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p → π0e+

n → π0ν
n → K0ν

p → γe+

p → K
n →



The bottom-up approach has received a lot of attention recently
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Theoretical framework

Predictions

Matchete: Fuentes-Martín 
et al. 2212.04510 
MatchmakerEFT: Carmona et 
al. 2112.10787 

Granada dictionary: De 
Blas et al. 1711.10391 
SOLD: Guedes et al. 
2303.16965 
JG, et al. (one-loop 
dictionary): 2412.01759 
…
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(b†σ̄μs)(μ†σ̄μμ)

(Q†σ̄μQ)(L†σ̄μL)

RK(*)

Uμ
1 ∼ (3, 1,2/3)

SU(4) → SU(3) × U(1)

FitMaker: Ellis et al. 2012.02779 
SMEFiT: Giani et al. 2302.06660 
…

Flavio: Straub 1810.08132 
DsixTools: Celis et al. 1704.04504 
…

De Gouvea, Jenkins 0708.1344 
…



If we saw proton decay, how could we pin down the underlying model?
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Herrero-García, 
Santamaria, Schmidt 
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JG, Herrero-
García, Schmidt 
2401.04768

JG, Herrero-García, 
Schmidt 2025
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Γp→⋯ ∼ 1
Λ4
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Hyper-K design report 1805.04163 
DUNE design report II 2002.03005 
Nath, Perez (review) hep-ph/0601023



The SMEFT predicts  and  violationL B
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ℒ = ℒd≤4 + ∑
p,q

c(5)
pq

Λ (LpLq)HH +
4

∑
i=1

c(6)
i

Λ2 𝒪d=6
i +

6

∑
i=1

c(7)
i

Λ3 𝒪d=7
i + ⋯

 
 

 
 

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 
JG, Dutka 2211.02054

d = 6 d = 7
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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)

 
 

 
 

 

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
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Nath, Perez hep-ph/0601023



Just a handful of two-body decays could be leading signals
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1

2
3
4

5

6

7

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
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Leading signals predicted by operators are fixed by symmetries
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1

2
3
4
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6

7

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

⛔

⛔

⛔
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Some LEFT operators are only generated above dimension-7 at tree level

(d̄†
pd̄†

q)(Qi
rLj

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 

Gisbert, et al 2409.00218 
Heeck, Watkins 2405.18478 
Beneke, Finauri, Petrov 2404.09642

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

⟨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

 
 

 
 

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

 
 

 

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
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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

Current bounds (Super K) Future sensitivity (Hyper K)
Recall uncertainties in !α, β
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Several positive signals may allow us to exclude or determine if a single operator 
dominates

Current bounds (Super K)
Recall uncertainties in !α, β
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2
3
4

5

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



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

18

Example UV model shows flavour is important

ω2 ∼ (3, 1, 2
3 ) Q1 + Q̄†

1 ∼ (3, 2, 1
6 )

cpqrs
l̄dddH

Λ3 =
y[rs]

dd yq*
dHyp*

LQ1

M2ω2MQ

cpqrs
l̄dudH̃

Λ3 = 2
y[qs]

dd yr*
uHyp*

LQ1

M2ω2MQ

ū

H

Q1

L

d̄

d̄

!2

d̄

H

Q1

L

d̄

d̄

!2

John Gargalionis                              Standard Model and Beyond & Gordon Godfrey Workshop, Sydney                              Dec 09, 2024                              



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

19

Example UV model shows flavour is important

ω2 ∼ (3, 1, 2
3 ) Q1 + Q̄†

1 ∼ (3, 2, 1
6 )

cpqrs
l̄dddH

Λ3 =
y[rs]

dd yq*
dHyp*

LQ1

M2ω2MQ

cpqrs
l̄dudH̃

Λ3 = 2
y[qs]

dd yr*
uHyp*

LQ1

M2ω2MQ

ū
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21

Conclusions

• 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
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Thanks for your attention
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p → π0e+

n → π0ν
n → K0ν

p → γe+

p → K
n →
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Backup
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p → π0e+

n → π0ν
n → K0ν

p → γe+

p → K
n →
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Some two-body decays proceed through dimension-7 LEFT operators

25

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
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0.00 0.05 0.10 0.15 0.20 0.25 0.30
W0(Q2 = 0)[GeV2]

hº+|(ud)LdL|pi

°hº+|(ud)LdR|pi

hK0|(us)LuL|pi

hK0|(us)LuR|pi

hK+|(us)LdL|pi

°hK+|(us)LdR|pi

hK+|(ud)LsL|pi

°hK+|(ud)LsR|pi

°hK+|(ds)LuL|pi

°hK+|(ds)LuR|pi

NEW Nf = 2 + 1 mphys
º

RBC/UKQCD’17 (Nf = 2 + 1)
RBC/UKQCD’13 (Nf = 2 + 1)
RBC/UKQCD’06 (Nf = 0)
JLQCD’99 (Nf = 0)

26

Direct and indirect methods of calculation roughly agree, huge improvement 

Aoki et al. (JLQCD) hep-lat/9911026 
Aoki, Dawson, Noaki, Soni hep-lat/0607002 
Aoki, Izubuchi, Shintani, Soni 1705.01338 
Yoo, et al. 2111.01608

Direct
Indirect

• Uncertainties have improved 
a lot over the past decade! 

• Direct method can give 
lifetimes 2-3x larger 

  40–70% weaker 
constraints on the scale of 

 coeffs 

26–44% weaker 
constraints on the scale of 

 coeffs

⇒

d = 6

⇒

d = 7

uncertainty∼ 9 %

Yoo, et al. 2111.01608

uncertainty∼ 22 %

Aoki, et al. 0806.1031 
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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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A model with dim-7 proton decay: Low-scale Pati–Salam (1)

30

ξ ∼ (1, 1, 1) Φ ∼ (1, 2, 2)

For now, just one generation

SU(4) ⊗ SU(2)L ⊗ SU(2)R

↓
SU(3)c ⊗ SU(2)L ⊗ U(1)Y

⟨χ⟩

fR = (uR νR
dR eR) ∼ (4, 1, 2)

fL = (uL νL
dL eL) ∼ (4, 2, 1)

• At dimension 5, a set of Weinberg-like operators generate diquark 
couplings for χ

(𝒪X)pq = f αi
X fβj

X χγk χδlϵαβγδϵijϵkl

χ = (χu χ0

χd χ−) ∼ (4, 1, 2)

ξ = cos θNL − sin θν + 𝒪(μ/vR)Nc
R

sin θ ≈ mu

|yRvR |

↓ ⟨χ⟩

Balanced 
antisymmetry

ℒχd ⊃ mu

vR
⋅ ν̄χd†dR

+ ∑
X∈{L,R}

CXvR

2Λ
⋅ dXuX χd

+ h . c .

JG, Dutka, arXiv:2211.02054
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• Integrating out  from  gives two  dimension-6 operators in the WET 

 

 

• Dimension-7 operators generated in the SMEFT:  and  

• Predict the dominant decay modes: 

χd ℒχd B − L = 2

ℒχd ⊃ mu

vR
⋅ ν̄χd†dR + ∑

X∈{L,R}

CXvR

2Λ
⋅ dXuX χd + h . c .

ℒ(6)
eff ⊃ ∑

X

CX

Λ
vR

2
yR sin θ

M2
χd

⋅ (uXdX)(ν̄LdR) + h . c .

∼ ∑
X

CX

2
mu

Λv2
R

⋅ (uXdX)(ν̄LdR) + h . c . → 𝒪S,XR
udd

(L̄dR)(uRdR)H̃ (L̄dR)(QQ)H̃

n → π0ν, p → π+ν

31

uL

dL

dR

νL

⟨χ0⟩

χd
𝒪L yR sin θ ≈ yR

mu

|yRvR |

WET basis: Jenkins, Manohar, Stoffera, 
arXiv:1709.04486

A model with dim-7 proton decay: Low-scale Pati–Salam (2)
JG, Dutka, arXiv:2211.02054
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Image credit: https:"#higgstan.com/protondecay/
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