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Introduc)on

• Baryon	and	lepton	numbers	are	accidental	symmetries	of	the	standard	
model:	no	reason	to	be	conserved	in	general
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• Can	the	third	genera)on	of	fermions	be	special?

Sakharov’s	condi)ons	require	BNV

• There	are	excellent	experimental	constraints	on	
BNV	in	proton	decays	and/or	 	oscilla)onsn − n̄

But:	ini)al	and	finals	states	only	include	quarks	
							of	the	first	two	genera)ons

Can	new	flavor	physics	with	highly	specific		
genera)on-dependent	couplings	be	baryon-number	viola)ng?

• Let’s	be	agnos)c	(SMEFT):
Warsaw	basis

with	 		
				and	̃

ψ ≡ ψ̄ c

ψ c = C ψ̄T

I.	Dorsner,	S.	Fajfer,	N.	Kosnik
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Introduc)on:	experimental	constraints	

• There	are	plenty	of	experimental	searches	for	baryon	and	lepton	number	
viola)on	with	the	2nd	and	3rd	genera)ons
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BNV	decays	of	b-flavored	hadrons

• Experimental	studies	of	exclusive	decays	of	B-mesons
Branching	ra)o	constraints	(on	 	etc.)	are	in	the	ballpark	of	 	B(s) → pμ− 10−9

• Possible	experimental	studies	of	inclusive	decays	of	B-mesons

difficult	matrix	elements

easy	matrix	elements

Bonus:	kinema)cal	window	of	lepton	energy	 	of	about	250	MeV	that	can		
only	be	reached	by	baryon-number	viola)ng	decays

Eℓ
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A	rough	es)mate	of	the	branching	ra)o	of	BNV	inclusive	B-decay	 :B → ℓX
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Branching	ra)o

• Can	any	of	those	decays	of	B-mesons	be	seen?	What	is	 ?ΛBNV
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WET	operator	basis
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• Matching	SMEFT	operators	to	Weak	Effec)ve	Theory	(WET)	at	the	
electroweak	scale	( )ΛBNV ≫ mW

with

W.	Dekens	and	P.	Stoffer

genera)on	indices

• Working	assump)on:
<latexit sha1_base64="GokJAjkM4Wo+e3G27rmt+NeVmpk="></latexit>
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WET	operator	basis

• What	operators	would	poten)ally	allow	for	 	
without	anomalously	small	Wilson	coefficients?

ΛBNV ≪ ΛGUT

• Operators	with	le_-handed	b-quarks	and	first-family	quarks

• Operators	with	right-handed	b-quarks	and	first	family	quarks
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The	operators	with	right-handed	b-quarks	do	not	mix	with	light	BNV	operators	at	dim-6	level:	study	those

with

The	only	suppression	comes	from	the	CKM	parameters,	e.g.,	 ,	ruling	out	 	|Vub | ΛBNV ≪ ΛGUT

Tree	level	matching	(with	our	choice	of	SMEFT	operators):	rota)on	of	the	down-type	quarks	by	CKM

E.g.,	for	 	(in	WET)	generated	by	 	(in	SMEFT):Q113
Rν Qprs

duq
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Weak	effec)ve	Hamiltonian

• The	relevant	proton	decay	Hamiltonian	contains	the	baryon-number	
viola)ng	part	and	the	Standard	Model	Hamiltonian	for	b-decays
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• The	SM	Hamiltonians	for	 	and	 	decaysb → uℓ−ν̄ℓ b → uūd

with

with
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• Evolving	the	WET	operators	down	to	 	and	integra)ng	out	b-quark,	we	
get	the	local	effec)ve	Hamiltonian

mb

13

Contact	six-fermion	interac)on
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• We	need	matrix	elements	of	these	operators	to	compute	the	proton	decay	rates
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Matrix	elements

• Parameteriza)on	of	relevant	proton	matrix	elements
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RQCD,	1903.12590
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Matrix	elements

• Parameteriza)on	of	relevant	proton	matrix	elements
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• …	or	numerically

RQCD,	1903.12590

• Parameteriza)on	of	relevant	pion	matrix	elements
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Leptonic	decays	of	the	proton:	p → ℓ+νℓν̄

• The	leptonic	BNV	decay	rate	is	given	by
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• Compute	the	matrix	element	squared…
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Leptonic	decays	of	the	proton:	p → ℓ+νℓν̄

• Charged	lepton	spectrum

• …	and	total	decay	width	(with	 )m̂ℓ = mℓ /mp
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…	and	constraints	on	the	3rd	genera)on	BNV	scale
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Leptonic	decays	of	the	proton:	p → ℓ+νℓν̄τ

• Note:	a	contribu)on	of	an	operator	containing	both	b	and	 	is	allowedτ
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• …	can	es)mate	its	contribu)on	as
<latexit sha1_base64="fu9Eqm5834sBiqByy9BtgYEOYoM="></latexit>

⇤BNVp
|C3113

RX |
⇡

✓
(0.2÷ 4)

|Vud|m2
bmum⌧

4⇡2v2(m2
⌧ �m2

p)

◆1/2
⇤BNVp
|C⌫ |

����
p!`+⌫`⌫̄⌧

& (0.4÷ 1.8) · 106 GeV



Alexey A Petrov (USC) Baryon Number Violation workshop, INT (2025)7

Two-body	proton	decays:	p → π+ν̄

• These	effec)ve	operators	will	also	mediate	two-body	proton	decays.	

Adopt	naive	factoriza)on	assump)on:	neglect	strong	interac)ons		
																																										connec)ng	pion	to	the	rest	of	the	process
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• Let’s	consider	p → π+ν̄

factorizable non-factorizable

<latexit sha1_base64="uv9W2Zqwuzu0aMQvXcvatkFOQrs="></latexit>

�(p ! ⇡+⌫̄) =
4G2

F |Vub|
2
|Vud|

2
|C⌫ |

2

mpm2
b⇤

4
BNV

Z
d⇧LIPS

1

2

X

spins

|h⇡+⌫̄|C1O⌫,1 + C2O⌫,2|pi|
2

Two-body	decay:
<latexit sha1_base64="br998bYOCQWmWErqWvxBCzjoyBI="></latexit>Z

d⇧LIPS =
1

8⇡
(1� m̂2

⇡) where	for	any	A:	 ̂A = A /mp

<latexit sha1_base64="PFwfESycqbqwGGQb4jC9uB3Fo6c="></latexit>

O⌫,1 = "abc[eua�µPLT
A
biu

i] [e⌫ PLd
c] [ūf�µPLT

A
fjd

j ] ,

O⌫,2 = "abc[eua�µPLu
b] [e⌫ PLd

c] [ūf�µPLd
f ]

Operators:
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Matrix	elements	for	p → π+ν̄

• Compute	the	required	matrix	elements

u

u

d

u d̄

ν̄
b∗

p

π+

(a) “colour-allowed”

u

u

d

u

ν̄

d̄

b∗p

π+

(b) “colour-suppressed”

<latexit sha1_base64="bojupjgpfUDD8EYHqbuDSHc5Tlw="></latexit>

h⇡+(p⇡)⌫̄(q)|O⌫,1|p(p)i =
Nc + 1

4N2
c

i

4
m2

pf
2
⇡(fp + 4⌦p)[v

T (q)CPLup(p)]

<latexit sha1_base64="8Kdp+9Fw2xv5qnaSpavf5VW5k5c="></latexit>

h⇡+(p⇡)⌫̄(q)|O⌫,2|p(p)i =
i

8Nc
m2

pf⇡
n
(2NcÊ⇡ � 1)fp + (2Nc � 4)⌦p

o
[vT (q)CPLup(p)]

(only	color-suppressed	diagram	contributes)

with
<latexit sha1_base64="n3Fc+Wf5DNBPqI1EL2b52+CP4g0=">AAACGnicbVDJSgNBEO1xjXEb9eilMQh6MMxIUC+C6MWbEcwCmWHo6dQkjT0L3TVCGPIdXvwVLx4U8SZe/Bs7y8HtQcHjvaruqhdmUmh0nE9rZnZufmGxtFReXlldW7c3Nps6zRWHBk9lqtoh0yBFAg0UKKGdKWBxKKEV3l6M/NYdKC3S5AYHGfgx6yUiEpyhkQLb9a5i6LEgO/UixXjhDovakHoSItzzpHmnywKXHtAoyDwlen3cD+yKU3XGoH+JOyUVMkU9sN+9bsrzGBLkkmndcZ0M/YIpFFzCsOzlGjLGb1kPOoYmLAbtF+PThnTXKF0apcpUgnSsfp8oWKz1IA5NZ8ywr397I/E/r5NjdOIXIslyhIRPPopySTGlo5xoVyjgKAeGMK6E2ZXyPjMRoUmzbEJwf5/8lzQPq+5R9ei6Vjk7n8ZRIttkh+wRlxyTM3JJ6qRBOLknj+SZvFgP1pP1ar1NWmes6cwW+QHr4wvXcqAf</latexit>

⌦p =
1

4
(�1 � fp)

<latexit sha1_base64="CJmmGWBQihlx86wdj3bgx314FfU="></latexit>

�(p ! ⇡+⌫̄) = |Vud|2|Vub|2|C⌫ |2
G2

Fm
5
pf

2
⇡

1024⇡m2
b⇤

4
BNV

(1� m̂2
⇡)

2

✓
(1 + 2m̂2

⇡)fp +
�1

3

◆
C2 +

4

9
�1C1

�2

• Thus,	the	virtual	b-quark	induces	the	decay	width	for	 	p → π+ν̄

…	and	a	constraint	on	the	3rd	genera)on	BNV	scale
<latexit sha1_base64="Hd2q8zEvzm8OQldBNZrF90FlBPc="></latexit>

⇤BNVp
|C⌫ |

����
p!⇡+⌫̄

> 3.34 · 109 GeV
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Two-body	proton	decays:	p → π0ℓ+

• Let’s	consider	p → π0ℓ+ Adopt	naive	factoriza)on	assump)on:	neglect	strong	interac)ons		
																																										connec)ng	pion	to	the	rest	of	the	process

<latexit sha1_base64="vHtu+TBWlm99sDnLOIa/BsMcCdw="></latexit>

�(p ! ⇡0`+) =
4G2

F |Vub|
2
|Vud|

2

mpm2
b⇤

4
BNV

Z
d⇧LIPS

1

2

X

spins

���
X

X=L,R

X

i=1,2

CXCih⇡
0`+|OX,i|pi

���
2

Two-body	decay:

Operators:

<latexit sha1_base64="M2pwFEmG1XFQ3FUo0LVYqhBId9I="></latexit>Z
d⇧LIPS =

1

8⇡

q
(1� m̂2

⇡)
2 � 2m̂2

`(1 + m̂2
⇡) + m̂4

`

<latexit sha1_base64="N30ZPbRseATPMwp74/Ee6rrqSpE="></latexit>

h⇡0(p⇡)`
+(q)|OX,2|p(p)i =

i

16
p
2Nc

m2
pf⇡

h
AXL

2 ML +AXR
2 MR

i

<latexit sha1_base64="f/uhlYI1mzunIrFKFBR5EyiQlOI="></latexit>

h⇡0(p⇡)`
+(q)|OX,1|p(p)i =

i

16
p
2Nc

m2
pf⇡

h
AXL

1 ML +AXR
1 MR

i
• Compute	the	required	matrix	elements

<latexit sha1_base64="htr2RrLkGXiRQBHoCtdY4GawUq0=">AAACEXicbVDLSsNAFJ34rPUVdelmsAjppiQi1WWxGzdChb4giWEynbRDJ4/OTAol9Bfc+CtuXCji1p07/8ZJ24W2HrhwOOde7r3HTxgV0jS/tbX1jc2t7cJOcXdv/+BQPzpuizjlmLRwzGLe9ZEgjEakJalkpJtwgkKfkY4/rOd+Z0y4oHHUlJOEuCHqRzSgGEklebpx53WhQ0YpHUN7/NA0RmUnRHKAEcvq04YyUy8xkrLr6SWzYs4AV4m1ICWwQMPTv5xejNOQRBIzJIRtmYl0M8QlxYxMi04qSILwEPWJrWiEQiLcbPbRFJ4rpQeDmKuKJJypvycyFAoxCX3VmV8rlr1c/M+zUxlcuxmNklSSCM8XBSmDMoZ5PLBHOcGSTRRBmFN1K8QDxBGWKsSiCsFafnmVtC8qVrVSvb8s1W4WcRTAKTgDBrDAFaiBW9AALYDBI3gGr+BNe9JetHftY966pi1mTsAfaJ8/rTycTw==</latexit>

MX ⌘ [vT (q)CPXup(p)]

<latexit sha1_base64="iVJ2/j7GGcoH/YO8icYgyi2Njso="></latexit>

OX,1 = "abc[eua�µPLT
A
biu

i] [èPXuc] [ūf�µPLT
A
fjd

j ] ,

OX,2 = "abc[eua�µPLu
b] [èPXuc] [ūf�µPLd

f ]

with
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Two-body	proton	decays:	p → π0ℓ+

• The	coefficients	of	the	matrix	elements	are
<latexit sha1_base64="30iWhlYvCnyWsbA80ZK84TrUREI="></latexit>

AXL
1 =

4

3

⇥�
fp

�
1� 2m̂2

` + 2m̂2
⇡

�
+ �2µ̂⇡

�
�XL + 2fpm̂`�XR

⇤
,

AXR
1 =

4

3

⇥
fpm̂` �XL +

�
2fp

�
1� 2m̂2

` + 2m̂2
⇡

�
� 3�1µ̂⇡

�
�XR

⇤
,

AXL
2 =

�
fp

�
1� 2m̂2

` + 2m̂2
⇡

�
� 3�1 � 2�2µ̂⇡

�
�XL + 2fpm̂` �XR ,

AXR
2 =

�
2fp

�
1� 2m̂2

` + 2m̂2
⇡

�
+ 6�1µ̂⇡

�
�XR + (fpm̂` + 3�1m̂`) �XL

• Thus,	the	virtual	b-quark	induces	the	decay	width	for	p → π0ℓ+

…	and	constraints	on	the	3rd	genera)on	BNV	scale

<latexit sha1_base64="373uqz/Gn8Eqr0IU+43AGAn7WQw="></latexit>

�(p ! ⇡0`+) =
G2

F |Vub|2|Vud|2f2
⇡m

5
p

9216⇡m2
b⇤

4
BNV

q
(1� m̂2

⇡)
2 � 2m̂2

`(1 + m̂2
⇡) + m̂4

`

X

X,Y=L,R

CXC⇤
Y

⇥
X

i,j=1,2

CiCj

h⇣
AXL

i AY L
j +AXR

i AY R
j

⌘
Ê` +

⇣
AXR

i AY L
j +AXL

i AY R
j

⌘
m̂`

i

<latexit sha1_base64="oieApZgNaRhioWEP9TRc+711JIA="></latexit>

⇤BNV

���
p!⇡0e+

> 6.44 · 1010 GeV
⇣
|Ce

R|2 + 0.0014Re[Ce
L
⇤Ce

R] + 0.314|Ce
L|2

⌘1/4
,

⇤BNV

���
p!⇡0µ+

> 5.82 · 1010 GeV
⇣
|Cµ

R|
2 + 0.285Re[Cµ

L
⇤
Cµ

R] + 0.318|Cµ
L|

2
⌘1/4
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Two-body	proton	decays:	p → π0ℓ+

• The	allowed	region	in	the	 	spaceCL − CR

-0.06 -0.04 -0.02 0.00 0.02 0.04 0.06

-0.04

-0.02

0.00

0.02

0.04

Real	Wilson	coefficients	 	and	 	are	assumed;	the	reference	scale	 	GeVCL CR ΛBNV = 1010
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Summary	of	limits

• All	together,	the	limits	on	the	scale	of	BNV	operators	containing	right-
handed	b-quark

• With	that,	what	about	those	B-decays?
<latexit sha1_base64="/f/suQMgAz+Aq6zJPamBXRI5cnw="></latexit>

B(B̄ ! X`) ⇡ m
5
b

210 3⇡3⇤4
BNV�

B
tot

⇡ (8|Vcb|GF⇤
2
BNV)

�2 . O(5 · 10�29)

<latexit sha1_base64="6RVV71Yr9EiBzSjdgEMRcGtJ3yY="></latexit>

B(B̄ ! X⌧) . O(10�13
÷ 10�15) (for	the	operators	containing	both	b	and	 )τ
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Things	to	take	home

Ø Computed	BNV	proton	decay	processes	 ,	 ,	and	 	
• assumed BNV is flavor-specific and occurs at   
• similar studies for the operators involving the tau lepton 

Ø Derived	bounds	on	 	for	the	operators	containing	b-quark	
• experiment:  GeV, ruling out BNV at  

• lower scales are possible (  GeV) if tau-lepton is also involved 

Ø Obtained	limits	rule	out	any	possibility	of	observing	BNV	directly	in	B-decays

p → ℓ+νℓν̄ p → π+ν̄ p → π0ℓ+

ΛBNV ≪ ΛGUT

ΛBNV
ΛBNV > 109 − 1010 Λflavor

ΛBNV ∼ 106

1

W.S.	Hou,	M.	Nagashima,	A.	Soddu	
A.	Crivellin,	M.	Hoferichter	
J.	Heeck,	D.	Watkins
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Numerical	inputs


