

|νs⟩ ≡
∑

i

U∗
lastrow,i |νi⟩ (7)

which does not couple to any of the 3 charged leptons. This state is called a
“sterile” neutrino, which just means that it does not participate in the SM weak
interactions. It may, however, participate in other interactions beyond the SM
whose effects at present-day energies are too feeble to have been observed.

5

Neutrino (να):  emitted with eα+,  when interacts with matter can produce eβ− 

n

p

 eβ−
νβ

 eα+

ναWeak 
interaction 

process

α,β = e, μ, 𝜏
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• Interact through gravity and the weak force

• Massive neutrinos produced in a given interaction (“flavor”) state can “oscillate” into another flavor  
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• Interact through gravity and the weak force

• Massive neutrinos produced in a given interaction (“flavor”) state can “oscillate” into another flavor  

KAMLAND Reactor electron anti-neturino survival probability 

L0 = 180 Km

M.P. Decowski / Nuclear Physics B 908 (2016) 52–61 53

Fig. 1. The KamLAND experiment is located in the Kamioka Mine. The experiment is surrounded by more than 50 
nuclear reactors at various commercial Nuclear Power Plants (blue dots). Most Nuclear Power Plants operate multiple 
reactors. The flux-weighted average distance of the reactors to KamLAND is ∼180 km (dashed circle). (For interpretation 
of the references to color in this figure legend, the reader is referred to the web version of this article.)

The Kamioka Liquid Scintillator Anti-Neutrino Detector (KamLAND) experiment was pro-
posed in 1994 [1,2] and was approved by the Japanese government in 1997. In the following 
years, groups from Japan and the U.S. built the experiment in the old Kamiokande [3] cavity 
in the Kamioka Mine (Gifu Prefecture, Japan). The initial goals of KamLAND were the search 
for neutrino oscillation, the first observation of neutrinos originating from radioactive decays in 
the Earth’s mantle (so-called geo-neutrinos) and the possible detection of galactic Supernovae. 
The KamLAND experiment was completed in early 2002. After a brief detector commissioning 
phase, regular scientific data recording started on March 9, 2002.

The location of the Kamioka Mine in relation to the Japanese nuclear power reactors provided 
a flux-weighted average distance of ∼180 km. About 80% of the neutrino flux in 2002 came from 
26 reactors within a distance range of 138–214 km, see Fig. 1. The 180 km baseline, together 
with the emitted νe spectrum peaking at ∼4 MeV, made KamLAND primarily sensitive to the 
neutrino oscillation solutions of the ‘solar neutrino problem’ for solar mass-splitting values of 
"m2

21 > 10−5 eV2.
This review summarizes the KamLAND results obtained in five neutrino-oscillation-related 

data-releases between 2002 and 2013 [4–8].

2. The KamLAND detector

The KamLAND detector is located in the Kamioka Mine under Mount Ikenoyama at a depth 
of ∼2700 m water-equivalent. The primary volume consists of 1 kton of ultra-pure liquid scin-
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• Interact through gravity and the weak force

• Massive neutrinos produced in a given interaction (“flavor”) state can “oscillate” into another flavor  

mlightest2 = ?

NORMAL SPECTRUM INVERTED SPECTRUM

3

with the Sommerfeld parameter ⌘ = ↵Z/�; ↵ is the
fine structure constant and � = v/c is the electron ve-
locity relative to speed of light. Here F (Z,E) is writ-
ten in the non-relativistic approximation; the relativis-
tic F (Z,E)rel and its commonly-used approximation is
given in appendix A.1.

The full spectrum is an incoherent sum over the
three known neutrino mass eigenstates mi (i = 1, 2, 3)
with the intensity of each component defined by the
squared magnitude of the neutrino mixing matrix ele-
ments |Uei|

2 [11].

The phase-space factor of the outgoing electron with
momentum p is given by the factor p (E + me). The
phase space of the emitted neutrino is the product of
the neutrino energy ✏ = E0 � E and the neutrino mo-
mentum

p
✏2 �m2

i , which determines the shape of the
�-electron spectrum near the tritium endpoint E0. The
Heaviside step function ⇥ ensures that the kinetic en-
ergy cannot become negative.

The full �-decay spectrum is shown in figure 1. The
dependence of the spectral shape on the e↵ective neu-
trino mass close to the endpoint is depicted in figure 2.

Fig. 1: The di↵erential �-electron energy spectrum for
the �-decay of molecular tritium with the endpoint en-
ergy E0 of 18.574 keV. The given units correspond to
the decay rate of a single tritium nucleus.

2.2 Neutrino mass eigenstate splittings

In the KATRIN sensitivity range we can simplify the
analysis by considering the e↵ective electron neutrino
mass square m2

⌫ of a quasi-degenerate model in equa-
tion (4), given by an incoherent sum as

m2
⌫ =

X

i

|Uei|
2 m2

i . (7)

β

ν

ν

ν

Fig. 2: The di↵erential �-electron energy spectrum near
the endpoint for the decay of molecular tritium as given
by equation (4), under the assumption of various neu-
trino masses m⌫.

Calculations have shown this approximation of the �-
decay spectrum to be valid, both for the normal and
inverted mass hierarchies [12,13].

2.3 Molecular tritium T2

When we consider the �-decay of gaseous molecular tri-
tium T2,

T2 �!
3HeT

+
+ e� + ⌫̄e + Q(T2) , (8)

the released energy Q has to be corrected for the di↵er-
ences in electronic binding energies between the atomic
and actual molecular systems (see [9] for a detailed ex-
planation). The nuclear recoil also excites a spectrum of
rotational and vibrational final states in the daughter
molecular system, and generates excitations of its elec-
tronic shell. The neutrino energy in equation (4) has to
be corrected by

✏ ! ✏f = E0 � Vf � E , (9)

with the endpoint E0(T2) = (18 574.00± 0.07) eV for
molecular tritium [9,14]. The recoil energy reaches a
maximum of Erec = 1.72 eV at the �-endpoint, which
gives a fixed endpoint energy E0(T2) = Q(T2)�Erec [9].
The di↵erential decay rate, with the additional summa-
tion over each final state f with energy Vf and weighing
by the transitional probability Pf to a state f in the
daughter molecule, is then:

d�

dE
=

G2
F |Vud|

2

2⇡3
|Mnuc|

2 F (Z,E) · p (E +me)

·

X

f

Pf ✏f
q

✏2f �m2
⌫ ⇥(✏f �m⌫) . (10)

Cosmology 

• High scale seesaw implies falsifiable correlations with other ν mass probes     

Tritium β decay0νββ decay
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Model diagnosing power
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Cosmology 

• High scale seesaw implies falsifiable correlations with other ν mass probes     

Tritium β decay0νββ decay

36

Model diagnosing power

Absolute scale through electron  spectrum  in Tritium β decay.
KATRIN:   mβ < 450 meV (90%CL)  → 300 meV

Future:  Project-8 aims to reach 40 meV

Oscillation data teach us about mass differences 
and cannot yet determine the spectrum ordering  

~ 7.5 ⨉ 10-5  eV2 

~ 2.5  ⨉ 10-3  eV2 
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• Interact through gravity and the weak force

• Massive neutrinos produced in a given interaction (“flavor”) state can “oscillate” into another flavor  

• Neutrino masses are tiny compared to other fermion’s masses

H. Murayama

So what’s the big deal? 
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Symmetry considerations provide guidance on how to introduce neutrino mass

i =1,2,3

The Standard Model

No 
neutrino 

mass

Image credit: CERN
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Neutrino mass and symmetries  
→

significance of 0νββ decay
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B. Kayser 1984
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FIGURE I (a) The four distinct states of a Dirac neutrino v 0 . (b) The two distinct 
states of a Majorana neutrino vM. 

including its electromagnetic characteristics, and its special and sur-
prising C, P, CP, and CPT properties. Next, we shall show how a 
Majorana neutrino is described in field theory. Then we shall see 
why it is that we do not already know whether neutrinos are Majorana 
or Dirac particles. Finally, we shall discuss the one experimental 
approach that currently shows some promise of settling this matter: 
the search for neutrinoless double beta decay. 

To understand the precise physical difference between a Majorana 
and a Dirac neutrino, let us imagine that there exists a massive 
neutrino v _ with negative helicity (indicated by the subscript), as 
considered at the extreme left of Fig. la. Assuming that the world 
is CPT-invariant, the existence of v _ implies (as Fig. la indicates) 
the existence of its CPT mirror-image, a right-handed antineutrino 
v +. In addition, if v _ is massive, then it travels slower than light, 
so that by travelling sufficiently fast an observer can overtake it. If 
he does, then in his frame the neutrino is going the other way, but 
still spinning the same way as in the original frame. That is, the 
Lorentz transformation to this observer's frame turns v into a 
positive-helicity particle "v + ,'' shown at the extreme right of Fig. 

70 

Dirac: 
4 states

+ +

_Majorana: 
2 states (ν = ν ) 

(m≠0)

(m≠0)

ν− p

S

ν+
p

S

Neutrino mass and symmetries 
Lorentz & CPT invariance ⇒  two options for massive neutrinos

Only possible if there is no internal 
quantum number (such as L) that flips 

sign under “C”
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Lorentz & CPT invariance ⇒  two options for massive neutrinos
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p
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p

S
ν−

‘Inert’  as m → 0 Participate in 
weak interactions

Neutrino = antineutrino 

Importantly,  the two options are distinguished by the behavior under the 
global symmetry associated with lepton number  (L)   

Neutrino mass and symmetries 
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‘Inert’  as m → 0 Participate in 
weak interactions
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• Smallness of ν mass and  V-A structure of the weak interactions ((mν/E) helicity suppression) imply 
that ΔL=2 neutrino-less processes like 0νββ decay are the best way to address this question 

• To explain this statement, need a little more detail on the way neutrinos interact 

Which option is realized in nature? 
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Massive ν’s and weak interactions

‘Anti-neutrino’ (ν):  emitted with  e−

Weak 
interaction 

process

 e−

ν

_

__

Always behaves as an ‘antimatter particle’ (produces e+)

p

n

 e+

ν+
_ p

n

 e+

ν−
_

There is another 
m/E suppression 

in the vertex 

  ν ~
_ _

  O(1) ν+       
_

O(m/E) ν−

Effect of  V-A chiral structure on Dirac neutrinosW−

ν

e− 

_g
V-A 

current
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Massive ν’s and weak interactions

‘Anti-neutrino’ (ν):  emitted with  e−

Weak 
interaction 

process

 e−
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 e+

ν+
There is no 

additional  m/E 
suppression in the 

weak vertex 

  ν ~   O(1) ν+       O(m/E) ν−

Behaves as an 
‘antimatter particle’

Effect of  V-A chiral structure on Majorana neutrinos

n

p

 e−
ν−

Behaves as a 
‘matter particle’

For m ≠ 0 the distinction between Dirac and Majorana matters. 
The Majorana option blurs the notion of matter and antimatter!
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e− 

g
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current
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Massive ν’s and weak interactions

‘Anti-neutrino’ (ν):  emitted with  e−

Weak 
interaction 

process

 e−

ν p

n

 e+

ν+
There is no 

additional  m/E 
suppression in the 

weak vertex 

  ν ~   O(1) ν+       O(m/E) ν−

Behaves as an 
‘antimatter particle’

Effect of  V-A chiral structure on Majorana neutrinos

n

p

 e−
ν−

Behaves as a 
‘matter particle’

Non-relativistic neutrinos 
To detect the Majorana signature (2e− in final state,  ΔL=2) 

need to overcome the m/E factor  Avogadro’s number:  double beta decay!

W−

ν

e− 

g
V-A 

current



0νββ decay is the arbiter
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• If neutrinos are Majorana particles, a virtual anti-neutrino can convert into a neutrino and mediate 0νββ

W. H. Furry, 1939 ν−
p
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This is just ν+ + O(m/E) ν− 
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• If neutrinos are Majorana particles, a virtual anti-neutrino can convert into a neutrino and mediate 0νββ

W. H. Furry, 1939 ν−
p

S

ν+
p

S
This is just ν+ + O(m/E) ν− 

• Key point: in 0νββ Lepton Number changes by two units. Exchange of light νM is just one possible mechanism 

u

e−

e−

d

d

u

GF

GF

mee

νe

νe

u

e−

e−

d

d

u

but also

Exchange of heavier 
neutrinos or other 

Majorana particles.  At low-
energy induce six-fermion 

operator ~1/Λ5 

m ν−
ν+

ν− converts into e− in 
the second interaction
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• If 0νββ decay happens, through quantum mechanical fluctuations a ν+ can convert into ν−  ⇒ hallmark of Majorana ν!

ν+ ν−

Schechter-Valle 1982

m ν−
ν+

ν− converts into e− in 
the second interaction
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• If neutrinos are Majorana particles, a virtual anti-neutrino can convert into a neutrino and mediate 0νββ
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p
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• If 0νββ decay happens, through quantum mechanical fluctuations a ν+ can convert into ν−  ⇒ hallmark of Majorana ν!

ν+ ν−

Schechter-Valle 1982

m ν−
ν+

ν− converts into e− in 
the second interaction

It’s a two-way arrow: 

Neutrino is a Majorana fermion      ⇒   0νββ decay happens at some rate 

 ⇒  



0νββ decay and the baryon asymmetry
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A  →  B   

#1.  B (or L) violation: processes that “create matter”

≠ A  →  B 
_ _

A  →  B   

#2.  “Asymmetrically”  

#3.  “Irreversibly” 

≠ B  →  A A  →  B

Electroweak anomalous processes (fast at high T) 
 convert L into B (ΔL= ΔB = 3) 

Only B-L is exactly conserved in the SM 

• 0νββ addresses the first condition:  ΔL=2  

• Explicit models of Majorana neutrino mass  satisfy 
the other two conditions  →   baryogengesis via 
leptogenesis

Fukugita-Yanagida  1987

Recall Sakharov’s conditions



Searching for 0νββ decay
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• For certain even-even nuclei (48Ca, 76Ge,136Xe, …),  single β decay is energetically forbidden → ββ decay 

• 2νββ is the rarest process ever observed, with T1/2 ~ 1021 years 

M. Goppert 
Mayer, 1935
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• Several  “ton-scale” experiments with different isotopes and technologies are searching for 0νββ,                     
with sensitivity up to T1/2 ~1028 yr,  which is ~1018 times the age of the universe!

39

2.2.1 CUPID625

The CUORE Upgrade with Particle Identification (CUPID) [100] is a future upgrade to the Cryo-626

genic Underground Observatory for Rare Events (CUORE), a multinational collaborative effort to627

detect lepton number violation through the 0⌫�� of 130Te. Approximately one-third of the insti-628

tutions in CUPID are U.S. universities and national laboratories involving faculty, students, and629

research scientists across the United States, with responsibilities in management, remote monitor-630

ing and operations, detector design and R&D, sensor testing, software development, and modeling631

detector performance.632

The baseline design for CUPID features an array of 1596 scintillating crystal bolometers and 1710633

light detectors, each instrumented with germanium neutron transmutation doped (NTD) sensors,634

and organized into 57 towers. While the current design is based on a full complement of Li2MoO4635

(LMO) crystals, one of the key scientific features of the detector design is the ability to flexibly636

incorporate multiple isotopes. The new detector will be installed in an upgraded cryostat at Gran637

Sasso National Laboratories (LNGS), taking advantage of the existing infrastructure and facilities638

developed for use in CUORE.639

CUPID builds on the success of the CUORE, CUPID-0, CUPID-Mo, and CROSS experiments,640

including years-long, stable operation of the CUORE detector at base temperatures on the order of641

10 mK. In addition to the current work on CUPID, a future, ton-scale version of the CUPID concept,642

Figure 8: Photos of some of the current generation of 0⌫�� experiments described in this report.

22

2νββ

0νββ

(Ee1 + Ee2)/Q

• For certain even-even nuclei (48Ca, 76Ge,136Xe, …),  single β decay is energetically forbidden → ββ decay 

• 2νββ is the rarest process ever observed, with T1/2 ~ 1021 years 

Searching for 0νββ decay

Current limits:   
T1/2 >1026 yr 
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Discovery potential of 
0νββ decay at the ‘ton scale’
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0νββ decay physics reach
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Standard 
Model

Somewhere out here there must be new 
physics responsible for neutrino masses 

If the neutrino mass is of Majorana type, 
most of this uncharted territory can be 

explored only by 0νββ decay 

?Decreasing Coupling Strength 
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 M
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s

0νββ searches @ T1/2 ~1027-28 yr can discover LNV arising from a broad variety of mechanisms



dim5 operator: 
Majorana Mass 

for light ν’s

Unexplored

0νββ decay physics reach
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Standard 
Model

Decreasing Coupling Strength 

In
cr

ea
si

ng
 M

as
s High-scale see-saw

Minkowski 1977
Gell-Mann, Ramond, 

Slansky 1979

mν ~ y2 vEW2 MR-1 ~ eV

MR →1015 GeV 

νR

νL

0νββ searches @ T1/2 ~1027-28 yr can discover LNV arising from a broad variety of mechanisms
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Standard 
Model

Decreasing Coupling Strength 

In
cr

ea
si

ng
 M

as
s High-scale see-saw

Only low-E remnant of LNV is the 
neutrino mass — Furry’s mechanism 

Minkowski 1977
Gell-Mann, Ramond, 

Slansky 1979

0νββ searches @ T1/2 ~1027-28 yr can discover LNV arising from a broad variety of mechanisms
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0νββ searches @ T1/2 ~1027-28 yr can discover LNV arising from a broad variety of mechanisms

 1) CP- and L- violating out-of-equilibrium 
decays of heavy  νRi  ⇒ nL

  2) EW sphalerons  ⇒ nB = # nL

Baryogengesis via Leptogenesis

Fukugita-Yanagida  1987

nL/s
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Standard 
Model

Decreasing Coupling Strength 
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s High-scale see-saw

Left-Right SM
RPV SUSY

...

These contributions can compete if scale 
is not too high (10-100 TeV) and lead to 

new mechanisms at the nuclear scale 

Mohapatra-
Senjanovic 1980

…

0νββ searches @ T1/2 ~1027-28 yr can discover LNV arising from a broad variety of mechanisms
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Standard 
Model

Decreasing Coupling Strength 

In
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ng
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as
s High-scale see-saw

Left-Right SM
RPV SUSY

...

Light sterile ν’s
[neutrino portal] 

0νββ searches @ T1/2 ~1027-28 yr can discover LNV arising from a broad variety of mechanisms
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‘End-to-end’ EFT for LNV 

Unexplored

26

Standard 
Model

Decreasing Coupling Strength 
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0νββ decay: theoretical challenges
  Connecting LNV physics to nuclei is a multi-scale problem

 Best tackled through effective field theory methods: only chance to achieve controllable uncertainty

Λχ ~ GeV

kF ~ 100 MeV

Hadronic matrix 
elements 

Nuclear matrix 
elements 

Integrate out heavy 
particles

Λχ

Q~ kF ~ mπ

T1/2  ~ gLNV (mW/Λ)A  (Λχ/mW)B  (Q/Λχ)C

ΔL=2 in the 
“Standard Model  EFT”: 

only dim=5,7,9,…

Light νR can be included

Connecting sources of LNV to nuclei is a multi-scale problem.  Best tackled through a tower of EFTs 
coupled to lattice QCD and ab-initio nuclear many-body calculations to achieve controlled uncertainty

White papers 2203. 21169 &  2207.01085 and refs therein

Dekens et al. 2002.07182 

https://arxiv.org/abs/2207.01085
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Chiral EFT
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⇣
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• current and potentials: perturbative expansion in Q/⇤�

• iterate potentials to find bound states (non perturbative)

Goals

1. write down O
�
� , Q�

�0

2. estimate the couplings
3. write down 0⌫�� currents

n

n p
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e

e
 Vnn→pp Half-life (T1/2)76Ge 76Se

Chain of EFTs   + 

hadronic & nuclear 
matrix elements T1/2 ~ (mW/Λ)A  (Λχ/mW)B  (kF/Λχ)C

Controllable uncertainties: 

ν

High scale LNV

Λ  
(>> TeV)

E

Λχ 
 (~GeV)

kF, mπ

vew , MW
dim5

dim3

ν

L L

H H

y y • LNV originates at very high scale                  
(Λ >> v) → dominant low-energy 
remnant is Weinberg’s dim-5 operator:  

• Below the weak scale this is just the 
neutrino Majorana mass (mββ ~ wee v2/Λ) 

• 0νββ mediated by active νM with potential 
Vnn→pp with long- and short-range 
components proportional to mββ 

d u

d u

νM 

… and other 
tree-level and 

loop-level 
mechanisms  
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We have already discovered other effects of this dim-5 operator! 
⇒

Half-life is related to neutrino mass: 
concrete discovery targets & falsifiable correlations with other probes of mν
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Ordering

Bands: unknown 
Majorana phases
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Discovery potential / target

• Within the high-scale seesaw, 0νββ can be predicted in terms of  ν mass parameters:  Γ∝|M0ν|2 (mββ)2
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Normal 

Ordering

Bands: unknown 
Majorana phases

Assuming current range for matrix elements,  

discovery @ ton-scale possible for inverted spectrum or mlightest > 50 meV

KamLAND-Zen 2203.02139
Assume range for 

nuclear matrix 
elements from 

different nuclear 
calculations  

Ton scale
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Discovery potential / target

Beyond ton scale target

Natural (but challenging!) beyond ton-scale target is mββ ~ meV

• Within the high-scale seesaw, 0νββ can be predicted in terms of  ν mass parameters:  Γ∝|M0ν|2 (mββ)2



Cosmology Tritium β decay0νββ decay
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Falsifiable correlations
Future data coupled with improved theory can challenge the high-scale paradigm and reveal new 

sources of LNV or physics beyond  “ΛCDM + mν”              
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Future data coupled with improved theory can challenge the high-scale paradigm and reveal new 

sources of LNV or physics beyond  “ΛCDM + mν”              
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KATRINProject8
Ton scale Ton scale

Cosmology
2404.03002

(95% CL limit)

Bound is quite sensitive to 
prior on Σ  

Falsifiable correlations

These important quantitative connections require knowing 
nuclear matrix elements and their uncertainties!           

Future data coupled with improved theory can challenge the high-scale paradigm and reveal new 
sources of LNV or physics beyond  “ΛCDM + mν”              



Key new insight from EFT
  VC, W. Dekens, J. de Vries, M. Graesser, E. Mereghetti,  S. Pastore, U. van Kolck  1802.10097

gν  

νM 
‘Usual’ νM exchange ~1/kF2 ~1/Q2 
Coulomb-like long-range potential  

VC,  W. Dekens,  E. Mereghetti, A. Walker-Loud, 1710.01729

‘New’:  short-range potential with 
coupling gν ~1/Q2 

d u

d u

νM 

• To leading order (LO) in Q/Λχ  (Q~kF~mπ,  Λχ~GeV),  the nn → pp transition operator has two contributions: 

48



• LO scaling is required by renormalization group running induced by short-range nuclear interaction in 1S0 channel 

3

(A) (B)

(D)(C)

FIG. 2: LO topologies for 0⌫��: the thick solid lines denote
nucleons and the oriented ones leptons (internal neutrino and
external electrons). The squares denote LNV vertices. The
diagrams for the electromagnetic current are obtained by re-
placing the internal neutrinos by photons, omitting the ex-
ternal electrons, and adding an additional topology with the
internal neutrinos replaced by pions. In the full theory, the
EFT vertices, here denoted by gray circles and diamonds, are
supplemented by the appropriate form factors and scattering
amplitudes that capture the momentum dependence of the
elastic NN intermediate-state contributions. Iterations of the
NN strong Yukawa and short-range interactions (diamonds)
are not shown as they are irrelevant for the matching analysis.

has been inserted. In our matching procedure, the low-
energy contribution is instead identified by introducing a
cuto↵ in |k|, which leads to

Z< =
3

16⇡2F 2
⇡

Z
⇤

0

d|k| |k|
(!V � |k|)2(2!V + |k|)

!3

V

, (6)

with !V =
p
M2

V + |k|2. For ⇤ ! 1 this expression
agrees with Eq. (5). For our application, the ⇢-pole ap-
proximation for FV

⇡ is su�cient, but could be extended
by introducing a dispersive representation [67], whose
Cauchy kernel would be treated in analogy to the vector-
meson propagator above, via the residues in the k0 inte-
gration. Second, we find

Z> =
3↵s(µ)g⇡⇡LR(µ)

16⇡

Z 1

⇤

d|k|
1

|k|3
, (7)

with coe�cient g⇡⇡LR = (4⇡F⇡)2ḡ⇡⇡LR, ḡ⇡⇡LR = 8.2 at MS
scale µ = 2GeV [68] (see Refs. [69, 70] for the OPE
contribution in the nucleon case). At scale ⇤ = 2GeV
we find for the sum Z = Z< + Z> = 0.60 + 0.03 = 0.63,
which for ⇤ ! 1 approaches Z = 0.67. The deficit to
Eq. (4) is understood in terms of inelastic contributions
from axial-vector intermediate states [55–59], which
provides another estimate of the error incurred by only
considering elastic contributions.

CONTACT TERM IN 0⌫�� DECAY

The nn ! ppe�e� amplitude in chiral EFT takes the
form

A
EFT

⌫ = AA +AB +AC +AD, (8)

where the four terms correspond to the topologies in
Fig. 2, and renormalization of the divergence in AC

requires the LO contact term AD. For the match-
ing, only these latter two topologies become relevant.
In particular, only the ultraviolet singular part of the
C topology—i.e., the one involving noninteracting two-
nucleon propagators—enters the matching condition,
which can be expressed in terms of dimensionless am-
plitudes as

Ā
<,sing
C + Ā

>
C = Ā

sing

C (µ�) + 2C̃1(µ�). (9)

The left-hand side refers to the full amplitude, separated
into momentum regions in analogy to Z7 above, while
the right-hand side gives the amplitude in chiral EFT
including the contact term C̃1 at MS scale µ� (we use
here the notation of Ref. [43]). The explicit expressions
are

Ā
<,sing
C =

Z
⇤

0

d|k| a<(|k|), Ā
>
C =

Z 1

⇤

d|k| a>(|k|),

Ā
sing

C (µ�) = �
1 + 2g2A

2
+

Z µ�

0

d|k| a�(|k|), (10)

with integrands

a<(|k|) = �
r(|k|)

|k|
✓(|k|� 2|p|)

⇥

⇥
gV (k

2)
⇤2

+ 2
⇥
gA(k

2)
⇤2

+
k2

⇥
gM (k2)

⇤2

2m2

N

�
,

a>(|k|) =
3↵s(µ)

⇡
ḡNN
1

(µ)
F 2
⇡

|k|3
,

a�(|k|) = �(1 + 2g2A)
1

|k|
✓(|k|� 2|p|), (11)

where gV,A,M (k2) refers to the appropriate nucleon form
factors in analogy to FV

⇡ (k2) above, ḡNN
1

(µ) is the two-
nucleon matrix element of the local operator controlling
the short-distance behavior of T{jµ

w
(x)j⌫

w
(0)}, and p de-

notes the momentum of the incoming nn pair. In ad-
dition, compared to the pion mass example, there is a
new source of momentum dependence originating from
the NN scattering amplitude itself, parameterized here
in terms of r(|k|). At LO in chiral EFT rLO(|k|) = 1,
with corrections that, in pionless EFT, can be identi-
fied with the e↵ective range r0, rNLO

/⇡ (|k|) = 1� r0|k|/⇡.

In practice, we have evaluated r(|k|) using NLO chiral
EFT as well as the NN potentials from Refs. [71–73],
see Ref. [74] for more details. For the nucleon form fac-
tors simple dipole parameterizations are su�cient, with

n

n p

pe

e

ν
C ~ 4π/(mpQ)   to 
account for large 
scattering length 

Key new insight from EFT
  VC, W. Dekens, J. de Vries, M. Graesser, E. Mereghetti,  S. Pastore, U. van Kolck  1802.10097

gν  

νM 
‘Usual’ νM exchange ~1/kF2 ~1/Q2 
Coulomb-like long-range potential  

VC,  W. Dekens,  E. Mereghetti, A. Walker-Loud, 1710.01729

‘New’:  short-range potential with 
coupling gν ~1/Q2 

d u

d u

νM 

• To leading order (LO) in Q/Λχ  (Q~kF~mπ,  Λχ~GeV),  the nn → pp transition operator has two contributions: 
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Estimating the contact term
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• Large-NC  arguments point to  gν~(C1+C2)/2  
Richardson, Shindler, Pastore, Springer, 2102.02814

• Isospin symmetry relates gν to one of two 
I=2 e.m. couplings (hard γ’s versus hard ν’s)  

Quarks, 
gluons

Quarks, 
gluons

  VC, W. Dekens, J. de Vries, M. Graesser, E. Mereghetti,  
S. Pastore, U. van Kolck  1802.10097
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• Large-NC  arguments point to  gν~(C1+C2)/2  
Richardson, Shindler, Pastore, Springer, 2102.02814

• Isospin symmetry relates gν to one of two 
I=2 e.m. couplings (hard γ’s versus hard ν’s)  
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Quarks, 
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Jokiniemi-Soriano-Menendez,  2107.13354 

ML

ML+MS

ML-MS

Assuming gν~(C1+C2)/2  + nuclear models                               
→ O(1) impact on m.e.  and mββ extraction
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• Large-NC  arguments point to  gν~(C1+C2)/2  
Richardson, Shindler, Pastore, Springer, 2102.02814

• Isospin symmetry relates gν to one of two 
I=2 e.m. couplings (hard γ’s versus hard ν’s)  

Quarks, 
gluons

Quarks, 
gluons

  VC, W. Dekens, J. de Vries, M. Graesser, E. Mereghetti,  
S. Pastore, U. van Kolck  1802.10097

Tuo  et al.  1909.13525;  
  Detmold, Murphy 2004.07404
Davoudi, Kadam,  2012.02083 • Lattice QCD  — gearing up

• Dispersive approach  —  first complete estimate, 
with some model dependence 

VC, Dekens, deVries, Hoferichter, Mereghetti, 
 2012.11602,   2102.03371



Impact of the contact term 

50

VC, Dekens, deVries, Hoferichter, Mereghetti,  2012.11602,   2102.03371

Determined gν  with ~30% uncertainty  (validated with ΔI=2  NN electromagnetic coupling)

We provided ‘synthetic data’ for the nn→pp amplitude to be used to fit gν in nuclear calculations 

[2] Wirth, Yao, Hergert,  2105.05415        [3]  Belley et al, 2307.15156      [4]  Belley et al,   2308.15634 

Contact term fit to synthetic data and used in ab-initio calculations for  
48Ca [1], 130Te [2], 136Xe, [2],   76Ge [3]

 Enhances matrix elements by ~40% [Ca, Ge] and >50% [Te, Xe]  — 

good news for phenomenology, while we wait for Lattice QCD results 



Progress in controlling all uncertainties
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 Belley et al,   2308.15634  and references therein  4

FIG. 2. Comparison of 0⌫��-decay NMEs in Ge76
from nuclear models and ab initio calculations. a, The NMEs from phenomenological

models, including the interacting-boson model (IBM-2) [9, 34], energy-density-functional (EDF) methods [8, 11], quasiparticle random-phase
approximation (QRPA) [12, 35, 36], interacting shell model (ISM) [7, 10], ISM with generalized contact formalism (ISM-GCF) [37], realistic
shell model (RSM) [13] and e↵ective field theory (EFT) [38], are compared to the results of the VS-IMSRG and IM-GCM using di↵erent chiral
interactions. The error bars of phenomenological nuclear models reflect the discrepancy of calculations from di↵erent groups and the bands
shows results with the short range contributions included [37, 39]. b, The posterior distribution function of the 0⌫�� NME using the MM-DGP
emulator of the VS-IMSRG with 8188 non-implausible samples of chiral interactions from which the confidence intervals are extracted. The
final distribution including all errors yields a value of M0⌫�� = 2.60+1.28

�1.36. The samples are weighted by phase-shifts in the 1S 0 partial wave and
nuclear observables for mass A=2-4,16 as described in the supplemental material [40] . The uncertainties ✏i from EFT, many-body, operator
and emulator are then added independently. See text for details.

with dipole form factors is a good approximation, once the
contact term is properly considered. In short, we take a con-
servative value ✏OP = 0.47 which includes 0.26 from the use of
closure approximation, 0.13 from the uncertainty of the LEC
of the SR transition operator, and 0.08 from the truncation on
the chiral expansion of transition operators.

Finally, ✏EM is given by the MM-DGP emulator as it is
based upon Gaussian Processes, which inherently come with
a variance for each prediction. We obtain the final predic-
tive posterior distribution by sampling the PPD 108 times and
adding errors independently sampled from a normal distribu-
tion for each ✏ term. Figure 2 shows the PPDs obtained with
each error term discussed above, added separately. We find
that M0⌫ = 2.60+1.28

�1.36, where the uncertainty represents a 68%
confidence interval. We compare the PPD with results ob-
tained from the VS-IMSRG and IM-GCM methods, using the
EM1.8/2.0 nuclear interaction [33] and VS-IMSRG with four
other state-of-the-art chiral NN+3N interactions [33, 41, 59].

All these fall within our confidence interval. Our predictions
are further compared to NMEs from various phenomenolog-
ical nuclear models, where the contribution of the contact
transition operator is usually not considered due to the chal-
lenge in determining the unknown LEC of the SR transition
operator in such approaches. With the LECs’s value esti-
mated by considering the charge-independence-breaking cou-
pling of nuclear Hamiltonians, the contribution of the SR op-
erator was quantified with the interacting shell-model (ISM)
and quasiparticle random-phase approximation (QRPA) [39].
Taking this into account, the discrepancy among di↵erent phe-
nomenological models can exceed one order of magnitude, as
depicted in Fig.2.

Conclusions. In summary, we have presented the first
comprehensive uncertainty quantification in ab initio calcu-
lations of NMEs for the 0⌫�� decay of Ge76 using nuclear
interactions derived from �EFT and recently developed many-
body emulators based on the standard mechanism of exchang-

Various nuclear models ‘Ab initio’ methods using 
different chiral interactions 

• Several first-principles many-body methods are 
used for the calculation of matrix elements

• Sources of quantifiable uncertainty: 

• EFT for nuclear force (effective 
couplings, convergence, … )

• Transition operator (contact term, …)

• Truncations in many-body methods

• Overall uncertainty still sizable but improvable

2

in ab initio nuclear theory have followed the parallel de-
velopment of nuclear forces from chiral e↵ective field the-
ory (�EFT) [18, 19], a systematically improvable low-energy
expansion of QCD, where undetermined low-energy con-
stants (LECs) are optimized to data in few-nucleon systems,
and similarity-renormalization-group (SRG) methods [20] for
evolving such forces to the low-energy scale typical for atomic
nuclei. With the resulting interactions and operators, the A-
body Schrödinger equation can now be solved fairly accu-
rately for most atomic nuclei in the medium-mass region [21],
and even in the Pb208 region [22], by employing nonperturba-
tive and systematically improvable many-body methods. The
application of ab initio methods to 0⌫�� decay is important be-
cause theoretical uncertainties related to the many-body wave
functions and transition operators become controllable.

So far, three ab initio methods, the in-medium generator co-
ordinate method (IM-GCM) [23], the valence-space formula-
tion of the in-medium SRG (VS-IMSRG) [24], and coupled-
cluster theory [25], have been used to calculate the NME of
48Ca, the lightest nucleus that could be used in an experiment.
When starting from the same chiral two-nucleon-plus-three-
nucleon (NN+3N) interaction and 0⌫��-decay operators, the
approaches obtain results that agree within roughly estimated
uncertainties. These methods were also successfully bench-
marked against one another, as well as against quasi-exact di-
agonalization in light nuclei [25–27]. The di↵erence between
NMEs for 0⌫�� decay calculated with di↵erent ab initio meth-
ods but the same input has been found to give a useful approxi-
mation to the inaccuracies caused by truncation in many-body
methods. These studies make it feasible to carry out uncer-
tainty quantification in the ab initio prediction of the NMEs
of experimentally relevant nuclei.

The second-lightest such nucleus, Ge76 , is, along with
136Xe, one of the two most important isotopes for exper-
imental searches, and is now within the reach of multiple
ab initio methods. The VS-IMSRG was the first ab initio
approach to calculate the NME for 76Ge, using the long-
range (LR) transition operator associated with standard light-
neutrino exchange [24]. The resulting NME, 2.14(9), was
25-45% smaller than those obtained from phenomenologi-
cal shell-model calculations. However, the contributions of
the recently discovered leading-order short-range (SR) con-
tact transition operator [28] and higher-order terms were not
evaluated. In this work, we now include these contributions.
In particular, we report the results from the IM-GCM calcula-
tion and present the first comprehensive uncertainty quantifi-
cation for the NME in 76Ge using strong and weak interactions
consistently derived within �EFT.

Quantifying the uncertainty in the 0⌫��-decay NME.
For the 0⌫�� decay 76Ge(0+1 ) ! 76Se(0+1 ) + 2e�, the NME,
called M0⌫, can be written as:

M0⌫ = h76Se(0+1 )| Ô0⌫ |76Ge(0+1 )i , (1)

where the decay operator Ô0⌫ is derived in the standard
mechanism of exchange light Majorana neutrinos, depicted
in Fig. 1(a). The wave functions are obtained with the two

TABLE I. The recommended value for the total NME of 0⌫��
decay in Ge76

, together with the uncertainties from di↵erent

sources.
M0⌫ ✏LEC ✏�EFT ✏MBT ✏OP ✏EM

2.60+1.28
�1.36 0.75 0.3 0.88 0.47 <0.06

ab initio methods, i.e., IM-GCM and VS-IMSRG. The main
challenge in the assessment of theoretical error is the propa-
gation of the uncertainties in the LECs from the chiral inter-
action through the complicated many-body calculations that
ultimately produce the NME. To this end, we use the Sam-
pling/Importance Resampling [29] formulation of Bayes’ the-
orem for discrete samples, as was done in Ref. [22] to obtain
a theoretical uncertainty on the neutron skin of 208Pb.

Following this procedure, a posterior predictive distribution
(PPD) of the NMEs depending on the LECs (c) is given by

PPD =
�
M0⌫

k (c) : c ⇠ P(c|calibration)
 
, (2)

where M0⌫
k represents the NME from a specific theoretical cal-

culation (i.e. using a particular many-body method and oper-
ators truncated at order k) and P(c|calibration) represents the
probability of an LEC sample to yield results for a set of cal-
ibration observables that match experimental data. We label
the standard deviation coming from this (non-Gaussian) dis-
tribution ✏LEC to make comparison with other sources of error
easier. As calibration observables, we use properties of nuclei
of mass A = 2�4 and A = 16 as done in Ref. [30] to which we
add the neutron-proton scattering phase shift in the 1S 0 partial
wave at lab energy of 50 MeV, since it has recently been dis-
covered to correlate strongly with the NMEs [31]. The NMEs
for the LEC samples are then evaluated using the recently
developed Multi-output Multi-fidelity Deep Gaussian Process
(MM-DGP) emulator [32] for the VS-IMSRG, which allows
us to, within minutes, predict the results of billions of many-
body calculations that would otherwise take years to perform
in full.

We further assume that our errors are normally distributed
and mutually independent, such that the true value of the NME
in Eq. (1) can be written as:

M0⌫ = M0⌫
k + ✏�EFT + ✏MBT + ✏OP + ✏EM, (3)

where ✏�EFT represents the error coming from truncation of the
nuclear forces, ✏MBT the error from the many-body method,
✏OP the error due to the truncation of the decay operator and
finally, ✏EM the error on the emulated results. The values of the
NME, together with the errors ✏i from di↵erent sources, are
presented in Table I. We detail below how each uncertainty is
assessed.

We employ nuclear interactions derived in a formulation
of �EFT where the �-isobars are considered explicitly [41].
In particular, these interactions are given at next-to-next-to-
leading order (N2LO) in the chiral expansion, where 17 LECs
arise. These interactions are particularly useful for the present
study since more diagrammatic contributions are considered
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• Observable contributions to 0νββ not directly 
related to the exchange of light neutrinos: 

d

d

u

u

e

emββGF2/Q2  ~ 1/Λ5

if mββ ~ 0.1 eV and Λ~TeV

(For example Λ~ MνR ~ MWR)

• Possible correlated signal at LHC:  pp →ee jj 

28

• May lead to correlated (and possibly precursor!) signal at LHC:  pp →ee jj 

d

d

u

u

e

e

LHC 0νββ

Classic LRSM example

…

Keung-Senjanovic ’83

Maiezza-Nemevesek-
Nesti- Senjanovic 

1005.5160

Helo-Kovalenko-Hirsch-
Pas 1303.0899, 1307.4849

Cai, Han, Li, Ruiz 
1711.02180

Connection with LHC

• Hadronic scale:  new pion-range and short-range 
transition operators                                        

LNV @ multi-TeV-scale:  key features



EFT-based master formula for half-life 

• Framework to interpret 0νββ 
searches in terms of any high-
scale model and possibly unravel 
the underlying mechanism in 
case of discovery

53

V. Cirigliano,  W. Dekens,  J. de Vries, M. Graesser, E. Mereghetti,   JHEP 1812 (2018) 097 [1806.02780]

• Put everything together: master 
formula for half-life 

νDoBe Python tool: 
Scholer-deVries-Graf,  2304.05415 

• Progress at every step of the ladder, 
and lot more to do: EFT to higher 
orders, matching to Lattice QCD, 
order-by-order chiral EFT 
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Outlook on LNV 

• EFT approach relates 0νββ to underlying LNV dynamics & organizes contributions to nuclear matrix elements.  
Key to interpret a positive or null signal 

• Significant discovery potential in ton-scale experiments — we simply 
don’t know the origin of mν and the scale Λ associated with LNV 

High-scale see-saw

Left-Right SM
RPV SUSY

...

Light sterile ν’s 

Decreasing Coupling Strength 

In
cr

ea
si

ng
 M

as
s

Λχ ~ GeV

kF ~ 100 MeV

• Observation of 0νββ would address big questions:  

• Reveal Majorana nature of the neutrino

• Establish key ingredient for baryogengesis via leptogenesis 

• Probe the absolute mass of neutrinos (in high-scale seesaw scenario)

Improving the theory uncertainty is challenging,  but there are exciting prospects thanks 
to advances in EFT,  lattice QCD,  and nuclear structure  



Backup
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Anomalous symmetry breaking
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• Action is invariant,  but path-integral measure is not!  

• Baryon (B) and Lepton (L) number are anomalous in the SM

• Important examples:  trace (scale invariance) and chiral anomalies

• Only B-L is conserved;  B+L is violated (large rates at high temperature)  



• If a state is realized in nature, its “transformed” is also possible  

• Time evolution and transformation commute:  for a given initial state,  
transformed of the evolved = evolved of the transformed 

• In Quantum Mechanics

• Symmetries represented by (anti)-unitary operators US (Wigner)

• US commutes with Hamiltonian

• Classification of the states of the system, selection rules, …**

[US, H] = 0

|<a |US† US |b> |2 =  |<a|b>|2

57

Implications of symmetry 



• If a state is realized in nature, its “transformed” is also possible  

• Time evolution and transformation commute:  for a given initial state,  
transformed of the evolved = evolved of the transformed 

• Continuous symmetries imply conservation laws

Symmetry Conservation law

Time translation Energy

Space translation Momentum

Rotation Angular momentum

U(1) phase Electric charge

… …
Emmy Noether

58

Implications of symmetry 



Symmetry Conservation law

Time translation Energy

Space translation Momentum

Rotation Angular momentum

U(1) phase #particles - #anti-particles

… …
Emmy Noether

• If a state is realized in nature, its “transformed” is also possible  

• Time evolution and transformation commute:  for a given initial state,  
transformed of the evolved = evolved of the transformed 

• Continuous symmetries imply conservation laws
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Implications of symmetry 



• If a state is realized in nature, its “transformed” is also possible  

• Time evolution and transformation commute:  for a given initial state,  
transformed of the evolved = evolved of the transformed 

• Continuous symmetries imply conservation laws

Emmy Noether
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Implications of symmetry 



Aside:  CP violation in the SM
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~ Bc⋅Ec

Physically observable mismatch in the transformation 
 of uL and dL needed to diagonalize quark masses 

Cabibbo-Kobayashi-Maksawa (CKM) matrix

W

dj

ui
‘QCD theta term’ 



5 independent   
parameters 

(phase differences)  

• CKM matrix is unitary: 

• 9 real parameters, but redefinition of quark phases reduces physical parameters to 4:                     
3 mixing angles and 1 phase

• Irreducible phase implies CP violation:

CP transformation


