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Neutrino Mass and New Physics

2

•  requires introducing new degrees of freedom 
 

 
 

• Key questions: 
➡ Is Lepton Number a good symmetry of the new dynamics?  
➡ What are the sources and mediators of Lepton Flavor Violation? 

• Nuclear probes can address these questions: 
➡ Neutrinoless double beta decay  is the strongest probe of LNV 
➡  in nuclei and  @ EIC are powerful probes of LFV

Mν ≠ 0

ℒνSM = ℒSM + ℒν−mass + …

(0νββ)
μ → e ep → τX
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 and Lepton Number Violation0νββ
(N, Z ) → (N − 2, Z + 2) + 2e−

T0ν
1/2 ≳ 1026 yrΔL = 2

•  conserved in SM  observation would signal new physics 

✓ Demonstrate that neutrinos are Majorana 
fermions 

 

✓ Establish a key ingredient to generate the  
baryon asymmetry via leptogenesis

(B − L) → 0νββ

Schechter-Valle 
1982

Fukugita-Yanagida 
1987
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 — Physics Reach0νββ
• Ton-scale  searches  will probe LNV at unprecedented levels 

from a broad range of mechanisms 
0νββ (T0ν

1/2 > 1027−28 yr)

Notional schedule of the LEGEND-1000 experiment
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Impact of  searches most 
efficiently analyzed within an 

“end-to-end” EFT framework: 
connecting new physics at the 
scale  to nuclear scales, with 

controllable uncertainties! 

0νββ

Λ
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: from quarks to nuclei using EFT0νββ
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L (u, d, g, e, ω)
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!ω → 1GeV

➡ The operators’ structure is 
determined by chiral symmetry 

➡ Each of them is accompanied by 
unknown constants (LECs) 

➡ They are organized according to 
power-counting in Q /Λχ

Leading order  operators 0νββ

⌫e

e�

e�

n p

n p

Tree-level exchange of Majorana neutrinos Chiral symmetry also allows a contact term 

e

e

p

pn

n
Hadronic input: 

gA

LEC: 
 in 

NDA/Weinberg
gNN

ν ∼ 1/(4πFπ)2

Sub-dominant?

Ramsey-Musolf et al. ’03; Cirigliano et al. ’17; Detmold et al. 22’; Nicholson et al. 18’



SUQ (INT) Jun 11, 2025CIPANP 2025 6

Checking nn → ppe−e−

 amplitude: LNV + strong interactionsnn → pp

= −( m2
N

4π )
2

(1 + 2g2
A)

2 [log (
μ2

χ

|p |2
ext

) + 1] +  finite

• Some diagrams are divergent! Here  is the renormalization scale in  
• New interaction is needed at LO to get physical amplitudes:

μχ MS

⌫e

e�

e�

n p

n p

e

e

p

pn

n

V�L=2 = V⌫ + V⌫,CT =
<latexit sha1_base64="7qdU+ng2cZp/ja27SQ4ecAtR5yg="></latexit>

gNN
⌫
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LCT =
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 TBD from 
Lattice QCD; active 
area of research! 
- Davoudi & Kadam ’20, 

’21 
- Feng et al. ‘20

gNN
ν

Re

Cirigliano et al. '18, '19

|p |ext ≡ |p | + |p′￼|
VS(p, p′￼) = C + (C2 /2)(p2 + p′￼2)
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Challenge: determining gNN
ν

Analytical Approach Cirigliano et al. ’20, '21; Cirigliano, Dekens, SUQ, '24

• Analogy to the Cottingham approach for pion/nucleon mass differences 

•  amplitudes controlled by neutrinoless effective action: ΔL = 2

W. Cottingham ’63; 
H. Harari ‘66

⟨e−
1 e−

2 pp |SΔL=2
eff |nn⟩ = (2π)4 δ(4)(pf − pi)(4G2

FV2
ud ūL(p1)uc

L(p2)) ×
3+n

∑
i=1

U2
ei mi 𝒜ν(mi)

✓ For a generic Majorana 
neutrino (active or sterile) 
with mass  

✓ Results valid for limit 

mi ≲ Λχ

mi → 0
n

n

p

p

mi

e− e−

Forward 
“Compton" 
amplitude

𝒜ν(mi) ∝ ∫
d4k

(2π)4

gμν

k2 − m2
i + iϵ ∫ d4x eik⋅x⟨pp |T{Jμ

W(x) Jν
W(0)} |nn⟩



SUQ (INT) Jun 11, 2025CIPANP 2025 8

∝ ∫ d |k | a( |k | , mi) = ∫
d4k

(2π)4

1
k2 − m2

i + iϵ
×

e

e

𝒜full
ν (mi) =

Challenge: determining gNN
ν

Analytical Approach

• Analogy to the Cottingham approach for pion/nucleon mass differences 

• Matching at the amplitude level: ΔL = 2

W. Cottingham ’63; 
H. Harari ‘66

• Estimation of  by modeling integrand: 
‣ The region  is determined by  

‣ The region  matches the  
‣ The intermediate region is modeled using 

‣ Form factors 

‣ Off-shell effects from  intermediate states

𝒜full
ν

|k | ≪ Λχ χEFT
|k | ≫ 𝒪(GeV) OPE

NN

𝒜χEFT
ν (mi) = 𝒜full

ν (mi)

• Challenges of the  calculation: 
‣ The behavior of  is expected to be 

corrected by terms of  that we do 
not control

𝒜χEFT
ν

gNN
ν (mi)

𝒪(mi /Λχ)

Cirigliano et al. ’20, '21; Cirigliano, Dekens, SUQ, '24

𝒜X ≡ ( 4π
mN )

2

𝒜X
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Determining  — ResultsgNN
ν

ḡNN
ν (mi ; μχ = mπ) = 1.377 + ( 12.062

GeV2 ) m2
i + ( −16.735

GeV4 ) m4
i

Since the small-  behavior is phenomenologically 
interesting, we provide the explicit first few terms for 
the expansion in the IR limit of :

mi

mi ≪ λ < Λ

ḡN
N

ν
(m

i;
μ χ

=
m

π)

mi [MeV]

ḡNN
ν

(0) + ḡNN
ν

(2) m2
i

ḡNN
ν (mi)(1 ± 𝒪(mi /Λχ))
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Example: A minimal  scenarioνR

• Add  singlets, , to the SM:n νR

ℒνR
= iν̄R∂/νR −

1
2

ν̄c
RMRνR − YD L̄H̃νR + ℒ(6)

νR
+ ℒ(7)

νR

• After EWSB,

ℒmass =
1
2

N̄cMνN Mν =
0 v

2
YD

v

2
YD M†

R
N = (νL

νc
R) νmass = UNflavor

•  contributions:0νββ

`Usual’ contributions: 

• Similar to  case 

➡NMEs and LECs are now  dependent 

New: `Ultrasoft’ neutrinos: 

• See the nucleus as a whole, have momenta 

mββ

mi

q0 ∼ | ⃗q | ∼ k2
F /mN ∼ Q

e�

e�

n p

n p

νi
e

e

n

p

p

n

136Ba136Xe

νusofte e

Cirigliano et al., ’17; Castillo et al.,’23, '24 
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Example: Minimalistic minimal scenario ( )3 + 1

Mν =

0 0 0 MD

0 0 0 MD

0 0 0 MD
MD MD MD MR

• Add just one sterile neutrino to the SM 
➡ Assume a simple mass matrix

 Not realistic: 
• It does not reproduce all neutrino masses/mixings

Simple scenario to test the impact: 
• Similar features to more realistic cases

C1(ms ) Thiswork

C1(ms ) Ref . [34]

50 100 500 1000
1×1027

5×1027
1×1028

5×1028
1×1029

ms [MeV]

3+1

m4

T
0ν 1/

2
(13

6 X
e)

[y
r]

Interpolation formula between  
and  scaling region 
Dekens et al. [2402.07993]

gNN
ν (0)

∼m−2
i

Adding  to the interpolation 
formula

gNN
ν (m4)
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Summary
• Combining EFTs and the Cottingham-like 

matching strategy successfully determined 
the mass dependence of the short-range 

 effective couplings  

✓ Generalizing the previous massless results  

✓ Subtleties in the matching analysis from the IR 

✓ Explicit expansion in powers of  
 
 

• Impact in  predictions from sterile 
neutrino models: SM 

✓ Significant modifications by including 

nn → pp

mi

0νββ
ν

gNN
ν (mi)

C1(ms ) Thiswork

C1(ms ) Ref . [34]

50 100 500 1000
1×1027

5×1027
1×1028

5×1028
1×1029

ms [MeV]

3+1

m4

T
0ν 1/

2
(13
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e)

[y
r]

ḡN
N

ν
(m

i;
μ χ

=
m

π)

mi [MeV]

ḡNN
ν

(0) + ḡNN
ν

(2) m2
i




