Indirect constraints on the third-generation
baryon number violation
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Introduction

e Baryon and lepton numbers are accidental symmetries of the standard
model: no reason to be conserved in general

Sakharov’s conditions require BNV

e There are excellent experimental constraints on
BNV in proton decays and/or n — 7 oscillations

But: initial and finals states only include quarks
of the first two generations

e Can the third generation of fermions be special?

Can new flavor physics with highly specific
generation-dependent couplings be baryon-number violating? I Dorsner, S. Fajfer, N. Kosnik

Qduu - gabc[ﬁan] [fch] ’
__ _abc_ [parrd NQ ap T~ — -
e Let’s be agnostic (SMEFT): Qaug = € b sﬂk[? Ub] [?JL’“]’ with y =y
Warsaw basis Qqqu = €* ngk[Q?QNk] [UCEJ,
Qgqq = 5abc<€jn5km [Q?QZ] Q7 Ln] -

Alexey A Petrov (USC) 19 Baryon Number Violation workshop, INT (2025)



Introduction: experimental constraints

e There are plenty of experimental searches for baryon and lepton number
violation with the 2nd and 3rd generations
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BNV decays of b-flavored hadrons

e Experimental studies of exclusive decays of B-mesons difficult matrix elements

Branching ratio constraints (on By — pu~ etc.) are in the ballpark of 10~°

e Possible experimental studies of inclusive decays of B-mesons  easymatrix clements

Bonus: kinematical window of lepton energy E, of about 250 MeV that can
only be reached by baryon-number violating decays

m m?2 — 4m? 2—m2
G EREE S (R
B B

A rough estimate of the branching ratio of BNV inclusive B-decay B — £ X:

_ 4 EE By [L- W)
I'(B X 11 X B _— E
(B— X0) = Y /d Lips (X 0| Henv |B)|? ~ Smp (@) /o dE, — 2 AL

with EJ* ~ mg/2,also L ~ E,,and W ~ nmg’,/(16ﬂ2)

I'(B— X{) _ my
Fg)t 210 37T3A43NVFE)‘5

Branching ratio B(B — X/) = ~ (8|Va|GrAB Ny ) 2

» Can any of those decays of B-mesons be seen? What is Agyy/?

L T S i S VNSE S T D ’
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WET operator basis

e Matching SMEFT operators to Weak Effective Theory (WET) at the
electroweak scale (Agyy > my)

HBNV - A2 Z Z Z Cg(r;thgfft ) W. Dekens and P. Stoffer
BNV prsit X=L,R Y=L,R,v
Qrr = e [ds Prus] [isPrty] = 05",
Qrr, = ee(ds Prat) (@ Prty] [= 058,
Qur = *(ds Prut) [@5Prts]  [= OSLF],
with _ i OSLL
QrL = €abc[dZPLU?a] [ug Prt:] O }

Qn = e[y Pt 45 P [ O |

Qr, = z-:abc[daPLu ] [dCPLVt] [ OdeC’ZL} )

ot

generation indices

e Working assumption: C¥yf =0, for p,r,s#3,
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WET operator basis

e What operators would potentially allow for Agny <K< Agut
without anomalously small Wilson coefficients?

e QOperators with left-handed b-quarks and first-family quarks
Tree level matching (with our choice of SMEFT operators): rotation of the down-type quarks by CKM

E.g., for QI%B (in WET) generated by Qprs (in SMEFT): C’pm C’g;; , C'pm = — 522%3

111 _ 111
C(RL - Cduq’

Thus, Qéf (in WET) depends on the same CHl = Vudcéllull _ Vcdcéllfl _ V;dcélltz 7

building blocks in SMEFT as the light-quark only 112 111 112 113
Cry = —VusChuw — VesC VisCaua s
BNV operators Qi1!, Opll, and Q412 s _ us (ﬁf - ‘fi‘j " ‘fi‘;’

The only suppression comes from the CKM parameters, e.g., 1/ | V,,;, | , ruling out Agny << Agur

e QOperators with right-handed b-quarks and first family quarks

nr =e""[b* Pru®] [(Pruc] Cir = Ciuu »
WL =" Prut] [(PLuc],  with  CFt=C3lL,
B, =e""[b" Pru] [WPLd ] . Chy) = —VudCing — VeaCing — ViaCira

The operators with right-handed b-quarks do not mix with light BNV operators at dim-6 level: study those
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Weak effective Hamiltonian

e The relevant proton decay Hamiltonian contains the baryon-number
violating part and the Standard Model Hamiltonian for b-decays
1

2
ABNV

Heny = (CLQ311 +ORQEL 4 O Q311> T he..

=
—_—
Q £
w*
|
=
—_—
@
Q@Q.

e The SM Hamiltonians for b — u?"v,and b — uiid decays

G
Mo = 4—=V,pQq + hec. with QT [ov* Pru) (D¢, PLY) .

V2

GF T u A
Hwy =4— \/§ (ClQl + C5Q2) + h.c., with Q] = [b’y Py, T4 u] [’UJ’}/MPLT d]

Q) = [by" Pru] [ay, Prd] .
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Contact six-fermion interaction

e Evolving the WET operators down to i, and integrating out b-quark, we
get the local effective Hamiltonian Het = Hpo+1,0 + Hponto + Hpymoe+

*

GrC,
Hp_>g—|—,/£,7 == —2\/§ # OI/,SI -+ h.c. X
bABNV

Ou,sl = 5“bc[ﬂ“fy"PLub] [ﬁPLdC] [ﬂg’yuPLg] ,

GrC, V5V,
Hp—nr"‘r? — _2\/5 F 2ub d (Cloy,l + CQOV,Q) + h.C.,
mpAgny

0,1 = (o Py T [7 Prd] [al v, PLTA),
OV,Q = Sabc[aa,yuPLub] [;;PLdC] [ﬂf’YMPLdf]

GrV*:Vy,
Hp—>7r0£+ = —2\/§ % E Cx <010X,1 + OZOX,2> + h.c.,
MVABNV x"T R

Ox 1 = e [u"y* PLTitu') [€ Pxu’] [aly, PLTfd’],
Ox 5 = e[y Pru’] [€ Pxuf] [af~, Prd’]

e We need matrix elements of these operators to compute the proton decay rates

L T S i S VNSE S T D L U TS E R R T R T TR L T e e e I e N
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Matrix elements

e Parameterization of relevant proton matrix elements

Gapy(p) = (0[S ub dS Ip(p)) = > f7 M}, (p) M up(p))y

1,J
with FJ; — {177577u77:’7u’7570-uu}
M*(p) = {1,7°, b, 07°, 7"y, o™ puo™™ e P 00 }
Parity: M3, (p) IV u(p)ly = —[V*M* ()7 3a VT up ()] (asu,(B) = yOu,(p))

A/commuting u-fields: M*(p) = CM*(p)'C
Gapy(p) = Ve bpalr®u®)ly + (Var, + Tap”o,, ) 57770y + Trlopolgalo” 7 ulp)ly

e .. orrelating them to the structures computed on the lattice

RQCD, 1903.12590

Gapy(p) = — % (/f?ﬁa Y up(0)ly + " (o] saly” 75%(1?)]7)

+ %(Al — o) lvolsa Y7 up (0]

+ %(Az —6p)[0p0]palo? 7 up(p)] -
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Matrix elements

e Parameterization of relevant proton matrix elements

Gosol9) == L2 paab o), + 0" oo 2 0

96 (A2 — 6fp)[0p0]6a[0p075up(p)]7 :

+ 200 = )l un )] +

e .. or numerically

Decay constants (at 2GeV for the proton [29])

p = 3.541'8:82 .1073 GeV? A = _(44.91'3:%) .1073 QeV? RQCD, 1903.12590
A2 = 93.475% - 1073 GeV? fr = 130.2 MeV [30]

e Parameterization of relevant pion matrix elements

s sab
(O O)d50)10) = T (47 = 21"

Alexey A Petrov (USC) 11 Baryon Number Violation workshop, INT (2025)



Leptonic decays of the proton: p — £ v,

e The leptonic BNV decay rate is given by

AGH Vi PIC. P
mpmgA‘]’_‘%NV

L(p— Ty) =

1
/ dliips 5 Y (5 vw| Oy allp)?

spins

1 ~ ]- 7 21% ¢
Operators: Oy = 5 [Py Prl] [PPL]a[Of]a 0*,51=5[E%Pm] [O]5 [Prv°]s

v

with O(/; _ €abg [ﬂa,yuub] dg’ @Z _ gabg [ﬁb,yu(UC)a] d9

e Compute the matrix element squared...

A

5 S Ol = § Lo S Te[(010k19) (91010) 47 ]

spins p spin
g is the momentum of antineutrino

with the leptonic tensor L* = p)'py — pg - png"” + pyph + iE““aﬁpgapnﬁ

and  (0[O¥[p(p)) = — fop" [V up ()] + mpp 77 1y (p)]

1 o 0
phase space: /dHLIps - W/o qu/ dEge(mp — By~ E,— |E,— \/E? - mg{)
my

><0(2Eq+Eg—|—\/Eg—m§—mp)
NSRS ATITGAL TOSET L
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Leptonic decays of the proton: p — £ v,

e Charged lepton spectrum Lo T T

0.2+

104 X S(Eg,mg) [GeV4]

0.0f

_()_2;\\\\\\\\\\\\\\\\\\\\\\\\\\;
0.0 0.1 0.2 0.3 0.4 0.5

e ..and total decay width (with m, = m,/m,)

2,7
Gim,,

F(p — £+V517) - |VUb|2|CV|2 76807'('3m2A4
b" BNV

5
x (1= )12+ 2 (1= 81 + 8iif — i — 24rinf Inrine) (A2 — £2)]

Apnv

VIC

Apnv

VIC|
L T S i S VNSE S T D d
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> 6.59-10° GeV,

p—etuv v

... and constraints on the 3rd generation BNV scale
> 6.86 - 10° GeV

p—ptv, v




Leptonic decays of the proton: p — £ v,0,

e Note: a contribution of an operator containing both b and 7 is allowed

e ... can estimate its contribution as

A walmzmame \'? A
BNV %((0.2+4) | Vaalm2m,m ) BNV

> (0.4 +1.8)-10° GeV
o w2 —m3)) G 41

p— Lt v,

T S S VNS S T D .
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Two-body proton decays: p — 7D

e These effective operators will also mediate two-body proton decays.

o Let’s considerp — JZ'+D Adopt naive factorization assumption: neglect strong interactions
connecting pion to the rest of the process

u
Py
(a) “colour-allowed” (b) “colour-suppressed”

factorizable non-factorizable

AG2\ Vo 2 Ve al?1C 12 1 _
L(p—7nto) = p Vo 2‘A4d| 22 /dHLIPS 5 D Tt |CL0,1 + C20,.5(p) |
MpMy, ANy 2

spins

1 ey
Two-body decay: /dHLIPS = 8_7r(1 — mi) where forany A: A = A/mp
O = e [u*y* P Ty u'] [0 Prdf] [u!~, PLT}d’]
Operators: — _—
O, = e®[uy" Ppub] [0 Prd®] [y, Prd’]

Alexey A Petrov (USC) | 7
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Matrix elements for p — 770

e Compute the required matrix elements

u - q

(a) “colour-allowed” (b) “colour-suppressed”

Ne+14
<7T+(p7r)17(q)|0,,,1|p(p)> = 4]\—;_2 jl P (fp +4Q )[ (q)CPLup(p)] (only color-suppressed diagram contributes)

(" (pr) ()| O 2|p(p)) =

—m2 fa{ @NeBr = 1)f + (2Ne = )2 } 0" (a)CPLuy (p)]

. 1
with Q, = 1 (M — fp)

8N,

e Thus, the virtual b-quark induces the decay width for p — 70

2,5 £2 2
Fmpfﬂ'

L(p = 7%0) = [Vual* Vs’ |C, |210247rm2A4
b"*BNV

(1 —m2)? {((1 +2m2) f, + Al) Cy + )\101}

> 3.34-10° GeV
p—rto
[ L T T S SO SO VST T T D

Alexey A Petrov (USC) 6 Baryon Number Violation workshop, INT (2025)
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Two-body proton decays: p — 7/

o Let’s Considerp — ][Oz,”+ Adopt naive factorization assumption: neglect strong interactions
connecting pion to the rest of the process

4G% Vb |21 Via | 1 2
F(p—)ﬂ'of—i_): F‘ b| ‘ d| /dHLIPS§ Z‘ Z Z CXCi<7T0€+|OX,i|p>

7]
m,m2A
PT b BNV spins X=L,Ri=1,2

1 R R R R
Two-body decay: /dHLIPS = g\/(l —1m2)? = 2mg (1 4+ m2) + 1

Ox,1 = e®°[uy" PLTiu'] [ Pxu®] [af vy, PLT 5 d’]
OX’2 = 8abc[aa7uPLu ] [ﬁ PXuC] [ﬂf’}/uPLdf]

Operators:

e Compute the required matrix elements

(7" (p=)0" ()| Ox 1lp(p)) =
(7" (0= )0 ()| Ox 2[p(p)) =

1

o, e (AT M+ AT
1

TN m2 fx [A-z’fLML + A-2X'RMR}

with My = [v1(¢)CPxu,(p)]

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




Two-body proton decays: p — 7/

e The coefficients of the matrix elements are

4
ALY = 2 [(Fo (1= 200 + 27) 4 Aojin) Oxr + 2fpriuedxn]
4
A{(R = 3 [fpme Oxr + <2fp (1 —2my + 27?17%) — 3)\1ﬂ7r) 5XR] )
AFE = (f, (1 —2m7 +2m2) — 3\ — 2Xafix) Oxr + 2 Ox R
AFT = (2f, (1 = 2] + 2m2) 4+ 6A1fix) Sxpr + (fpriue + 3A11e) dx1

e Thus, the virtual b-quark induces the decay width forp — ¢t

GE|Vus|*[Vual® frm,
u (1 —m2)2 — 2m2(1 + m2) + 1} CxCy
02167mZAL . v : L 2 .
x Y Gl |(AFEAYE ¢ AXRAYR) By 4 (AFRAYE 4 AXEAYR )iy

1,j=1,2

L(p— 7)) =

... and constraints on the 3rd generation BNV scale

1/4
ABNV‘ > 6.44 - 10'° GeV (|C§\2 +0.0014Re[CS OS] + 0.314\cz|2) ,

p—mlet
§ 1/4
ABNV‘ > 5.82-10'° GeV (|C§§\2 +0.285Re[CH*CL] + 0.318\Cg|2)

p—7mOut

Alexey A Petrov (USC) . 4 Baryon Number Violation workshop, INT (2025)




Two-body proton decays: p — 7/

e The allowed region in the C; — Cp space

0.04+ i

c'r L il
% 0'02j ,
O
S

| L
,% 0.00 a

_ L

Z
C\I<EQ L ]
E -0.02+ .
@) I ]

[ p — wlet

T T T T T TR R B
-0.06 -0.04 -0.02 0.00 0.02 0.04 0.06
- -2

Real Wilson coefficients C; and Cj, are assumed; the reference scale Agyy = 109 Gev

L T S i S VNSE S T D L U TS E R R T R T TR L T e e e I e N
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Summary of limits

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

Exp. constraint | C | Apnv//|C[ [10° GeV]
dim-8 matching | Cy > O(1)
p— etv.w C, > 6.59
p— pty,w C, > 6.86
p— Ty C, > 3.34
p — mlet C%, > 64.4
p — wlet Ccs > 48.2
p— mout Ch > 58.2
p— ot Cct > 43.7
p — LTy, C33 | >(04+18)-1073

e With that, what about those B-decays?

5
my,

~ (8|Vap|GrAENy) > S OG- 1077
210 33 AL TE, (8Ver| GrAgNy) ™™ S O( )

B(B — X/{) =~

B(B — XT) 5 0(10_13 - 10_15) (for the operators containing both b and 7)

T S S VNS S T D R 0 P S L0 SN E IV S A LA S T VA T o A R S Fede e ]
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Things to take home

» Computed BNV proton decay processes p — £1v,0,p — nti,and p — ¢~

- assumed BNV is flavor-specific and occurs at Agny < Agut
- similar studies for the operators involving the tau lepton s Hou, M. Nagashima, A. soddu

A. Crivellin, M. Hoferichter
J. Heeck, D. Watkins

> Derived bounds on Agyy for the operators containing b-quark
. experiment: Agyy > 107 — 10! GeV, ruling out BNV at Ag,.,

- lower scales are possible (Agny ~ 10° GeV) if tau-lepton is also involved

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

Alexey A Petrov (USC) 1 Baryon Number Violation workshop, INT (2025)
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Numerical inputs

Masses [1]
my = 4.8 GeV mp = 0.938 GeV
me = 0.511 MeV m,, = 105.66 MeV
m, = 1.777 GeV my = 139.57 MeV
my(2 GeV) = 2.16 MeV mq(2 GeV) = 4.67 MeV

Coupling constants [1]

Gp = 1.1663788 - 105 GeV 2 o (mz) = 0.1179

CKM matrix elements
|Via| = 0.9737 [27] |Vip| = 3.77 - 1073 [28]
Decay constants (at 2 GeV for the proton [29)])
fp=3.541008.107% GeV? | A\ = —(44.9732) - 1073 GeV?

—0.04
Ay = 934718 .1073 Gev? fr = 130.2 MeV [30]

Wilson coefficients [22]

C1(1 GeV) = —0.829 Ca(1 GeV) = 1.050

Partial lifetimes (90% CL) & decay rates

posetoy > 1.7-10% yr [12] Tposputow > 2.2+ 1032 yr [12]
Tpsmtp > 3.9 - 1032 yr [11] Tpsmoyt > 1.6-10%% yr [13]
Com0et > 2.4 -1034 yr [13] B, =4.4-1071 GeV [1]

T

Tp
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