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A bottom-up approach to nucleon decay

RGEs, correlations and connection to UV

Arnau Bas i Beneito.14th of January, 2025
Baryon Number Violation:

From Nuclear Matrix Elements to BSM physics

Based on work in collaboration with J. Gargalionis, J. Herrero-García,

M. A. Schmidt. A. Santamaria [2312.13361] (published in JHEP)
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SU(3)C × SU2)L × U(1)Y

H, Qi
L, ui

R, di
R, Li

L, ei
R, i = 1, 2, 3

+

ℒSM

Individual Flavour Symmetries

U(1)Le
× U(1)Lμ

× U(1)Lτ
× U(1)B

ν oscillations
[Super-K 1999, 


KamLAND 2003…]

U(1)L × U(1)B

Yukawa couplings

 Proton stable

 B and L accidentally conserved

(B + L violated in 3 units

by sphaleron transitions)

Proton decay within the SM
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ℒSM

Proton decay within the SM
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Experimental perspectives

Hyper-K design report
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Hyper-K design report

5

BNV nucleon decay could be the next big discovery

Sensitivity of 
increased by  in HK10

Other future  experiments such asν

JUNO THEIA

Experimental perspectives

See J. Barrow’s talk Monday 13 See N. Fulvio’s talk Monday 13

See C. Jiang’s talk Monday 13
p → π0e+Sensitivity of 

increased by  in HK/DUNE10
n → K+e−Sensitivity of increased by  in HK103
p → K+ν
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Baryogenesis

[Sakharov 1967]

Grand Unified Theories (GUTs)

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

Baryon Number violation (BNV)
E.g. proton decay (PD), neutron-antineutron oscillations

Theoretical arguments

· There is no fundamental reason to have B and L conserved (Leptoquarks, Seesaw particles, 
SUSY, GUTs…)  B and L conservation arise accidentally in the SM→

· Experimental probes of BNV and LNV would constitute one of the strongest evidence for physics 
beyond SM (BSM) Proton Decay will be searched in future experiments (HK, DUNE…) →

Large number of UV theories predicting PD

Systematic study of PD in a

model-independent way (bottom-up)

6
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Parametrization of new physics through Effective operators (d > 4)

SM Effective Field Theory (SMEFT) 

ℒ = ℒSM +
cd=5

Λ
𝒪W +

cd=6

Λ2
𝒪d=6 +

cd=7

Λ3
𝒪d=7 + …

7

ΔL = 2 Δ(B − L) = 0 Δ(B − L) = 2

[S. Weinberg 1979 ,

B. Grzadkowski et al. 2010,

W. Buchmuller et al. 1986,


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

BNV within the SMEFT
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ΔL = 2 Δ(B − L) = 0 Δ(B − L) = 2

Λ ≳ 1015 GeV Λ ≳ 1010 GeV
p → π0e+, p → K+ν̄ n → π+e−, p → K+ν

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

Different phenomenology

BNV within the SMEFT

[S. Weinberg 1979 ,

B. Grzadkowski et al. 2010,

W. Buchmuller et al. 1986,


Brivio et al. 2019,

B. Henning et al. 2016,

De Gouvea et al. 2014]

Indistinguishable final states in detectors
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RGEs &

matching

BNV within the SMEFT

?

ΛPD

mW

χPT

mp

UV Theory (Xi)

SMEFT

LEFT/WET

BχPT (p, n, π, K, η…)

H, t, W±, Z0

b, c, τ

Xi

RGEs &

matching

RGEs &

matching

9

· Assumptions: Energy Desert and no SUSY in the TeV scale/RpV
[S. Antusch et al. 2021,

H. Dreiner et al. 2020]

Γ(N → Mℓα)
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SMEFT

10

d = 6 → 4 operators → 273 independent components

d = 7 → 6 operators → 297 independent components

[ L. F. Abbott et al. 1980,

B. Grzadkowski et al. 2010] 

[L. Lehman 2014,

Yi Liao et al. 2016] 
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· RGEs for d = 6 SMEFT [A. Manohar et al. 2014] 

· RGEs for d = 7 SMEFT [Yi Liao et al. 2016]

cd=6(mW) ∼ (2 − 4) cd=6(1015 GeV)
cd=7(mW) ∼ (1 − 2) cd=7(1011 GeV)

From gauge interactions and yt

(Operator mixing subdominant)

SMEFT

d = 6 → 4 operators → 273 independent components

d = 7 → 6 operators → 297 independent components

[ L. F. Abbott et al. 1980,

B. Grzadkowski et al. 2010] 

[L. Lehman 2014,

Yi Liao et al. 2016] 

Not Higgs-vev enhanced
Match onto d-7 LEFT ops.

Bounds in some

components in


[J. Gargalionis et al. 2024]
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LEFT

6  operators  288 independent components  14 componentsΔ(B − L) = 0 → →

5  operators  228 independent operators  9 components|Δ(B − L) | = 2 → →

12

LEFT components

involved in nucleon

decay at tree level

να ≡ ν Lα ≡ eL

να ≡ ν Lα ≡ eL



Arnau Bas i Beneito (Universitat de València and IFIC, València, Spain)

LEFT

Not generated at tree level by d = 6, 7 SMEFT ops.
- RG effects universal in the LEFT 

c(2 GeV) ∼ 1.26 c(mW)

13

· RGEs for d = 6 LEFT [A. Manohar et al. 2018] 

See L. Naterop’s talk on 2-loops effects Tuesday 14

6  operators  288 independent components  14 componentsΔ(B − L) = 0 → →

5  operators  228 independent operators  9 components|Δ(B − L) | = 2 → →

LEFT components

involved in nucleon

decay at tree level

να ≡ ν Lα ≡ eL

να ≡ ν Lα ≡ eL
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B PTχ

BNC interactions

[M. Claudson et al. 1981,

P. Nath et al. 2007]

Γ(N → Mℓα)
2 inputs from lattice α, β

(First-time computation of  two-body decays in the B PT formalism)|Δ(B − L) | = 2 χ

14

U(3)L × U(3)RFlavour group

BNV interactions

[JLQCD 2000,

Y. Aoki et al. 2017,]See Y. Aoki’s & Jun-Sik Yoo talks Wednesday 15

B → UBU†
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Λ / c ∼ (1 ∼ 10) × 1015 GeV

D = 6 limits

15
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Λ / c ∼ (1 ∼ 10) × 1015 GeV

D = 6 limits

16

Bounds on other d=6 BNV SMEFT components

All of them are less stringent:

Loop-induced proton decay,


CKM angles or space phase suppressed

(Uncertainty from unknown lattice results)

Involving : [A. Crivellin & M. Hofericther 2023, J. Heeck et al. 2024,

Wei-Shu Hou et al. 2005]

τ

See A. Petrov’s talk Tuesday 14Involving : [A. Petrov et al.2024]b

Involving : [H. Gisbert et al. 2024]t

Others: [J. Gargalionis et al. 2024]
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Λ / 3 c ∼ (2 ∼ 12) × 1010 GeV

17

D = 7 limits
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Λ / 3 c ∼ (2 ∼ 12) × 1010 GeV

18

D = 7 limits

Bounds on other components: [J. Gargalionis et al. 2024]

All of them are less stringent:

CKM angles suppressed or worse bounds on lifetimes
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D = 6 pairs of WCs

19

· Different search channels provide complementary constraints

· No flat directions
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D = 7 pairs of WCs

· Different search channels provide complementary constraints

· No flat directions
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Bound Saturation ≡
Γi,th /Γmax,th

Γi,exp/Γmax,exp

τp→π0e+ > 24 ⋅ 1033 years

τp→K+ν > 6.61 ⋅ 1033 years

τn→K+e− > 0.032 ⋅ 1033 years
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Bound Saturation ≡
Γi,th /Γmax,th

Γi,exp/Γmax,exp

τp→π0e+ > 24 ⋅ 1033 years

τp→K+ν > 6.61 ⋅ 1033 years

τn→K+e− > 0.032 ⋅ 1033 years
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[J. De Blas et al. 2018, Xu-Xiang Li et al. 2023] 

Correlations

See J. Heeck’s talk Thursday 16
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i = p → π0e+, p → K+ν . . .

i = p → K+ν, n → K+e− . . .

cqque,1111 ∼ 4.1 cduue,1111

23

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

Phenomenological matrices

for

for

(9 matrices)

(6 matrices)

Numerical -matrices

available online

κ

cqque,1111 ∼ − 0.44 cduue,1111
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24

Phenomenological matrices Numerical -matrices

available online

κ
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Example UV model

SM enhanced by a scalar LQ  and a VLF 


  ,  

ω2 Q1

ω2 ∼ (3, 1, 2/3) Q1 + Q̄†
1 ∼ (3, 2, 1/6)

d̄

H

Q1

L

d̄

d̄

!2

ū

H

Q1

L

d̄

d̄

!2

ℒint = y1,ijω2d̄†id̄†j + y2,kH†Q1d̄k + y3,k Q1ϵHūk + y4,l ω2Q̄1Ll + h . c .

25
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SM enhanced by a scalar LQ  and a VLF 


  ,  

ω2 Q1

ω2 ∼ (3, 1, 2/3) Q1 + Q̄†
1 ∼ (3, 2, 1/6)

ℒint = y1,ijω2d̄†id̄†j + y2,kH†Q1d̄k + y3,k Q1ϵHūk + y4,l ω2Q̄1Ll + h . c .
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Example UV model

ℒeff ⊃ Cl̄dddH,pqrs𝒪l̄dddH,pqrs + Cl̄dudH̃,pqrs𝒪l̄dudH̃,pqrs + h . c .
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SM enhanced by a scalar LQ  and a VLF 


  ,  

ω2 Q1

ω2 ∼ (3, 1, 2/3) Q1 + Q̄†
1 ∼ (3, 2, 1/6)

ℒint = y1,ijω2d̄†id̄†j + y2,kH†Q1d̄k + y3,k Q1ϵHūk + y4,l ω2Q̄1Ll + h . c .

27

ℒeff ⊃ Cl̄dddH,pqrs𝒪l̄dddH,pqrs + Cl̄dudH̃,pqrs𝒪l̄dudH̃,pqrs + h . c .

Cl̄dudH̃,1211 = − Cl̄dudH̃,1112

 antisymmetric y1

n → K0ν n → K+e−

Example UV model

p → K+ν
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SM enhanced by a scalar LQ  and a VLF 


  ,  

ω2 Q1

ω2 ∼ (3, 1, 2/3) Q1 + Q̄†
1 ∼ (3, 2, 1/6)

ℒint = y1,ijω2d̄†id̄†j + y2,kH†Q1d̄k + y3,k Q1ϵHūk + y4,l ω2Q̄1Ll + h . c .

28

ℒeff ⊃ Cl̄dddH,pqrs𝒪l̄dddH,pqrs + Cl̄dudH̃,pqrs𝒪l̄dudH̃,pqrs + h . c .

Cl̄dudH̃,1211 = − Cl̄dudH̃,1112

 antisymmetric y1

p → K+ν n → K0ν n → K+e−

 the most constraining  p → K+ν-matrices for the 3 processes above, compute 

and compare with 

κ Γ
Γexp

Example UV model
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Main results of this work

· Model-independent analysis on nucleon decay

· Complementary analysis  Correlations and flat directions→

· RG effects important: limits enhanced by 30% - 130% (d=6) , and 20 - 30% 
(d=7)

· -matrices: SMEFT WC at   observables at κ Λ ↔ mp

· Positive signals in 2-3 channels  SMEFT operators  GUT/ UV models→ →

29
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Main results of this work

· Model-independent analysis on nucleon decay

· Complementary analysis  Correlations and flat directions→

· RG effects important: limits enhanced by 30% - 130% (d=6) , and 20 - 30% 
(d=7)

· -matrices: SMEFT WC at   observables at κ Λ ↔ mp

· Positive signals in 2-3 channels  SMEFT operators  GUT/ UV models→ →

30

!
Exotic SM channels, Proton decay into BSM particles, BNV through third generation, inclusive 
searches…  The experiments will have the last word→
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Thank you!

31
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Backup slides

32
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RGEs ·Ci ≡ 16π2μ
dCi

dμ
= ∑

j

γijCj

·Cduue,prst = (−4g2
3 − 2g2

1) Cduue,prst −
20
3

g2
1 Cduue,psrt + …

·Cduqℓ,prst = (−4g2
3 −

9
2

g2
2 −

11
6

g2
1) Cduqℓ,prst + …

·Cqque,prst = (−4g2
3 −

9
2

g2
2 −

23
6

g2
1) Cqque,prst + …

·Cqqqℓ,prst = (−4g2
3 − 3g2

2 −
1
3

g2
1) Cqqqℓ,prst − 4g2

2 (Cqqqℓ,rpst + Cqqqℓ,srpt + Cqqqℓ,psrt) + …
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Direct and Indirect method
n

!
K

+
e

°

n
!

K
0 ∫

n
!

¥
0 ∫

n
!

º
° e

+

n
!

º
0 ∫

p
!

K
+
∫

p
!

K
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!
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+
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!
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p
!
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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
ou

nd
S

at
ur

at
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n

B PTχ Direct Method in [J. Gargalionis et al. 2024]
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WI
0(N → M ) computed in the lattice

(Several parameters)

D, F, fπ
low-energy B PT constantsχ

α, β

computed in the lattice
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-matricesκ
Γ(n → π−e+) = 3 Γ(p → π0e+)Γ(p → π+ν) = 2 Γ(n → π0ν)
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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
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Nucleon decay channels

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 

· No B PT formalism developed for PD into vector mesons, e.g.  and χ p → ρ0e+ p → ω0e+
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Phenomenological matrices

for i = p → π0e+, p → K+ν . . .

for i = p → K+ν, n → K+e− . . .

(9 matrices)

(6 matrices)

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


