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p → π0e+

n → π0ν
n → K0ν

p → γe+

p → K+e−

n → K0ν



If we saw proton decay, how could we pin down the underlying model?
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EFT

Simplified 
models

Measurement

Theoretical framework

(b†σ̄μs)(μ†σ̄μμ)

(Q†σ̄μQ)(L†σ̄μL)

RK(*)

Uμ
1 ∼ (3, 1,2/3)

SU(4) → SU(3) × U(1)

Predictions

This talk

Bas i Beneito, JG, 
Herrero-García, 

Santamaria, Schmidt 
2312.13361

E.g. JG, 
Herrero-García, 

Schmidt 
2401.04768

E.g. JG, Volkas 
2009.13536



The SMEFT predicts  and  violationL B
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𝒪qqql = (QiQj)(QlLk)ϵikϵjl

𝒪qque = (QiQj)(ū†ē†)ϵij

𝒪duue = (d̄†ū†)(ū†ē†)
𝒪duql = (d̄†ū†)(QiLj)ϵij

 
 

 

𝒪l̄dddH = (L†d̄†)(d̄†d̄†)H
𝒪l̄dqqH̃ = (L†d̄†)(QQi)H†

i
𝒪ēqddH̃ = (ēQi)(d̄†d̄†)H†

i
𝒪l̄dudH̃ = (L†d̄†)(ū†d̄†)H̃

ΔB = − ΔL = 1

 𝒪l̄qdDd = (L†σ̄μQ)(d̄†iDμd̄†)
𝒪ēdddD = (ēσμd̄†)(d̄†iDμd̄†)

ΔB = ΔL = 1

H ∼ (1, 2, 1
2 ), Q ∼ (3, 2, 1

6 ), ū ∼ (3̄, 1,− 2
3 ), d̄ ∼ (3̄, 1, 1

3 ), L ∼ (1, 2,− 1
2 ), ē ∼ (1, 1,1)

Kobach 1604.05726 
Grzadkowski et al. 1008.4884 
Liao, Ma 1901.10302

d = 6 d = 7



Just a handful of two-body decays generically dominate
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p → ρ0e+
Decays to (anti-)leptons are generated at 
dimension (6) 7 in the SMEFT

p → e+γ
n → νγ

Hyper-K estimates: 1805.04163



Decays predicted by operators are fixed by symmetries
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Decays to (anti-)leptons are generated at 
dimension (6) 7 in the SMEFT

 

Generated at dimension-6 in 
the SMEFT

ΔB = ΔL = − 1

 

Generated at dimension-7 in 
the SMEFT

ΔB = − ΔL = − 1

[42]: Jenkins, Manohar, Stoffer 1709.04486

⛔

⛔

⛔



Some two-body decays proceed through dimension-7 LEFT operators
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6

Decays to (anti-)leptons are generated at 
dimension (6) 7 in the SMEFT

 

Dimension-7 LEFT operators generated at 
dimension-7 in the SMEFT

ΔB = − ΔL = − 1 𝒜d=7 ∼ Cd=7
SMEFT

p
Λ

𝒜d=6 ∼ Cd=7
SMEFT ⋅ GF

v
Λ

 𝒪l̄qdDd = (L†σ̄μQ)(d̄†iDμd̄†)
𝒪ēdddD = (ēσμd̄†)(d̄†iDμd̄†)[56]: Liao, Ma, Wang  2005.08013



x

We use a ladder of EFTs to calculate decay rates
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Hadrons Electroweak scale Scale of BNV

1 GeV 100 GeV Λ ∼ 1016 GeV

SMEFTLEFTBχPT
SU(3) × SU(2) × U(1)SU(3) × U(1)SU(3) × SU(3)

d = 6

 
 
 

       

(ud)(dνi)
(us)(dνi)
(ud)(sνi)

⋮

 
 

 
         

(ds)(ēid)
(d̄†s̄†)(ēid)
(ū†d̄†)(ν†

i d̄†)
⋮

d = 6

ΔB = − ΔL = 1ΔB = ΔL = 1

ℒeff ⊃ − Cβ ⋅ νn

−C
iβ
fπ

⋅ ν ( 3
2

nη + ⋯)
+⋯

 
 
 

 

LQQQ
ē†QQū†

ē†ū†ū†d̄†

LQū†d̄†

ΔB = ΔL = 1

🏃🏃

Γ(n → ην)Indirect method 
(BχPT)

Direct method 
(lattice)
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Ld̄d̄d̄H†

LQ†Q†d̄d̄H
ē†Q†d̄d̄H
Lūd̄d̄H
DLQ†d̄d̄
Dē†d̄d̄d̄ ΔB = − ΔL = 1

d = 7

Jenkins, Manohar, 
Stoffer 1709.04486

Liao, Ma, 
1607.07309



8

Some LEFT operators are only generated above dimension-7
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(d̄†
pd̄†

q)(Qi
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j
s)HkHlϵikϵjl

(ē†
pQ†

qi)(Q
†
rjQ

†
sk)H

iHjHk

(Li
pūq)(Q†

rjQ
†
sk)H

i′ HjHkϵii′ 

(Qi
piDμQj

q)(ērσμd̄†
s)H̃kH̃lϵikϵjl

(Qi
piDμQj

q)(L†
r σ̄μQs)H̃kH̃lϵikϵjl

(ūpiDμd̄q)(Q†
riσ̄

μLj
s)HiHkϵjk

Difficult to imagine leading 
effects in these LEFT operators

JG, Herrero-García, Schmidt 2401.04768

B
−

L
=

2

Liao, Ma, 1607.07309 
Jenkins, Manohar, Stoffer 1709.04486

B
−

L
=

0

∼ ( 1
16π2 )

2 y2
d

Λ2

Loop-induced nucleon decays 
often dominate because 
v
Λ

≪
1

16π2
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We calculate decay rates using BχPT

N
yNM↵

M

`↵

N
gNMB

mB↵

M

`↵

B

N
yNM↵

M

`↵

N
gNMB

mB↵

M

`↵

B
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⟨0 |ϵabc(ū†
ad̄†

b)uc |p(s)⟩ = αPLu(s)
p

⟨0 |ϵabc(uadb)uc |p(s)⟩ = βPLu(s)
p

ΔB = 0 ΔB = − 1

Aoki, et al. 1705.01338 
Yoo et al. 2111.01608

First-time calculation of dim-7 nucleon decay 
rates using the chiral-Lagrangian method

ℒ = gN
MBB̄γμγ5N∂μM + mBαℓ̄αB + iyN

Mαℓ̄αNM

Γ(6)
N = c*i κijcj ⋅

m5
N

Λ4
Γ(7)

N = c*i κijcj ⋅
m7

N

Λ6

 are dominant source of 
uncertainty in our calculations
α, β
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We package the decay rates into numerical matrices that are available online

ΓN = c*i κijcj ⋅
m5

N

Λ4
ΓN = c*i κijcj ⋅

m7
N

Λ6

https:!"zenodo.org/records/12664770

n → ην̄ n → ην
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• Assume single-operator dominance 

• Running dominated by gauge interactions, 
can be large 

• Expressions look like

 

• 1.6 – 2.3 factor enhancement 

• Strongest lower limit 

16π2μ
dμ
dci

= − 4g2
3ci + ⋯

Λ/ c > 2 ⋅ 1015 GeV

With RGEs

Without 
RGEs

Running can lead to large enhancements in the limits derived
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𝒪qqql = (QiQj)(QlLk)ϵikϵjl

𝒪qque = (QiQj)(ū†ē†)ϵij

𝒪duue = (d̄†ū†)(ū†ē†)
𝒪duql = (d̄†ū†)(QiLj)ϵij

ΔB = ΔL = 1

d = 6
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The effect is milder at dimension 7 because of an accidental cancellation

• Assume single-operator dominance 

• Top-quark Yukawa relevant for Higgs wave-
function renormalisation 

• Expressions look like

 

• 1.2 – 1.3 factor enhancement 

• Strongest lower limit 

 

16π2μ
dμ
dci

= (−4g2
3 + y2

t )ci + ⋯

Λ/ c > 2 ⋅ 1010 GeV

With RGEs

Without 
RGEs
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𝒪l̄dddH = (L†d̄†)(d̄†d̄†)H
𝒪l̄dqqH̃ = (L†d̄†)(QQi)H†

i
𝒪ēqddH̃ = (ēQi)(d̄†d̄†)H†

i
𝒪l̄dudH̃ = (L†d̄†)(ū†d̄†)H̃

ΔB = − ΔL = 1

d = 7



13

Pairs of non-zero Wilson coefficients show how different decay modes provide 
complementary constraints
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Several positive signals may allow us to exclude or determine if a single operator 
dominates

Γi,th /Γi,exp

Γmax,th /Γmax,exp
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Current bounds (Super K) Future sensitivity (Hyper K)
Recall 15% uncertainty in α,β!



Introduce scalar LQ and vector-like fermion 

Model generates two  operators at tree 
level 

 

d = 7

𝒪1211
l̄dddH : n → K+e−

𝒪1211,1112
l̄dudH̃

: p → K+ν, n → K0ν

15

Example UV model shows flavour is important
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ω2 ∼ (3, 1, 2
3 ) Q1 + Q̄†

1 ∼ (3, 2, 1
6 )

cpqrs
l̄dddH

Λ3
=

y[rs]
dd yq*

dHyp*
LQ1

M2
ω2

MQ

cpqrs
l̄dudH̃

Λ3
= 2

y[qs]
dd yr*

uHyp*
LQ1

M2
ω2

MQ

ū

H

Q1

L

d̄

d̄
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H

Q1

L
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d̄

!2



Introduce scalar LQ and vector-like fermion 

Model generates two  operators at tree 
level 
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Example UV model shows flavour is important
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Conclusions
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• Depending on symmetries, dominant contributions from either  ( ) or  ( ) 

• RG corrections are important, limits enhanced by up to factor of 2.3 

• Complementary constraints exclude flat directions 

• Several positive signals may allow us to determine the origin of baryon-number violation 

• Caution: Uncertainty on hadronic inputs is large

d = 6 B − L = 0 d = 7 B − L = 2



Vielen Dank!
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p → π0e+

n → π0ν
n → K0ν

p → γe+

p → K+e−

n → K0ν



Backup
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p → π0e+

n → π0ν
n → K0ν

p → γe+

p → K+e−

n → K0ν
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We match onto the BχPT using operator symmetries
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B =

Σ0

2
+ Λ0

6
Σ+ p

Σ− − Σ0

2
+ Λ0

6
n

Ξ− Ξ0 − 2
3 Λ0

M =

π0

2
+ η

6
π+ K+

π− − π0

2
+ η

6
K0

K− K̄0 − 2
3 η

ξBξ ∼ (3, 3̄)

ξ†Bξ ∼ (1, 8)

ξBξ† ∼ (8, 1)

ξ†Bξ† ∼ (3̄, 3)

[ξBξ†νr]k
l ∼ (qiqj)(qlνr)ϵijk −

1
3

(qiqj)(qmνr)ϵijmδk
l

⊃ [𝒪S,LL
udd ]111r, [𝒪S,LL

udd ]121r, [𝒪S,LL
udd ]112r

B → UBU†ξ ≡ eiM/fπ → LξU† = UξR†

SU(3)L × SU(3)R → SU(3)V

Projection matrix  necessary to pick out 
component corresponding to single operator

Pij
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RGEs
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Limits compatible with gauge-coupling unification at the  crossing for α2, α3
c > 10−2

Worst limit Best limit
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