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SM physics

ℒSM = ℒkin(ψ, ϕ, A) + ℒint(ψ, ϕ, A)

- Anomalous magnetic dipole moment of the 
electron 


- EWPTs,  and 

- Existence of a (light) scalar

- Prediction and discovery of heavy top quark


…

(g − 2)
mW mZ

The SM of Particle Physics (SM)

· Ingredients: Particle content and local 
symmetries (gauge group)

· Recipe: interactions between the particles allowed 
by our gauge (and Lorentz) group 

Gauge bosons

Higgs scalar

Chiral fermions

Most accurate theories of the interactions of particles
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Connected to Lepton Number Connected to Baryon Number
[A. Sakharov 1967]
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Lepton and Baryon Number

Kinetic terms preserve largest flavour symmetry  U(3)5

U(3)5 → U(1)B × U(1)Le
× U(1)Lμ

× U(1)Lτ

[Yd]pqQ̄pdq
RH [Yu]pqQ̄puq

Riσ2H*[Ye]pqL̄peq
RH

Quark sector Lepton sector
In the SM Lagrangian there are no Baryon 
Number Violating (BNV) interactions

Observance of neutrino oscillations break 
Flavour Lepton Number to  Total Lepton 
Number U(1)3

Li
→ U(1)L

 [Super-Kamiokande 1999, SNO 2002, KamLAND 2003]

B (perturbatively) conserved

The proton (lightest baryon) is stable

Neutrinos are massive

What’s the origin of their mass?

Yukawa

couplings



Arnau Bas i Beneito Jožef Stefan Institute, Ljubljana - 13/06/2025 7

Lepton and Baryon Number

Kinetic terms preserve largest flavour symmetry  U(3)5

U(3)5 → U(1)B × U(1)Le
× U(1)Lμ

× U(1)Lτ

[Yd]pqQ̄pdq
RH [Yu]pqQ̄puq

Riσ2H*[Ye]pqL̄peq
RH

Quark sector Lepton sector
In the SM Lagrangian there are no Baryon 
Number Violating (BNV) interactions

Observance of neutrino oscillations break 
Flavour Lepton Number to  Total Lepton 
Number U(1)3

Li
→ U(1)L

 [Super-Kamiokande 1999, SNO 2002, KamLAND 2003]

B (perturbatively) conserved

The proton (lightest baryon) is stable

Neutrinos are massive

What’s the origin of their mass?

Yukawa

couplings

Kinetic terms preserve largest flavour symmetry  U(3)5

U(3)5 → U(1)B × U(1)Le
× U(1)Lμ

× U(1)Lτ

[Yd]pqQ̄pdq
RH [Yu]pqQ̄puq

Riσ2H*[Ye]pqL̄peq
RH

Quark sector Lepton sector

Dirac mass Majorana mass

MD ν̄LνR MM ν̄c
LνL

ΔL = 0 ΔL = 2
Total Lepton Number Conserved Total Lepton Number Violated

• mν /vEW ∼ Yν ∼ 10−12 •   for O(1) yν MΔL=2 ≫ vEW

• Baryogenesis via 
Leptogenesis 

 [Yanagida et al. 1986]
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Lepton and Baryon Number Violation

B and L are accidental symmetries of the SM and seems artificial to forbid them in UV models

• No fundamental argument to have B and L conserved

• Explicit BNV and LNV in simple UV extensions, such as in: 

GUTs 
Leptoquark interactions 
Seesaw


• BNV needed to account for Baryogenesis

[Georgi et al. 1973, H. Fritzsch et al. 1975…]

[Buchmüller et al. 1987, I. Doršner et al. 2016…]

[P. Minkowski 1977, T. Yanagida 1979, R. N. Mohapatra et al. 1980…]

[A. Sakharov 1967]
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Lepton and Baryon Number Violation

B and L are accidental symmetries of the SM and seems artificial to forbid them in UV models

proton decay

(  processes)
ΔB = ± ΔL = 1 Low-energy processes

2n → 2p+ + 2e−

-decay

(  processes)

0νββ
ΔL = 2
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[A. Sakharov 1967]
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-decay: searching for Majorana nature of 0νββ ν

Images extracted from

S.M. Bilenky et al. 2025
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-decay: searching for Majorana nature of 0νββ ν

Images extracted from

S.M. Bilenky et al. 2025

LNV could be the next big discovery!
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Image extracted from Hyper-K design report

Searches for Proton Decay
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Image extracted from Hyper-K design report

Searches for Proton Decay

Image extracted from Hyper-K design report

BNV nucleon decay could be the next big discovery!

Sensitivity of 
increased by  in HK10

Other future  experiments such asν

JUNO
THEIA

p → π0e+Sensitivity of 
increased by  in HK/DUNE10

n → K+e−Sensitivity of increased by  in HK103
p → K+ν

ESSnuSB
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Structure of the talk
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4. Results


5. Conclusions and outlook
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SM Effective Field Theory (SMEFT) 

15

SMEFT

[S. Weinberg 1979 ,

F. Wilczek et al 1979,


B. Grzadkowski et al. 2010,

W. Buchmuller et al. 1986,


I. Brivio et al. 2019,

B. Henning et al. 2016,

De Gouvea et al. 2014]

Bounds on SMEFT WCs serve as a bridge to specific UV models

The SM is an effective theory  New Physics parametrised by higher-dimensional operators→

ℒ = ℒSM + ∑
1

Λd−4
𝒪(d)

ℒ = ℒSM +
cd=5

Λ
𝒪W +

cd=6

Λ2
𝒪d=6 +

cd=7

Λ3
𝒪d=7 + …

[𝒪(d)] = d
Invariant under GSM
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[S. Weinberg 1979]

[S. Weinberg 1979&1980,

F. Wilczek et al. 1980,

L. Abbott et al. 1980]

[S. Weinberg 1980]



Arnau Bas i Beneito Jožef Stefan Institute, Ljubljana - 13/06/2025 18

[S. Weinberg 1979 & 1980]

Δ(B − L) = 2

Δ(B − L) = 0

ΔL = 2

Minimal SU(5), SO(10), Trinification, …E6

Non-minimal SU(5), SO(10),

Trinification, …E6

Seesaw mechanism

Tree-level Proton decay and Neutrino masses

… and many more:  …ΔB = 2, Δ(3B − L), ΔL = 4

[P. Minkowski 1977, T. Yanagida 1979, M. Gell-Mann et al. 1979, 

R. N. Mohapatra et al. 1980, Glashow 1980…]

Different

phenomenology

S1, S3, S̃1
q

q

q

l

V2, Ṽ2
q

q

q

l

F + S

q

qq

H l†

S + S

H

q q

q l†

F + V

H

q

q
l†

q

[Xu-Xiang Li et al. 2023]

[J. de Blas et al. 2017, I. Doršner et al 2016, Xu-Xiang Li et al. 2023]

13 tree-level completions
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[J. de Blas et al. 2017, I. Doršner et al 2016, Xu-Xiang Li et al. 2023]

M ∼ 1011 TeV

M ≳ 1012 TeV

M ≳ 108 TeV

13 tree-level completions

[Super-Kamiokande 2020]

[Super-Kamiokande 2020]

[Super-Kamiokande 1999]

for O(1) WCs

for O(1) WCs

for O(1) WCs

ΛΔB=1 ΛΔL=2

E

ΛF?

mp

mW

?

Minimal SU(5), SO(10), Trinification, …E6

Non-minimal SU(5), SO(10),

Trinification, …E6

[S. Weinberg 1979 & 1980]
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[J. de Blas et al. 2017, I. Doršner et al 2016, Xu-Xiang Li et al. 2023]

M ∼ 1011 TeV

M ≳ 1012 TeV

M ≳ 108 TeV

13 tree-level completions

[Super-Kamiokande 2020]

[Super-Kamiokande 2020]

[Super-Kamiokande 1999]

for O(1) WCs

for O(1) WCs

for O(1) WCs

ΛΔB=1 ΛΔL=2

E

ΛF?

mp

mW

?

Minimal SU(5), SO(10), Trinification, …E6

Non-minimal SU(5), SO(10),

Trinification, …E6

[S. Weinberg 1979 & 1980]

Beyond tree-level?
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Loop-level Proton decay and Neutrino masses

Neutrino masses Proton decay

• Scotogenic model (1-loop)


• Zee model (1-loop)


• Zee-Babu model (2-loop)


• KNT model (3-loop)

For a review see [J. Herrero-García et al. 2017]

[E. Ma 2006]

…
[A. Zee 1980]

[L. Krauss et al. 2003][A. Zee 1980, K. Babu 1980]

[S. Fajfer et al. 2022]

(Hundreds of models)

[M. Hirsch et al. 2019]

[R. Srivastava et al. 2025]

…

(Dozens of models)

[S. Fajfer & N. Kosnik  et al. 2012]

[O. Popov et al. 2024]

[J. Gargalionis et al. 2024]

Typically 1-loop models

Λ1−loop ∼
Λtree

4π

Λn−loop ∼
Λtree

(16π2)n
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Loop-level Proton decay and Neutrino masses

Δ(B − L) = 2

Δ(B − L) = 0

ΔL = 2

?

[M. Hirsch et al. 2019]

[F. Bonnet at al. 2012, M. A. Schmidt et al. 2013

M. Hirsch et al. 2012 & 2017 & 2019 …]

(Only S+F, not V)

+ …
Main drawbacks:

1.  loop-level completions

2. (Typically) 4 exotic particles 

(less economical UV models)

3. (Typically) do not generate 

dimension-6 SMEFT 
operators when integrated out 
at tree-level

∞

Loop-level completions of operators giving rise to  and proton decay at tree levelmν

Different

phenomenology
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Δ(B − L) = 2

Δ(B − L) = 0

ΔL = 2

Loop-level Proton decay and Neutrino masses

Different

phenomenology

Arising at even-d in the SMEFT
Arising at odd-d in the SMEFT

E.g.

E.g.

E.g.

[A. Kobach 2016]

L

L

H Q

d̄
𝒪3a = LLQd̄H

L

Q

H ū

ū
H

𝒪14 = LQū†ū†HH

L

ū

d̄ L

ē

𝒪28 = LLēūd̄d̄

d̄

Tree-level completions of higher-dimensional  and  operators that lead to  and proton decay at loop level ΔL = 2 ΔB = 1 mν
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Δ(B − L) = 2
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Loop-level Proton decay and Neutrino masses

Different

phenomenology

Arising at even-d in the SMEFT

E.g.

E.g.

E.g.

L

L H

Q
d̄

S F

They admit a finite number of

tree-level completions in the UV ✓

L

Q

H ū

ūH

S̃1

S̃2

L

ū

d̄

d̄

S̄1 S̄2

S̄3 L

ē

[A. Kobach 2016]

L

L

H Q

d̄
𝒪3a = LLQd̄H

L

Q

H ū

ū
H

𝒪14 = LQū†ū†HH

L

ū

d̄ L

ē

𝒪28 = LLēūd̄d̄

d̄

Arising at odd-d in the SMEFT

Tree-level completions of higher-dimensional  and  operators that lead to  and proton decay at loop level ΔL = 2 ΔB = 1 mν
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Different

phenomenology

Arising at even-d in the SMEFT

E.g.

E.g.

E.g.

L

L H

Q
d̄

S F

They admit a finite number of

tree-level completions in the UV ✓

L

Q

H
ū

ūH

S̃1

S̃2

L

ū

d̄

L

ē

d̄

S̄1 S̄2

S̄3

HYd

ē

Ye

Q

H

[A. Kobach 2016]

L

L

H Q

d̄
𝒪3a = LLQd̄H

L

Q

H ū

ū
H

𝒪14 = LQū†ū†HH

L

ū

d̄ L

ē

𝒪28 = LLēūd̄d̄

d̄

Ye

Yu

Arising at odd-d in the SMEFT

Tree-level completions of higher-dimensional  and  operators that lead to  and proton decay at loop level ΔL = 2 ΔB = 1 mν
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Δ(B − L) = 2

Δ(B − L) = 0

ΔL = 2

Loop-level Proton decay and Neutrino masses

Different

phenomenology

Arising at even-d in the SMEFT

E.g.

E.g.

E.g.

L

L

H

H

Q

d̄
Yd

L

L

H Q

d̄
𝒪3a = LLQd̄H

CW ∼
yb

16π2

1
Λ

c3a

L

Q

H ū

ū
H

𝒪14 = LQū†ū†HH

L

Q

ū

ū

ē
Ye

Q
Yu

Cqque ∼
yuye

(16π2)2

1
Λ2

c14

L

ū

d̄ L

ē

𝒪28 = LLēūd̄d̄

d̄

L

ū

d̄ L

ē
d̄

H
Ye Cl̄dudH̃ ∼

ye

16π2

1
Λ3

c28

Loop-level estimates

(Without specifying the full UV completion)

Tree-level completions of higher-dimensional  and  operators that lead to  and proton decay at loop level ΔL = 2 ΔB = 1 mν

[A. Kobach 2016]Arising at odd-d in the SMEFT
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Loop-level Proton decay and Neutrino masses

Δ(B − L) = 0, 2

[J. Gargalionis et al. 2020] [J. Gargalionis et al. 2024]

114  operators up to dimension-11 in the SMEFTΔL = 2 50  operators up to dimension-9 in the SMEFT

(Both  operators)

ΔL = 2
Δ(B − L) = 0, 2

ΔL = 2

Many possibilities!

Matching onto a unique operator Matching onto 4 + 6 operators

[K. S. Babu et al. 2001, A. de Gouvea et al. 2008]For similar studies see

Tree-level completions of higher-dimensional  and  operators that lead to  and proton decay at loop level ΔL = 2 ΔB = 1 mν
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Proton decay and Neutrino masses

Can we say anything about the 
mass of the mediator(s) in these 

BSM processes?
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Proton decay and Neutrino masses

Can we say anything about the 
mass of the mediator(s) in these 

BSM processes?

Neutrino masses Proton decay

No, only lower bounds on the the 
combination  from current 

limits of Super-K…
Λ / c

τp > τexp
p ⟹

c
Λ2

,
c

Λ3
≤ #expmν ≥ Δm2

atm ≥ 0.05 eV ⟹ M ≤ Λ ≤ #exp

y ≤ 1[J. Herrero et al. 2019]

Using  does not help…c ≤ 1

[A. Bas i Beneito et al. 2023]

Yes, if we demand that the 
atmospheric lower bound on 

 be reproduced.Δm2
atm
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Proton decay and Neutrino masses

Can we say anything about the 
mass of the mediator(s) in these 

BSM processes?

Neutrino masses Proton decay

τp > τexp
p ⟹

c
Λ2

,
c

Λ3
≤ #expmν ≥ Δm2

atm ≥ 0.05 eV ⟹ M ≤ Λ ≤ #exp

y ≤ 1[J. Herrero et al. 2019]

Using  does not help…c ≤ 1

[A. Bas i Beneito et al. 2023]

Yes, if we demand that the 
atmospheric lower bound on 

 be reproduced.Δm2
atm

 If we saw proton decay, how could we establish 
what the underlying mechanism is?

No, only lower bounds on the the 
combination  from current 

limits of Super-K…
Λ / c
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Can we say anything about the 
mass of the mediator(s) in these 

BSM processes?

31

Proton decay and Neutrino masses

L

L

H Q

d̄
𝒪3a = LLQd̄H

L

Q

H ū

ū
H

𝒪14 = LQū†ū†HH

𝒪28 = LLēūd̄d̄

L

L

H Q

d̄
S1

L

Q

H ū

ū
H

S̃1

d̄

Higher-dimensional operator

(contains UV information)

 If we saw proton decay, how could we establish 
what the underlying mechanism is?

Assuming this particle to be the 
lightest BSM particle, can we 
say something about its mass?
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Structure of the talk

1. Introduction


2. EFT framework for Majorana neutrino masses and proton decay


3. Theoretical framework


4. Results


5. Conclusions and outlook
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Theoretical framework

Tree-level completions of higher-dimensional  and  operatorsΔL = 2 Δ(B − L) = 0, 2

We choose to study the set of 48 exotic multiplets that couple linearly to the SM at the renormalisable 
level, what we call Linear SM Extensions (LSMEs)
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Theoretical framework

• These multiplets generate dimension-5 and dimension-6 operators in the SMEFT at tree level.

• We aim to constrain each LSME by analysing their contributions to  and  phenomena using 

EFT.

• The analysis applies to the simplest and most minimal UV models in which the LSME appears, characterised by 

the lowest-dimensional operator we can write. To achieve this, we write down effective operators that include 
such exotic multiplets.

ΔL = 2 ΔB = 1

19 SCALARS 13 FERMIONS 16 VECTORS

X (ψSM ψSM)

X ⋅ f(H, H†)

Xμ(ψ†
SM σμ ψSM)(X ψSM) H

Xμ DμH (H )*

* Their electrically neutral component may acquire a VEV

Tree-level completions of higher-dimensional  and  operatorsΔL = 2 Δ(B − L) = 0, 2

We choose to study the set of 48 exotic multiplets that couple linearly to the SM at the renormalisable 
level, what we call Linear SM Extensions (LSMEs)
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Theoretical framework

• These multiplets generate dimension-5 and dimension-6 operators in the SMEFT at tree level.

• We aim to constrain each LSME by analysing their contributions to  and  phenomena using 

EFT.

• The analysis applies to the simplest and most minimal UV models in which the LSME appears, characterised by 

the lowest-dimensional operator we can write. To achieve this, we write down effective operators that include 
such exotic multiplets.

ΔL = 2 ΔB = 1

19 SCALARS 13 FERMIONS 16 VECTORS

X (ψSM ψSM)

X ⋅ f(H, H†)

Xμ(ψ†
SM σμ ψSM)(X ψSM) H

Xμ DμH (H )*

* Their electrically neutral component may acquire a VEV

Tree-level completions of higher-dimensional  and  operatorsΔL = 2 Δ(B − L) = 0, 2

We choose to study the set of 48 exotic multiplets that couple linearly to the SM at the renormalisable 
level, what we call Linear SM Extensions (LSMEs)

Seesaw mediators
Dimension-6 proton decay

Quantum numbers under

GSM = (SU(3)C, SU(2)L, U(1)Y)

“Granada” dictionary
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Theoretical framework

• We imagine that a UV-complete  or   mechanism 
involving at least one LSME operates above the scale  .

ΔL = 2 ΔB = 1
Λ

• One of the LSMEs participating in this mechanism with mass M 
lives in the range . We extend SMEFT with this 
exotic multiplet and call each such EFT the XSMEFT.

v < M < Λ

• We estimate the dominant contributions from the unknown 
UV mechanism living above the scale  to the appropriate 
SMEFT operators.

Λ



Arnau Bas i Beneito Jožef Stefan Institute, Ljubljana - 13/06/2025 37

Theoretical framework

In this setup we can derive upper bounds on  ifM

* All expressions will depend on the two energy scales of our set-up:  and . However, to remain as conservative as 
possible, we saturate the limit 

M Λ
M ∼ Λ

M ∼ Λ

• We impose the lower bound 


• We assume a positive signal in Hyper-K:  years


• We select third-family Yukawa couplings to estimate the 

largest contribution to  and  processes.


• We set dimensionless WCs 


• We saturate the EFT condition  *

mν > Δm2
atm = 0.05 eV

τp ≃ 1035

ΔL = 2 ΔB = 1

y, c ≤ 1

M → Λ

Very conservative 
assumptions!
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Illustrative example:  for S2 mν

S2 ∼ (1, 1, 2)s

ℒ = ℒSM + ℒΔL=2
S2

Partially-resolved UV theory:

ℒΔL=2
S2

= y S2 (ēce) +
c

Λ3
S†

2 (L̄cL)(L̄cL) + h . c .

e

e

L

L
S2

d-6 SMEFT operators at tree-level

Information of the full UV model

L

L

e

e

L

L
S2

L

L

H

H

mν ∼
1

(16π2)2
y c y2

e
v2

Λ

Δm2
atm < mν ∼

1
(16π2)2

y c y2
e

v2

Λ
≤

1
(16π2)2

y2
e

v2

Λ
≤

1
(16π2)2

y2
e

v2

M
Δm2

atm
1

(16π2)2
y2

e
v2

M

y, c ≤ 1 M → Λ

Two-loop generated mν

yy cc

ye

ye

M ≤ #
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Illustrative example:  for S2 mν

ℒ = ℒSM + y S2 (ēce) + f S1 (L̄cL) + μ S2
1 S†

2 + h . c .

S1 ∼ (1, 1, 1)s

S2 ∼ (1, 1, 2)s

Fully-resolved UV theory:    Zee-Babu model SM +  and S1 S2

mS2
≤ mS1

e

e

L

L
S2

L

L

e

e

L

S2

L

L

L

S1

S1

e

e

L

S2

L

L

L

S1

S1

H

H

[mν]ij ∼ μ fia [me]a yab Iab [me]b fjb

μy

f

f

S1 S1

S2

νL νc
LeL eR ec

R ec
L

Iab ∼
1

(16π2)2

1
M2

M = max[mS1
, mS2

] = mS1

ℒν = −
1
2

ν̄c
L i [mν]ij νL j

mν ∼
1

(16π2)2
f 2 m2

e
μ

M2
S1

≡
1

(16π2)2
f 2 y2

e
v2

Λ
1

(16π2)2
f 2 y2

e
v2

Λ

Iab

Two-loop integral

me ≪ mS

[A. Zee 1980, K. Babu 1980]

μ

y ff

f ≤ 1 mS2
→ mS1mν > Δm2

atm

Δm2
atm ≤

1
(16π2)2

y2
e

v2

mS2

mS2
≤ #

Ye

Ye

me me
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Derivation of the limits

Genuineness procedure
• Verification that the lowest-dimensional XSMEFT operators 

dominantly contribute to neutrino masses or nucleon decay.

• The UV completions of the XSMEFT operators do not include a 

subset of particles that gives rise to the same phenomenon more 
dominantly.

E.g.    Θ1 ∼ (1,4,1/2)S Θ1ijkLiL jHkdimension-5 ✗

Dimension-7 with a more suppressed contribution to Neutrino masses

ΣΞ1

[J. Gargalionis  et al. 2020]For  SMEFT operators see ΔL = 2
We provide the first steps towards 
the exhaustive genuineness procedure 
for  SMEFT operatorsΔB = 1
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Derivation of the limits

Antisymmetry in flavour space
• Specific LSMEs have fixed flavour symmetries in the 

renormalisable operator, that impact the strongest constraints on 
the operator in two different ways:


1) For neutrino masses: we cannot always choose third family-
Yukawa to get the would-be most dominant estimate


2) For proton decay: we may not generate proton decay at tree-level

E.g.    ω4 ∼ (3,1, − 4/3)S y[ pq]ω4(ū†
[ pū†

q])Dimension-6 

No 2-body proton decay at tree-level

[S. Fajfer & N. Kosnik  et al. 2012]

Genuineness procedure
• Verification that the lowest-dimensional XSMEFT operators 

dominantly contribute to neutrino masses or nucleon decay.

• The UV completions of the XSMEFT operators do not include a 

subset of particles that gives rise to the same phenomenon more 
dominantly.

E.g.    Θ1 ∼ (1,4,1/2)S Θ1ijkLiL jHkdimension-5 ✗

Dimension-7 with a more suppressed contribution to Neutrino masses

ΣΞ1

[J. Gargalionis  et al. 2020]For  SMEFT operators see ΔL = 2
We provide the first steps towards 
the exhaustive genuineness procedure 
for  SMEFT operatorsΔB = 1

See for example
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Derivation of the limits

Genuineness procedure
• Verification that the lowest-dimensional XSMEFT operators 

dominantly contribute to neutrino masses or nucleon decay.

• The UV completions of the XSMEFT operators do not include a 

subset of particles that gives rise to the same phenomenon more 
dominantly.

E.g.    Θ1 ∼ (1,4,1/2)S Θ1ijkLiL jHkdimension-5 ✗

Dimension-7 with a more suppressed contribution to Neutrino masses

ΣΞ1

Scalars with neutral components
• We also consider the possibility that the electrically neutral 

component of certain scalar multiplets acquires a VEV, induced by 
EWSB. Specifically those triplets and quadruplets under  :SU(2)L

⟨Ξ0⟩ ∼ μ
v2

M2

⟨Ξ0⟩ ∼ y
v3

M2
E.g. yΘ1H†HH†

⟨X0⟩ ≲ 1 GeV
From EWPTsE.g. yΞH†H

Custodial symmetry

ρ ∼ 1

[P. Langacker 1981, S. Dawson  et al. 2017…]See for example

[PDG  2024]

[J. Gargalionis  et al. 2020]For  SMEFT operators see ΔL = 2

Antisymmetry in flavour space
• Specific LSMEs have fixed flavour symmetries in the 

renormalisable operator, that impact the strongest constraints on 
the operator in two different ways:


1) For neutrino masses: we cannot always choose third family-
Yukawa to get the would-be most dominant estimate


2) For proton decay: we may not generate proton decay at tree-level

E.g.    ω4 ∼ (3,1, − 4/3)S y[ pq]ω4(ū†
[ pū†

q])Dimension-6 

No 2-body proton decay at tree-level

[S. Fajfer & N. Kosnik  et al. 2012]

We provide the first steps towards 
the exhaustive genuineness procedure 
for  SMEFT operatorsΔB = 1

See for example
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Algorithm for the derivation of Upper bounds

Select 1 exotic heavy particle (LSMEs)

Write down the combination of lowest-
dimensional genuine operators that induce 

 phenomena ΔL = 2 ℒΔL=2

Neutrino masses Proton decay

Write down the combination of lowest-
dimensional genuine operators that induce 

 phenomena ΔB = 1 ℒΔB=1

Estimate the (loop) contribution to  through 
SM Yukawa couplings + 

mν

ℒΔL=2

BSM phenomena dominantly generated by this heavy multiplet

Estimate the (loop) contribution to proton 
decay through SM Yukawa couplings + ℒΔB=1

Reproduce the atmospheric neutrino mass scale 

 eVΔm2
atm > 0.05

 years (Hyper-K)τp ≃ 1035

Future positive signal from proton decay 
induced by the action of ℒΔB=1

* We do not aim to accommodate 
  and mass patterns for UPMNS mν

Exotic parameters are flavour blind
M → Λ
y, c ≤ 1

M → Λ
y, c ≤ 1

M ≤ # M ≤ #

Central assumption
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Structure of the talk

1. Introduction


2. EFT framework for Majorana neutrino masses and proton decay


3. Theoretical framework


4. Results


5. Conclusions and outlook
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Upper bounds for scalars

⟨Ξ0
(1)⟩ ∼ μ

v2

M2⟨Θ0
1(3)⟩ ∼ y

v3

M2

Proton decay at 
least at 2-loops

Neutrino masses 
at 2 or 3-loops

S1 S3 S̄1S̃1
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Upper bounds for fermions

Both Neutrino masses and Proton 
decay at tree-level or at most 1-loop.

Exception: Neutrino 
masses at 2-loops
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Upper bounds for vectors

!
Proton decay at 
most at 1-loop.

Neutrino masses 
at 2 or 3-loopsṼ2 V2
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Neutrino masses and Proton decay
Loop-order in mν

Loop-order in 
 

proton decay
Δ(B − L) = 0

Loop-order in 
 

proton decay
Δ(B − L) = 2

Tree-level2 or 3 loops

Tree-level

Tree-level
Exception: Very-
much suppressed 

Loop

suppression
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Neutrino masses and Proton decay
Loop-order in mν

Loop-order in 
 

proton decay
Δ(B − L) = 0

Loop-order in 
 

proton decay
Δ(B − L) = 2

Tree-level2 or 3 loops

Tree-level

Tree-level
Exception: Very-
much suppressed 

Loop

suppression
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Neutrino masses and Proton decay
Loop-order in mν

Loop-order in 
 

proton decay
Δ(B − L) = 0

Loop-order in 
 

proton decay
Δ(B − L) = 2

Tree-level2 or 3 loops

Tree-level

Tree-level
Exception: Very-
much suppressed 

Loop

suppression

How “natural” is for the 
relevant scales to align?

M ∼ ΛΔL=2 ∼ ΛΔB=1
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Neutrino masses and Proton decay

ΛΔL=2 ≫ ΛΔB=1 ⟹ cΔL=2 ≪ cΔB=1 ΛΔB=1 ≫ ΛΔL=2 ⟹ cΔB=1 ≪ cΔL=2

• Degree of fine-tuning required for the dimensionless WCs associated with either  and  
 operators to account for all observed phenomena within the same UV framework.

ΔL = 2
ΔB = 1

Or through another (more-suppressed) mechanism
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Structure of the talk

1. Introduction


2. EFT framework for Majorana neutrino masses and proton decay


3. Theoretical framework


4. Results


5. Conclusions and outlook
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Conclusions

• Conservative upper bounds on the mass of the lightest mediator of Majorana 
neutrino masses and proton decay, both  conserving and violating.


• Framework to organise the space of UV models generating  and 
 phenomena.


• Tool for model builders interested in explaining (radiative) Majorana neutrino 
masses and proton decay.


• First steps to build UV-complete models with low  and 


• First steps to provide an exhaustive genuineness program in the  sector.

B − L

ΔL = 2
ΔB = 1

ΛΔB=1 ΛΔL=2

ΔB = 1
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• Specific UV Models with relatively low-scale BNV violation?


• Look for complementary searches in the flavour sector?


• Embedding into GUT frameworks?


• Connection of the UV particles with gauge coupling unification?


• Flavor hypothesis implemented in the flavoured exotic couplings?


• Specific realisations of Baryogenesis?


• Similar program to  processes, e.g.  oscillations?ΔB = 2 n − n̄

Future directions and follow-up ideas
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Backup slides

56
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[Image extracted from T. Ohlsson 2023]
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Running and matching estimates

Δd ≡ dXSMEFT − dSMEFT

Δd ≤ 1

Δd > 1

Running

Matching
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Running dominates: Δd ≤ 1

Model 1 (Δd = 1)

SM +  with ω1 + Q5 mQ5
= M < mω1

= Λ

Model 1 (Δd = 0)

SM +  with ω1 + Π1 mω1
= M < mΠ1

= Λ
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Matching dominates: Δd > 1

SM +  with ω1 + Q1 + Π1 mQ1
= M < mω1

= mΠ1
= Λ
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Induced VEVs
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Tables for scalars in ΔL = 2
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Tables for scalars in ΔB = 1
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 regimeM < Λ

(Tmν
, LΔ(B−L)=0)

(Tmν
, TΔ(B−L)=2)

(Lmν
, TΔ(B−L)=0)

(Lmν
, TΔ(B−L)=2)

(Lmν
, LΔ(B−L)=0)

(Lmν
, LΔ(B−L)=2)

mν Γp

μ
M

1
M

μ
Λ

1
Λ2 (log

Λ
M )

2

1
M

1
Λ2M

1
Λ

log
Λ
M

1
M2

1
Λ2M

M
Λ

1
Λ

log
Λ
M

1
Λ

log
Λ
M

M
Λ

1
Λ

log
Λ
M

1
Λ

log
Λ
M

M
Λ

1
Λ

log
Λ
M

1
Λ

log
Λ
M

M
Λ

1
Λ

log
Λ
M

1
Λ2

log
Λ
M

M
Λ

1
Λ2

log
Λ
M

1
Λ3

log
Λ
M
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 regimeM < Λ

(Tmν
, LΔ(B−L)=0)

(Tmν
, TΔ(B−L)=2)

(Lmν
, TΔ(B−L)=0)

(Lmν
, TΔ(B−L)=2)

(Lmν
, LΔ(B−L)=0)

(Lmν
, LΔ(B−L)=2)

mν Γp

μ
M

1
M

1
M

1
(M/α)2M

=
α2

M3

1
M2

α3 log ( 1
α ) 1

M3

✓

✓

α = M/Λ ≤ 1

✓

✓

α log ( 1
α ) 1

M
α2 log ( 1

α ) 1
M ✓

α log ( 1
α ) 1

M
α2 log ( 1

α ) 1
M ✓

α log ( 1
α ) 1

M
α2 log ( 1

α ) 1
M ✓

α log ( 1
α ) 1

M
α2 log ( 1

α ) 1
M ✓

1
(M/α)2M

=
α2

M3 ✓

✓

α2 log ( 1
α ) 1

M2
α3 log ( 1

α ) 1
M2 ✓

α3 [log ( 1
α )]

2
μ
M

1
M2

✓
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Γ(n → π−e+) = 3 Γ(p → π0e+)Γ(p → π+ν) = 2 Γ(n → π0ν)

66

Phenomenological matrices for  proton decayΔ(B − L) = 2
i = p → π0e+, p → K+ν . . .

i = p → K+ν, n → K+e− . . .

ΓΔ(B−L)=0
(i) ≡ 10−4 c*j κ jk

(i) ck
m5

p

Λ4

Γ|Δ(B−L)|=2
(i) ≡ c*j κ jk

(i) ck
m7

p

Λ6

for

for

(9 matrices)

(6 matrices)

[A. Bas i Beneito et al. 2023]
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Correlations & tree-level bounds on proton decay
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Oqqql,1
111

Oqqql,1
121

Oqqql,1
211

Oqque,111
1

Oqque,121
1

Oduql,11
11

Oduql,11
21

Oduql,21
11

Oduue,111
1

Oduue,211
1

O l̄dddH,1112

O l̄dqqH̃,1111

O l̄dqqH̃,1112

O l̄dqqH̃,1121

O l̄dqqH̃,1211

O l̄dudH̃,1111

O l̄dudH̃,1112

O l̄dudH̃,1211

O ēqddH̃,1112

0.00 1 · 10°4 2 · 10°3 0.66 0.04 7 · 10°3 7 · 10°4 0.16 0.03 1.00

0.00 0.02 9 · 10°4 0.00 0.02 1.00 0.00 0.00 0.01 0.00

0.00 0.02 0.00 0.26 0.00 1.00 0.10 0.06 0.00 0.39

0.00 0.00 0.00 0.66 0.00 0.00 3 · 10°4 1 · 10°3 0.00 1.00

0.00 0.00 0.00 0.66 0.00 0.00 0.09 1 · 10°3 0.00 1.00

0.00 1 · 10°4 2 · 10°5 0.66 0.04 7 · 10°3 0.00 1 · 10°3 0.03 1.00

0.00 0.02 6 · 10°6 0.00 0.02 1.00 0.00 0.00 0.01 0.00

0.00 0.08 0.00 0.00 0.00 1.00 0.55 0.00 0.00 0.00

0.00 0.00 0.00 0.66 0.00 0.00 0.00 0.16 0.00 1.00

0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00

1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.00 3 · 10°3 4 · 10°4 0.00 1.00 0.17 0.00 0.00 0.71 0.00

1 · 10°3 0.02 6 · 10°6 0.00 0.02 1.00 0.00 0.00 0.01 0.00

1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.08 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00

0.00 0.00 0.05 0.00 1.00 0.00 0.00 0.00 0.71 0.00

0.00 0.02 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00

0.00 0.16 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00

1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
10°5

10°4

10°3

10°2

10°1

100

B
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nd
S
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n

[A. Bas i Beneito et al. 2023]
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ξBξ ∼ (3, 3̄), ξ†Bξ† ∼ (3̄, 3), ξBξ† ∼ (8, 1), ξ†Bξ ∼ (1, 8)

α ⋅ ν tr(ξBξ†P32) = − (du)(dν) = [𝒪udd]S,LL
1111

68

Matching onto B PTχ
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Γ(N → Mℓα)

n → η0ν

n → π0ν

p → π+ν

n → π−e+

p → η0e+

p → π0e+

p → K0e+

n → K0ν

p → K+ν

Δ(B − L) = 0

Γ(N → Mℓα)
|Δ(B − L) | = 2

n → η0ν

n → π0ν

p → π+ν

n → K0ν

p → K+ν

n → K+e−

n → π+e−n → K−e+p → K̄0e+ n → K̄0ν· All 2-body PS decays except for 

69

BNV Nucleon decay channels


