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BNV  is related to many BIG questions
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Sakharov’s conditions: BNV; C, CP violation; Out of thermal equilibrium

https://en.wikipedia.org/wiki/Baryogenesis

Sakharov, 1967

η =
nB − nB̄

nγ
∼ 6 × 10−10

• Baryogenesis

• Dark matter

• Grand unified theories: SU(5), SO(10), ⋯

S.-F. Ge and XDM: 2406.00445 Y. Ema, R. McGehee, M. Pospelov, and A. Ray, 2405.18472

DM-catalyzed baryon destruction inside a NSNucleon consumption induced by DM 

• Neutron lifetime anomaly:

+ many many works along this direction

Neutron dark decay

B. Fornal and B. Grinstein: 1801.01124; 1810.00862
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Low energy probes of BNV signals
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• The most sensitive probe of BNV is 
through nucleon decay  

• A lot of experimental efforts in the 
past: IMB, SNO+, KamLAND, Super-
Kamiokande, …  

Snowmass 2013, arXiv: 1311.5285

 Null result but stringent bound→

ΔB = 2

 ΔB = 1

•   oscillation 

•   oscillation 

• Dinucleon decays:                                    

n − n̄

H − H̄

NN′￼ → MM′￼, ℓℓ′￼, ℓν′￼, νν′￼

D.G. Phillips et al, 1410.1100 

Feinberg,  Goldhaber and Steigman, 1978

✔︎

Xiao-Gang He and XDM, 2102.02562  

http://keynotetemplate.com
https://arxiv.org/abs/1410.1100
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Nucleon decay search as experimental frontiers
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Experiments meet theory  
• Improving sensitivity to conventional modes

• Searching for exotic modes

• 2-body vs 3-body modes 

• Pseudoscalar vs vector meson modes 

• SM particles vs new light particles  

• …… 

Needing a complete theoretical framework

All possible decay channels should be attempted 

conventional and exotic

http://keynotetemplate.com
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Hadron level: ChPT  quark level 1: LEFT   quark level 2: SMEFT→ →

Nucleon decay in the EFT landscape 

Xiao-Gang He and XDM, 2102.02562  
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J. Heeck and V. Takhistov, arXiv:1910.07647
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BNV in the SMEFT framework 

• Dim-6 case:  

       

• Dim-7 case:  

       

• Exotic nucleon decay modes 
beyond dim 6 & 7  

      

Δ(B − L) = 0

p → e+π0, p → ν̄K+, . . .

Δ(B + L) = 0

n → e−π+, p → νK+, . . .

n → 3ν, p → ℓ+
1 ℓ+

2 ℓ−
3 , . . .

http://keynotetemplate.com
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ℒLEFT = ℒdim≤4 + ∑
dim 5,i

Ĉ5,i

Λ
𝒬i

dim−5 + ∑
dim 6,i

Ĉ6,i

Λ2
𝒬i

dim−6 + ∑
dim 7,i

Ĉ7,i

Λ3
𝒬i

dim−7 + ∑
dim 8,i

Ĉ8,i

Λ4
𝒬i

dim−8 + ∑
dim 9,i

Ĉ9,i

Λ5
𝒬i

dim−9 + ⋯

Jenkins, Manohar, Stoffer, 2018 Li, Ren, Xiao, Yu, Zheng, 2020

Murphy, 2020 Yi Liao, XDM, Hao-Lin Wang, 2019
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• Fields:  

• Symmetry:   

• Power counting: canonical dimension  

• Range:  

u, d, s, c, b; e, μ, τ; νe, νμ, ντ

SU(3)c × U(1)em

d

≪ ΛEW

Working framework: low energy effective field theory (LEFT) 

Easily to bridge with the SMEFT framework

Jenkins, Manohar, Stoffer, 2018 

Yi Liao, XDM, Quan-Yu Wang, 2020
F. Wilczek and A. Zee, PRL 43 (1979) 
J. R. Ellis, M. k. Gaillard, and D. V. Nanopoulos, PLB 88 (1979) 
S.Weinberg, PRL 43 (1979) & PRD 22 (1980) 
L. F. Abbott and M. B. Wise, PRD 22 (1980)

http://keynotetemplate.com
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Exotic nucleon decay involving new light particles
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• LEFT + sterile neutrino ( ):   

• LEFT + ALP ( ):  

• LEFT + dark photon ( ):  

• LEFT + scalar ( ): 

N p → Nπ+, n → Nπ0, ⋯

a p → e+a, n → e+π−a, ⋯

X p → e+X, n → e+π−X, ⋯

φ p → e+φ, n → e+π−φ, ⋯

LEFT + new light particles  LEFT-like framework   SMEFT-like framework⇒ ⇒

Sandbox Studio, Chicago 

Xμν(ℓRdα
L)(dβC

L σμνdγ
L)ϵαβσ, ⋯

(∂μa)(eC
L uα

L)(uβC
L γμdγ

R)ϵαβγ, ⋯

(NRdα
L)(uβC

L dγ
L)ϵαβγ, ⋯

φ(νC
L dα

L)(uβC
L dγ

L)ϵαβγ, ⋯

http://keynotetemplate.com
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General  nucleon decay operator structures ΔB = 1
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𝒪yzw
a = (Ψaqα

𝙻,y)(q
β𝙲
𝙻,zq

γ
𝙻,w)ϵαβγ

𝒪yzw
b = (Ψbqα

𝚁,y)(q
β𝙲
𝙻,zq

γ
𝙻,w)ϵαβγ

𝒪yzw
c = (Ψc,μqα

𝙻,{y)(q
β𝙲
𝙻,z}γ

μqγ
𝚁,𝚠)ϵαβγ

𝒪yzw
d = (Ψd,μνqα

𝙻,{y)(q
β𝙲
𝙻,zσ

μνqγ
𝙻,𝚠})ϵαβγ

• Must involve an odd number of light quarks:  qqq, qqqG, qqqqq̄, ⋯

• Leading-order interactions:  involve only three light quarks

• Only four general triple-quark (without derivative) structures

+ their chiral partners with  𝙻 ↔ 𝚁

• Form a basis for any triple-quark operators

❖ : combinations of non-QCD fields 

❖ : quark flavor indices with   

❖  and : total symmetrization of flavor indices  

Ψa, Ψb, Ψc,μ, Ψd,μν

y, z, w = 1,2,3 q1,2,3 = u, d, s
{y, z} {y, z, w}

Fierz and Dirac  identities can be used to prove the completeness and independenceγ

Yi Liao, XDM,  Hao-Lin Wang, arXiv: 2504.14855
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QCD running effect 
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dCyzw
a,b

d ln μ
= − 2

αs

2π
Cyzw

a,b ,
dCyzw

c

d ln μ
= +

2
3

αs

2π
Cyzw

c ,
dCyzw

d

d ln μ
= + 2

αs

2π
Cyzw

d

• 1-loop RGE due to QCD correction 

Cyzw
a,b (Λχ) ≈ 1.32 Cyzw

a,b (Λ𝙴𝚆), Cyzw
c (Λχ) ≈ 0.91 Cyzw

c (Λ𝙴𝚆), Cyzw
d (Λχ) ≈ 0.76 Cyzw

d (Λ𝙴𝚆)

E. E. Jenkins, A. V. Manohar, and P. Stoffer, arXiv:1711.05270v3

• No mixing: QCD interactions preserve chiral symmetry

Known from dim-6 LEFT counterparts

• Running effects

Enhancement by 30 % Suppression

http://keynotetemplate.com
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Chiral structures
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• Restrict to triple-quark sector

𝒩𝙻𝙻
yzw ≡ qα

𝙻,𝚢(qβ𝙲
𝙻,𝚣qγ

𝙻,𝚠)ϵαβγ ∈ 8𝙻 ⊗ 1𝚁

𝒩𝚁𝙻
yzw ≡ qα

𝚁,𝚢(qβ𝙲
𝙻,𝚣qγ

𝙻,𝚠)ϵαβγ ∈ 3̄𝙻 ⊗ 3𝚁

𝒩𝙻𝚁,μ
yzw ≡ qα

𝙻,{𝚢(qβ𝙲
𝙻,𝚣}γ

μqγ
𝚁,𝚠)ϵαβγ ∈ 6𝙻 ⊗ 3𝚁

𝒩𝙻𝙻,μν
yzw ≡ qα

𝙻,{𝚢(qβ𝙲
𝙻,𝚣σμνqγ

𝙻,𝚠})ϵαβγ ∈ 10𝙻 ⊗ 1𝚁

+𝙻 ↔ 𝚁

• 3-flavor ( ) QCD has a global chiral symmetry: u, d, s SU(3)𝙻 ⊗ SU(3)𝚁

in the massless limit

• Different isospin property

 and      𝒩𝙻𝚁,μ
yzw 𝒩𝙻𝙻,μν

yzw ⇒ ΔI = 0, 1/2, 1, 3/2 ⇒ n → e−π+, n → μ−π+

 and     𝒩𝙻𝙻
yzw 𝒩𝚁𝙻

yzw ⇒ ΔI = 0, 1/2, 1

Newly identified chiral structures

http://keynotetemplate.com
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Non-trivial Lorentz structures
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Complicating the chiral matching

• Usual structures—spin-1/2 objects:

• New structures—spin-3/2 objects:

,        𝒩8𝙻⊗1𝚁
, 𝒩3𝙻⊗3̄𝚁

∈ (1/2, 0) 𝒩1𝙻⊗8𝚁
, 𝒩3̄𝙻⊗3𝚁

∈ (0, 1/2)

  𝒩𝙻𝚁,μ
yzw ∈ (1, 1/2), 𝒩𝚁𝙻,μ

yzw ∈ (1/2, 1)

𝒩𝙻𝙻,μν
yzw ∈ (3/2,0), 𝒩𝚁𝚁,μν

yzw ∈ (0, 3/2)

Vector-spinor object:

Tensor-spinor object:

γμ𝒩𝙻𝚁,μ
yzw = γμ𝒩𝚁𝙻,μ

yzw = 0

γμ𝒩𝙻𝙻,μν
yzw = γμ𝒩𝚁𝚁,μν

yzw = 0

Needing proper Lorentz projectors

Γ𝙻,𝚁
μν ≡ (gμν −

1
4

γμγν)P𝙻,𝚁 Γ̂𝙻,𝚁
μναβ ≡

1
24 (2[σμν, σαβ] − {σμν, σαβ}) P𝙻,𝚁

Γ𝙻,𝚁
μρ Γ𝙻,𝚁 ρ

ν = Γ𝙻,𝚁
μν γμΓ𝙻,𝚁

μν = 0 Γ̂𝙻,𝚁
μνρσΓ̂𝙻,𝚁 ρσ

αβ = Γ̂𝙻,𝚁
μναβ γμΓ̂𝙻,𝚁

μναβ = 0

E. Delgado et al., EPJA 51 (2015)

http://keynotetemplate.com
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The general LEFT Lagrangian involving triple quarks

16

Quark factor

Non-quark factor as spurion fields

≡ 𝒫i
yzw ≡ 𝒩i

yzw

 =    ℒB
q3 = ∑

i

Cyzw
i 𝒪yzw

i ∑
i

Cyzw
i ψ Γ1q(q𝙲Γ2q)

𝒩8𝙻⊗1𝚁
=

𝒩𝙻𝙻
uds𝒩𝙻𝙻

usu𝒩𝙻𝙻
uud

𝒩𝙻𝙻
dds𝒩𝙻𝙻

dsu𝒩𝙻𝙻
dud

𝒩𝙻𝙻
sds𝒩𝙻𝙻

ssu𝒩𝙻𝙻
sud

𝒩3̄𝙻⊗3𝚁
=

𝒩𝚁𝙻
uds𝒩𝚁𝙻

usu𝒩𝚁𝙻
uud

𝒩𝚁𝙻
dds𝒩𝚁𝙻

dsu𝒩𝚁𝙻
dud

𝒩𝚁𝙻
sds𝒩𝚁𝙻

ssu𝒩𝚁𝙻
sud

ℒB
q3 = Tr[𝒫8𝙻⊗1𝚁

𝒩8𝙻⊗1𝚁
+ 𝒫1𝙻⊗8𝚁

𝒩1𝙻⊗8𝚁]
+Tr[𝒫3𝙻⊗3̄𝚁

𝒩3̄𝙻⊗3𝚁
+ 𝒫3̄𝙻⊗3𝚁

𝒩3𝙻⊗3̄𝚁]
+[𝒫{yz}w,μ

6̄𝙻⊗3̄𝚁
𝒩{yz}w

6𝙻⊗3𝚁,μ + 𝒫{yz}w,μ
3̄𝙻⊗6̄𝚁

𝒩{yz}w
3𝙻⊗6𝚁,μ]

+[𝒫{yzw},μν
1̄0𝙻⊗1𝚁

𝒩{yzw}
10𝙻⊗1𝚁,μν + 𝒫{yzw},μν

1𝙻⊗1̄0𝚁
𝒩{yzw}

1𝙻⊗10𝚁,μν]
+h . c .

𝒫8𝙻⊗1𝚁
=

0 𝒫𝙻𝙻
dds𝒫𝙻𝙻

sds

𝒫𝙻𝙻
usu𝒫𝙻𝙻

dsu𝒫𝙻𝙻
ssu

𝒫𝙻𝙻
uud𝒫𝙻𝙻

dud𝒫𝙻𝙻
sud

𝒫3𝙻⊗3̄𝚁
=

𝒫𝚁𝙻
uds𝒫𝚁𝙻

dds𝒫𝚁𝙻
sds

𝒫𝚁𝙻
usu𝒫𝚁𝙻

dsu𝒫𝚁𝙻
ssu

𝒫𝚁𝙻
uud𝒫𝚁𝙻

dud𝒫𝚁𝙻
sud

𝒫𝙻𝚁,μ
yzw 𝒫𝙻𝙻,μν

yzwChiral building blocks

Wei-Qi Fan, Yi Liao, XDM, Hao-Lin Wang, 2412.20774

Matrix form for easy chiral realization

http://keynotetemplate.com
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Quark level operators

Chiral Perturbation Theory

Nucleon level operators 

Christopher Kö rber

18

SU(3)𝙻 ⊗ SU(3)𝚁

u, d, s

http://keynotetemplate.com
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• Building blocks in ChPT:

• Chiral power counting: momentum :p

• Low energy constant (LEC): associate an unknown LEC for each indep. operator

Chiral matching procedures 

Π(x) =

π0

2
+ η

6
π+ K+

π−− π0

2
+ η

6
K0

K− K̄0− 2
3 η

, B(x) =

Σ0

2
+ Λ0

6
Σ+ p

Σ−− Σ0

2
+ Λ0

6
n

Ξ− Ξ0− 2
3 Λ0

, Vμ(x) =

ρ0
μ

2
+

ϕ(8)
μ

6
ρ+

μ K*+
μ

ρ−
μ −

ρ0
μ

2
+

ϕ(8)
μ

6
K*0

μ

K*−
μ K̄*0

μ − 2
3 ϕ(8)

μ

Σ(x) = ξ2(x) = exp( i 2Π(x)
F0

)
 Spurion fields+

Σ → L̂ΣR̂† B(V) → ĥB(V)ĥ†ξ → L̂ξĥ† = ĥξR̂†

{Σ, ξ, B, DμB, V, DμV} ∼ 𝒪(p0) DμΣ ∼ 𝒪(p1)

𝒫8𝙻⊗1𝚁
→ L̂𝒫8𝙻⊗1𝚁

L̂†, 𝒫3𝙻⊗3̄𝚁
→ L̂𝒫3𝙻⊗3̄𝚁

R̂†

𝒫𝙻𝚁,μ
yzw → L̂*yy′￼

L̂*zz′￼
R̂*ww′￼

𝒫𝙻𝚁,μ
y′￼z′￼w′￼

, 𝒫𝙻𝙻,μν
yzw → L̂*yy′￼

L̂*zz′￼
L̂*ww′￼

𝒫𝙻𝙻,μν
y′￼z′￼w′￼

• Chiral group: :SU(3)𝙻 ⊗ SU(3)𝚁

𝒫8𝙻⊗1𝚁 =
0 𝒫𝙻𝙻

dds𝒫𝙻𝙻
sds

𝒫𝙻𝙻
usu𝒫𝙻𝙻

dsu𝒫𝙻𝙻
ssu

𝒫𝙻𝙻
uud𝒫𝙻𝙻

dud𝒫𝙻𝙻
sud

𝒫3𝙻⊗3̄𝚁 =
𝒫𝚁𝙻

uds𝒫𝚁𝙻
dds𝒫𝚁𝙻

sds

𝒫𝚁𝙻
usu𝒫𝚁𝙻

dsu𝒫𝚁𝙻
ssu

𝒫𝚁𝙻
uud𝒫𝚁𝙻

dud𝒫𝚁𝙻
sud

𝒫𝙻𝚁,μ
yzw 𝒫𝙻𝙻,μν

yzw

http://keynotetemplate.com
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Leading-order chiral Lagrangian for nucleon decay

20

ℒB,0
B = c1Tr[𝒫3̄𝙻⊗3𝚁

ξB𝙻ξ − 𝒫3𝙻⊗3̄𝚁
ξ†B𝚁ξ†]

+c2Tr[𝒫8𝙻⊗1𝚁
ξB𝙻ξ† − 𝒫1𝙻⊗8𝚁

ξ†B𝚁ξ]
+

c3

Λχ
[𝒫𝙻𝚁,μ

yzi Γ𝙻
μν(ξiDνB𝙻ξ)yjΣzkϵijk − 𝒫𝚁𝙻,μ

yzi Γ𝚁
μν(ξ†iDνB𝚁ξ†)yjΣ*kzϵijk]

+h.c.,

ℒB,1
B =

c4

Λ2
χ

[𝒫𝙻𝙻,μν
yzw Γ̂𝙻

μναβ(ξDαB𝙻ξ)yiΣzj(DβΣ)wkϵijk − 𝒫𝚁𝚁,μν
yzw Γ̂𝚁

μναβ(ξ†DαB𝚁ξ†)iyΣ*jz(D
βΣ)*kwϵijk]

+h.c. .

Γ𝙻,𝚁
μν ≡ (gμν −

1
4

γμγν)P𝙻,𝚁 Γ̂𝙻,𝚁
μναβ ≡

1
24 (2[σμν, σαβ] − {σμν, σαβ}) P𝙻,𝚁

http://keynotetemplate.com
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Chiral Lagrangian involving octet vector mesons

21

Vector meson representation is not unique

• Matter field approach:    

• Hidden local symmetry 

• Tensor field approach:   

• Massive Yang-Mills method: 

Vμ

Vμν = ∂μVν − ∂νVμ

Dμ = ∂μ + igVμ + ⋯

They are equivalent to each other
G. Ecker et al, Phys. Lett. B 223 (1989) 425–432 
M. C. Birse, hep-ph/9603251
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Complementarity between pseudoscalar and vector meson

22
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Comparison to known results: ~40 years ago 

23

Octet pseudoscalar case Octet vector meson case

Not complete, double counting issues, …

Only for dim-6  caseΔ(B − L) = 0

Our results provide a complete and consistent 
framework for more precise calculations of a 
variety of nucleon decay amplitudes.

http://keynotetemplate.com
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Determination of the new LECs

24

c1 = α = − 0.01257(111) GeV3 c2 = β = 0.01269(107) GeV3

c1,2,3 ∼ Λ3
χ /(4π)2 ≈ 0.011 GeV3

c4 ∼ Λ2
χF0/(4π 2) ≈ 0.007 GeV3

The reliability of NDA can be verified with c1,2

Worthy of calculation by LQCD community

J.-S. Yoo et al, PRD 105 (2022)

Cq,had = g(4π)2−mΛD−4
χ

Weinberg reduced 
coupling method 

for an 𝒪
: minimal # of physical fields 

: coupling constant 
: dim. of op. 

m
g
D

S. Weinberg, PRL 63 (1989) 
A. Manohar and H. Georgi, NPB 234 (1984)

• Lattice QCD:

• Naive dimensional analysis (NDA):

•  and  related to the new terms are unknownc3,4 d(′￼,′￼′￼)
1,2,3,4

d(′￼,′￼′￼)
1,2,3,4 ∼ Λ2

χ /(4π) ≈ 0.115 GeV2

http://keynotetemplate.com
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http://keynotetemplate.com


Visit http://keynotetemplate.com for more free resources! 26

ℒ ⊃ Mn(𝒫B)Expanding the chiral Lagrangian 

Standard ChPT interactions

Draw diagram and calculate
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Triple-lepton example: p → e+e+μ−, μ+μ+e−

27

•  Among the experimentally most constrained proton decay processes 

•  They can only be mediated by dim-9 and higher LEFT operators 

• Associated  with irreps  6𝙻(𝚁) ⊗ 3𝚁(𝙻)

𝒪ℓℓ′￼
= (ℓ𝙲

𝙻γμℓ𝚁)(ℓ′￼𝚁uα
𝙻 )(uβ𝙲

𝙻 γμdγ
𝚁)ϵαβγ

Γ(p → e+e+μ−/μ+μ+e−) ∼
1

1034 yr ( 4 × 105 GeV
Λμe

)10

dim-10 or higher in SMEFT

𝒫𝙻𝚁,μ
uud = Λ−5

ℓℓ′￼
(ℓ𝙲

𝙻γμℓ𝚁)ℓ′￼𝚁

Leptoquark model
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Nucleon decay involving an ALP

28

Tong Li, Michael A. Schmidt, Chang-Yuan Yao, 2406.11382  
Wei-Qi Fan, Yi Liao, XDM, Hao-Lin Wang,2507.11844 
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Some examplified operators
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Nucleon decay involving a dark photon

29

 process:  with ΔI = 3/2 n → ℓ−π+Xμ ℓ = e, μ

𝒪Xℓ = Xμν(ℓ𝚁dα
𝙻 )(dβ𝙲

𝙻 σμνdγ
𝙻)ϵαβσ

𝒫𝙻𝙻,μν
ddd = Λ−4

XℓXμνℓ𝚁

ℒnℓπX =
−i 2c4

(F0Λ2
χΛ4

Xℓ)
Xμν(ℓ𝚁Γ̂𝙻

μναβ∂αn)∂βπ−

Γ(n → ℓ−π+X) ∼ (3 × 106 GeV
ΛXℓ

)8/(1030 yr)

∈ 10𝙻 ⊗ 1𝚁

More operators with various representations

Yi Liao, XDM, Hao-Lin Wang, Xiang Zhao (ongoing)
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Vector meson modes help breaking degeneracy

30

Yi Liao, XDM, Hao-Lin Wang, 2506.05052 

Complementarity between the pseudoscalar and vector modes
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Summary

31

• General triple-quark interactions without a  related to nucleon decay are 
identified:  , ,  and  (new); 

• Their LO chiral matching are realized, and the new LECs are estimated by 
the NDA;   

• For the nucleon decay involving a vector meson, this is the first consistent 
chiral framework;   

•  Our results provide a reliable framework for further experimental and 
theoretical search;  

• Many things are waiting to do: determination of LECs, examination of 
conventional and exotic nucleon decay modes more thoroughly, etc.  

∂
3̄𝙻(𝚁) ⊗ 3𝚁(𝙻) 8𝙻(𝚁) ⊗ 1𝚁(𝙻) 6𝙻(𝚁) ⊗ 3𝚁(𝙻) 10𝙻(𝚁) ⊗ 1𝚁(𝙻)

Thanks for your attention！
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