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• Motivation for BNV/LNV interactions  

• EFT for the :   

• Estimation of decay rate 

• Summary

ΔB = ΔL = − 2 pp → ℓ+ℓ′￼+, pn → ℓ+ν̄′￼, nn → ν̄ν̄′￼

Outline
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Sakharov’s conditions for baryogenesis:  
1. BNV

2. C,	CP	violation

3. Interactions	out	of	thermal	equilibrium

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

BNV is a key ingredient for the baryon asymmetry of the universe

Sakharov, 1967dj

η =
nB − nB̄

nγ
∼ 6 × 10−10
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LNV  and the Majorana nature of neutrinos
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 SM:  is violated via anomaly but  is conserved 

  &  violation is a clear signature for new physics (NP)  

 Theoretically: GUTs, SUSY, Extra-dim, etc  BNV & LNV

B/L B − L

B L

⇒
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’t Hooft,  1976
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Hard to search for at colliders!

Exp:	τp > 1034 yr

𝒪 ∼
1

Λ2
(uude) ,

1
Λ2

(uddν), ⋯

:		nucleon	decay	like	 	ΔB = 1 p → e+π0, π+ν, ⋯

More on  process, see, Heeck, Takhistov, 1910.07647 ΔB = 1

Λ ∼ 1015 GeV

Super-K

Γ ∼
m5

p

Λ4

Dim-6,	dim-7	SMEFT

Low energy probes of BNV signals
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  oscillation 
dinucleon decays:                                    
n − n̄

NN′￼→ M1M2, ℓ+ℓ−, ℓ+ν, ν̄ν

D.G. Phillips II et al. / Physics Reports 612 (2016) 1–45  
|∆B| = 2: A State of the Field, and Looking Forward, 2010.02299

   ΛNP ∼ 𝒪(1 − 104) TeV

Low energy probes of BNV signals

	&	ΔB = 2 ΔL = 0
NNBar at ESS
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@	dim-9	in	
SMEFT	

τ−1
n−n̄ = |δm | , δm ≡ ⟨n̄ |ℋeff |n⟩ ∼

Λ6
QCD

Λ6

τSK
n−n̄ > 4.7 × 108 s Super-K_2012.02607

Easy to test at colliders: LHC, …

	&	ΔB = 2 ΔL = 2

 oscillation                        H − H̄

Dinucleon decays:  
 pp → ℓ+

α ℓ+
β , pn → ℓ+

α ν̄β, nn → ν̄αν̄β

Our goal: a systematic EFT analysis

Models suppress  but not   ΔB = 1 ΔB = 2
Mohapatra and Senjanovic, 1982, Perez and  Wise, 2011

Arnold, Fornal, and Wise, 2012; Gardner and Yan , 2019

Helset, Murgui and  Wise, 2021; Girmohanta, Shrock 2019, 2020, etc   

Feinberg,  Goldhaber and Steigman, 1978;  

Arnellos and W. J. Marciano , 1982;  Grossman and  Ng, 2018

ESS
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KamLAND, 2006Super-Kamiokande, 2018, arXiv:1811.12430 Super-Kamiokande, 2015

* The anti-neutrinos can be other invisible particles like neutrinos 

* The limits on the partial lifetime are extremely large  sensitive to NP⇒

Decay mode Lifetime limit Decay mode Lifetime limit Decay mode Lifetime limit
pp ! e+e+ 4.2⇥ 1033yr pn ! e+⌫̄0 2.6⇥ 1032yr nn ! ⌫̄⌫̄0 1.4⇥ 1030yr
pp ! e+µ+ 4.4⇥ 1033yr pn ! µ+⌫̄0 2.2⇥ 1032yr
pp ! µ+µ+ 4.4⇥ 1033yr pn ! ⌧+⌫̄0 2.9⇥ 1031yr
pp ! e+⌧+ �

<latexit sha1_base64="2ivnuxGDYj3Ip6RTS3Z32VdVQOk="></latexit>
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Current experimental bounds

16O 12C
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EFT for  interactionsΔB = ΔL = − 2

* LEFT is a more general framework since  can be as low as a few GeV, but 
with more parameters  

* SMEFT is a strong constraint for the LEFT interactions, fewer parameters, but 
with the assumption:  

* (B) PT is a systematic way to determine the non-perturbative QCD effect

ΛNP

ΛNP ≫ ΛEW

χ
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LEFT

• Fields:  

• Symmetry:   

• Power counting: canonical dimension 

u, d, s, c, b; e, μ, τ; νe, νμ, ντ

SU(3)C × U(1)EM

d

9

The effective operators for  interactions 
6 quarks + 2 leptons 

ΔB = ΔL = − 2

Dim-12	operators	 	with	(qqqqqqll) q = u, d & l = ℓ, ν
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LEFT

Dim-12	operators	 	with	(qqqqqqll) q = u, d & l = ℓ, ν

• Operator structure:   (qqqqqqqll)
Fierz identities

⟹ (qqqqqqq)(ll)

quark	and	lepton	sectors	are	factorized	out

• :   U(1)EM (uuuudd)(ℓℓ′￼), (uuuddd)(ℓν′￼), (uudddd)(νν′￼)

• :  SU(3)C 𝒪 ∼ Tijklmn(qiqj)(qkql)(qmqn)jlep.

10

lepton	current

color	tensor
TSSS
{ij}{kl}{mn} = ✏ikm✏jln + ✏ikn✏jlm + ✏ilm✏jkn + ✏iln✏jkm

TSAA
{ij}[kl][mn] = ✏imn✏jkl + ✏ikl✏jmn

TSAA
{kl}[mn][ij] = ✏ijk✏mnl + ✏ijl✏mnk

TSAA
{mn}[ij][kl] = ✏ijm✏kln + ✏ijn✏klm

TAAA
[ij][kl][mn] = ✏ijm✏kln � ✏ijn✏klm

<latexit sha1_base64="o2LsmlnBOyFy0dPpYRgmnDundxE="></latexit>

Scalar	lepton	current:	(qq)(qq)(qq)(ll)

Vector	lepton	current:	(qq)(qq)(qγμq)(lγμl)

Tensor	lepton	current:	(qq)(qq)(qσμνq)(lσμνl)

S-S-S-S

S-S-V-V

S-S-T-T

Final operator’s Lorentz structure: 
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Total counting

Q(pp)S,±
1LLL,a = (uiT

L Cuj
L)(u

kT
L CdlL)(u

mT
L CdnL)j

``0

S,±T
SSS
{ij}{kl}{mn}

Q(pp)S,±
1LLL,b = (uiT

L Cuj
L)(u

kT
L CdlL)(u

mT
L CdnL)j

``0

S,±T
SAA
{ij}[kl][mn]

Q(pp)S,±
2LLR,a = (uiT

L Cuj
L)(u

kT
L CdlL)(u

mT
R CdnR)j

``0

S,±T
SSS
{ij}{kl}{mn}

Q(pp)S,±
2LLR,b = (uiT

L Cuj
L)(u

kT
L CdlL)(u

mT
R CdnR)j

``0

S,±T
SAA
{ij}[kl][mn]

Q(pp)S,±
3LLR,a = (uiT

L CdjL)(u
kT
L CdlL)(u

mT
R Cun

R)j
``0

S,±T
SSS
{ij}{kl}{mn}

Q(pp)S,±
3LLR,b = (uiT

L CdjL)(u
kT
L CdlL)(u

mT
R Cun

R)j
``0

S,±T
SAA
{mn}[ij][kl]

Q(pp)S,±
4LLR = (uiT

L Cuj
L)(u

kT
L Cul

L)(d
mT
R CdnR)j

``0

S,±T
SSS
{ij}{kl}{mn}
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•  :  28 (S-S-S-S)+19 (S-S-V-V)+16 (S-S-T-T) = 63 operators 

•  :   14 (S-S-S-S)+24 (S-S-V-V)+13 (S-S-T-T) = 51 operators 

•  :     14 (S-S-S-S)+8 (S-S-T-T) = 22 operators  

pp → ℓ+
α ℓ+

β

pn → ℓ+
α ν̄β

nn → ν̄αν̄β

 oscillation: 47 vs 60 by Caswell, Milutinovic, and Senjanovic, 1983 α = β = e ⇒ H − H̄

14  oscillation operators after dropping the scalar lepton current.  n − n̄

A glimpse of the operators 
for  

dim-12 operators with a 
scalar lepton current 

pp → ℓ+
α ℓ+

β
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Heeck, Takhistov, 

 &  quantum numbers in the SMEFTB L

Kobach , 2016
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The operator’s dimension 
is even (odd)  if its (B−L)/2
 is even (odd) 

The	LO	operators	
also	first	appear	at	
dim	12	
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Focusing	on	the	LO	dim-12	operators

• :


,		 ,	

U(1)Y

u3d3L2, u2d2Q2L2, udQ4L2, Q6L2 u4d2e2, u3dQ2e2, u2Q4e2 u3d2QeL, u2dQ3eL, uQ5eL

13

•	Fierz	identities		 	 :			S-S-S-S,					S-S-V-V,					S-S-T-T⇒ 𝒪q×jlep

•	 :		Levi-Civita	tensor	SU(2)L ϵab

•	 :		color	tensor	SU(3)C Tijklmn

𝒪 ∼ Tijklmn(qiqj)(qkql)(qmqn)jlep.

http://keynotetemplate.com
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12 (S-S-S-S)+7 (S-S-V-V)+10 (S-S-T-T)=29

They are the starting point for the study of 
relevant signals at colliders: 

LHC:  
LHeC: 

pp → ℓ+ℓ+ + 4jets
e−p → ℓ+ + 5jets

dim-12 operators with a scalar lepton current 

Girmohanta and Shrock,  2020: 28
8 redundant ones

9 missed ones
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Tree-level matching between dim-12 SMEFT and LEFT operators 

SMEFT	simplifies	life	hugely.	

Unmatched	 LEFT	 operators	
can	be	generated	by	dim-14,	
dim-16	SMEFT	ones.

Only	a	few	can	yield	both	three	channels:	𝒪S,(S)
Q6L2, 𝒪S,(S)

u2d2Q2L21,3, 𝒪S,(S)
udQ4L22
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A	specific	model	to	realize	one	operator:	𝒪S,(S)
Q6L2

𝒪S,(S)
Q6L2 = (QiT

a CQj
b)(Q

kT
c CQl

d)(QmT
e CQn

f )(LT
g CL′￼h)ϵabϵcdϵegϵfhTSAA

{mn}[kl][ij]

			✗	ΔB = 1 : QQQL

✔︎

SM+	 

							+	

S(3,1, − 1/3)
T(3,1, − 1/3)

ℤ2 : T, L, e odd

ΔB = 2
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Arnellos, Marciano 1982 
Arnold, Fornal, and Wise, 2012;

Bramante,  Kumar,  Learned, 2014

Gardner and Yan , 2019

Helset, Murgui and  Wise, 2021

Girmohanta, Shrock 2019, 2020 

More	models	can	be	found:	

http://keynotetemplate.com


Visit	http://keynotetemplate.com	for	more	free	resources! 17

Quark	level	operators

Chiral symmetry: BChPT

Nucleon	level	operators	

Christopher	Körber
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B PTχ

Chiral symmetry  of three-flavor  QCD Lagrangian:SU(3)L ⊗ SU(3)R q = (u, d, s)T

 Power counting: soft momentum:  u = 𝒪 (p0), uμ = 𝒪 (p1), Ψ = 𝒪 (p0)

Building blocks: Nucleons, pions, external sources

 LO Lagrangian: ℒ(1)
πN = Ψ̄ (iγμDμ − mN +

gA

2
γμγ5uμ) Ψ

18

ℒ = ℒm=0
QCD + qLlμγμqL + qRrμγμqR − [qR(s − ip)qL − qR (tμν

l σμν) qL + h . c.]

u = exp

✓
i⇧

2F0

◆
, ⇧ = ⇡a⌧a =

✓
⇡0

p
2⇡+

p
2⇡� �⇡0

◆

<latexit sha1_base64="bYrIMOn+Al5l4oOZw5yVZnwEug4="></latexit>

Ψ = (p, n)T

uμ = i(u†(∂μ − irμ)u − u(∂μ − ilμ)u†), u†
μ = uμ

DμΨ = (∂μ + Γμ)Ψ, Γμ =
1
2

(u†(∂μ − irμ)u + u(∂μ − ilμ)u†)
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Chiral matching procedures 

•  Chiral  irrep decomposition:SU(2)L ⊗ SU(2)R

• Spurion fields technique: treat  as a field transforming under   
                                                      is chiral invariant

θ SU(2)L ⊗ SU(2)R
⇒ P

• Chiral counterparts of : construct chiral invariant operators out of , , , …P θ Ψ u

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

• Determination of LEC: fit to data, LQCD, chiral symmetry, NDA

B PT realization of dim-12 LEFT operators χ

P = θuvwxyz (qi T
χ1,uCΓ1q

j
χ2,v) (qk T

χ3,wCΓ2ql
χ4,x) (qm T

χ5,y CΓ3qn
χ6,z) Tcolor	ijklmn
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1.	Many	different	chiral	irreps.

2.	Different	irreps	have	different	LECs

3.	They	do	not	mix	under	QCD	renormalization.
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Final matching result

Expanding	to	the	LO	can	lead	to	the	
nucleon	-lepton	interactions	

the matrix element for  oscillationn − n̄
Rinaldi, Syritsyn, Wagman, Buchoff, Schroeder, Wasem, 2018

• Function of LECs and SMEFT WCs  

• LECs:   

•  

gi ∼ Λ6
QCD

̂g3×1,a ∼ 4 × 10−4 GeV6
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Goity, Sher, 1995

nucleon density distribution

average nucleon density: 0.25 fm−3

Estimation	of	decay	rate

ΓNN′￼→lαlβ =
1

(2π)3 ρN ρN′￼
∫ d3k1d3k2ρN(k1)ρN′￼(k2)vrel.(1 − v1 ⋅ v2)σ(NN′￼→ lαlβ)

σ(NN′￼→ lαlβ) =
1
S

1
4E1E2vrel. ∫ dΠ2 ℳNN′￼→lαlβ

2

Neglect	the	nucleon	Fermi	motion	and	other	nuclear	effects

ΓNN′￼→lαlβ =
1
S

ρN

4m2
N

ℳNN′￼→lαlβ

2
Π2
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the matrix element for  oscillationn − n̄
Rinaldi, Syritsyn, Wagman, Buchoff, Schroeder, Wasem, 2018 • LECs:   

•  

gi ∼ Λ6
QCD

̂g3×1,a ∼ 4 × 10−4 GeV6

Implication for the NP scale

pp→e+e+, μ+μ+; nn→νανα

pp→e+μ+; pn→e+ν, μ+ν; n→νανβ≠α

pp→e+τ+, pn→τ+ν
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Super-K bound: pp case

Super-K bound: pn case
KamLAND bound: nn case
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The	NP	scale	is	bound	to	be	
,	which	opens	

up	the	possibility	to	search	for	the	
signals	at	high	energy	colliders.

ΛNP > 1 − 3 TeV
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The  dinucleon to dilepton decays have been 
studied in the EFT framework;


An operator basis in the LEFT is constructed;


An operator basis in the SMEFT is constructed. 

|ΔB = ΔL | = 2

Summary
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Thanks for your attention!
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