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SM physics

The SM of Particle Physics (SM) —— Most accurate theories of the interactions of particles

- Ingredients: Particle content and local - Recipe: interactions between the particles allowed
symmetries (gauge group) by our gauge (and Lorentz) group

Chiral fermions  Gauge bosons

gSM — gkin(w, ¢,A) 4 gint(l//’ ¢,A)

T

- L N\ 2 N 7 . Higgs scalar
U CI Tl 7Y || H
E up charm top photon Higgs Boson
S e
d S b - Anomalous magnetic dipole moment of
down strange beauty W boson
—— =\ i e the electron (g — 2)
.| € HAlT |27 |2 - EWPTs, myy, and m,
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SM physics

The SM of Particle Physics (SM) —— Most accurate theories of the interactions of particles

- Ingredients: B~ ' T “warticles allowed
symmeries (gat What lies beyond the SM?

e Neutrino masses
e Matter over anti-matter antisymmetry

e Dark Matter
e Strong CP puzzle

™ 2
a N\ N
P U\ C e Flavour puzzle
H up charm
—]
< d S e Dark Energy Loment of
\ down J { strange J ;
d 6 N N\
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g elect muon |
g Ve || V|| b _/
neutrino g | neu trino eutrino J J
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SM physics

The SM of Particle Physics (SM) —— Most accurate theories of the interactions of particles

- Ingredients: B~ ' T “warticles allowed
symmeries (gat What lies beyond the SM?

_—3 ¢ Neutrino masses

e Matter over anti-matter antisymmetry = €——_

e Dark Matter \

- Aﬁ.tuan.a_ap puzzle - ~

uzzle

Connected to Lepton Number Connected to Baryon Number

gy

[A. Sakharov 1967]
, . _J

C rA/ PPS
electron muon
i neutrini N e
electron au u

leptons
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Lepton and Baryon Number

Lsm D LiDL + erilPer + QiPQ + urilPur + drilpdg

Kinetic terms preserve largest flavour symmetry U(3)’

Yukawa - - _
couplings [YelpgLregH [YalpgQ"dgH Y, ]pqQ  uic, H

UGB) — Ul x U, x U1, x U(l),.

[Super-Kamiokande 1999, SNO 2002, KamLAND 2003]

( Quark sector \ ( Lepton sector \

In the SM Lagrangian there are no Baryon Observance of neutrino oscillations break
Number Violating (BNV) interactions Flavour Lepton Number to Total Lepton
| Number U(1); — U(1),

B (perturbatively) conserved _ ¢ .
¢ Neutrinos are massive

'

\The jpretion) {Ligliiest bainyroi) s stablej \ What’s the origin of their maSS?J
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Lepton and Baryon Number

Lsm D LiDL + erilPer + QiPQ + urilPur + drilpdg

Dirac mass : Majorana mass
Yukawa| """""""""""""""""""""""""""
coupling My Dy up E M, U;vp
AL =0 § AL =2
: D 2003]
K_ Total Lepton Number Conserved . Total Lepton Number Violated —
o mylvew ~ Y, ~ 10712 * O(1)y, for My, > vgy )
In the ] * Baryogenesis via e
Numb Leptogenesis 1pt0n
| E [ Yanagida et al. 1986] J
¢ - Neutrinos are massive

\The jpretion) {Ligliiest bainyroi) s stablej \ What’s the origin of their mass?J
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Lepton and Baryon Number Violation

B and L are accidental symmetries of the SM and seems artificial to preserve them in UV models

'

-

\_

e No fundamental argument to have B and L conserved

~

e Explicit BNV and LNV in simple UV extensions: LQs,

GUTs, Seesaw...
e BNV needed to account for Baryogenesis

[Georgi et. al. 1973,
H. Fritzsch et al. 1975]

Arnau Bas 1 Beneito
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Lepton and Baryon Number Violation

B and L are accidental symmetries of the SM and seems artificial to preserve them in UV models

'

4 )
e No fundamental argument to have B and L conserved

e Explicit BNV and LNV in simple UV extensions: LQs,

GUTs, Seesaw...

e BNV needed to account for Baryogenesis [Georgi et. al. 1973,
H. Fritzsch et al. 1975]

_ )

proton decay .
(AB = = AL = 1 processes) <4— Low-energy processes —p (Maj OI'aIIa) n,

(AL = 2 processes)

T >

} v L > vas < 1% L
d
—11
0 m, < 107" GeV
T, > 10? years T Z Y
[Super-Kamiokande 2020] (See also Ovfifi—decay)
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SMEFT

The SM 1s an effective theory — New Physics parametrised by higher-dimensional operators

[S. Weinberg 1979, SM Effective Field Theory (SMEFT)

F. Wilczek et al 1979,
B. Grzadkowski et al. 2010,
W. Buchmuller et al. 1986,
I. Brivio et al. 2019,

B. Henning et al. 2016, S = °CZSM + Z Ai_4 0, [@(d)] =d

De Gouvea et al. 2014] Invariant under G
SM

Bounds on SMEFT WCs serve as a bridge to specific UV models

L =Zsy + —— Oy 6= +
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SMEFT

The SM 1s an effective theory — New Physics parametrised by higher-dimensional operators

[S. Weinberg 1979, SM Effective Field Theory (SMEFT)

F. Wilczek et al 1979,
B. Grzadkowski et al. 2010,
W. Buchmuller et al. 1986,
I. Brivio et al. 2019,

B. Henning et al. 2016, S = gSM + Z Ai_4 0, [@(d)] =d

De Gouvea et al. 2014]

Invariant under Ggqy,

Bounds on SMEFT WCs serve as a bridge to specific UV models

AL =2 ABB—L)=0 AB-L) =2
" d= A N\ (= A
Cd—S Cd—6 Cd_7

L =L O ;- O=0 |+ 0=+ ...
R N R IR RV

1 r :

Number of
Components: Of which 4 (273) are BNV~ Of which 6 (297) are BNV
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SMEFT
\

The SM =\ T I 7 _ o~
MU Ol = LAY AIDH,  [Opir] = (L)@ Q1) B
F[.S\iVil [Oéqddﬁ_ pars — (épQ;)(JlJl)H sz’j : :Ol_dudI:I: pqrs (L};Jg)(ﬂlcﬁ)f[ :
B. Grzad ] ) e ) B e
WBuhl (O ipal o = (L36*Qq)(dliD,dl) ,  [Oeddanlpgrs = (€p0*dl)(dliD,dl) -

) pqrs
B. Hen J

De Gouvea et al. 2014] T y — | 7\ ad—=

Ogqqt pqrs (Q;; g)(QiLlsc)fikejl , [Oqque pars

| '

g ) Cg_ )
Ca’—S Ca’—6

Number of

independen

=1(3) 18 (771) for N, =1 (3)
Component [05]

] k rrl
pg (L;LZ)H H €;k€5l pare BNV Of which 6 (297) are BNV
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Tree-level Proton decay and Neutrino masses

[S. Weinberg 1979]

AL

Il
S

/*W /\/**\

Seesaw mechanism  [P. Minkowski 1977, T. Yanagida 1979, M. Gell-Mann et al. 1979,
R. N. Mohapatra et al. 1980, Glashow 1980...]

1 S, 83,8, 1 Vo, Vy 1
AB-L=0 /) N
! g

[J. de Blas et al. 201 7, 1. Dorsner et al 2016, Xu-Xiang Li et al. 2023]
Minimal SU(5), SO(10), Trinification...

Different
phenomenolo gy

6]\/ q
It . E " . .
AB-L)=2 /_[ _____ < e H
F+S q i q F+V q
N

Non-minimal SU(5), SO(IO) [Xu-Xiang Li et al. 2023]
Trinification..

S+S 13 tree-level completions
.. and many more: AB =2, ABB—-L), AL=4 ...
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Tree-level Proton decay and Neutrino masses

[S. Weinberg 1979]

H o~ o H
N
4 ) '
E A 4 )
M ~ 10 TeV wonve
T A AB=1 A AL=2 9 [Super-Kamiokande 1 999])
Seesaw mechanism  [P. Minkowski 1977, T. Yanagida 1979, M. Gell-Mann et al. 1979,
R. N. Mohapatra et al. 1980, Glashow 1980...]
Y/ ?
4 )
M > 1012 Te V for O(1) WCs
ny/
\_ [Super-Kamiokande 2020])
4+ AR q l q I
[J. de Blas et al. 2017, 1. Dorsner et al 2016, Xu-Xiang Li et al. 2023]
Minimal SU(5), SO(10), Trinification...
q . . 4
: > 10° TeV ’
for O(1) WCs }
M2 108 TeV -
1 m > - | /i Sup/er—Kamzokande 2020])\
P q F+S q : q F+V q
\_ J  Non-minimal SU(5), SO(10), /\\ [Xu-Xiang Li et al. 2023]
Trinification... q Al
S+S 13 tree-level completions

... and many more: AB =2, ABB—-L), AL=4...
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Tree-level Proton decay and Neutrino masses

[S. Weinberg 1979]

H o H
N
r N
E 4 4 01 )
M ~ 10! TeV oo
T A AB=1 A AL=2 . [Super-Kamiokande 1 999]J
la 1979, M. Gell-Mann et al. 1979,
1980, Glashow 1980...]
/7
1 A
Beyond tree-level? s
uper-Kamiokande 2020])
14 AR I
et al 2016, Xu-Xiang Li et al. 2023]
d . o
T "W 4 )
g M > 10% TeV  womwes |1
ny/
m \_ [Super-Kamiokande 2020])
p g~ F+S Ng q” F+V Ng
9 ) Non-minimal SU(5), SO(10), /\\ [Xu-Xiang Li et al. 2023]
Trinification. .. q il
S+S§ 13 tree-level completions

... and many more: AB =2, ABB—-L), AL=4 ...
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Loop-level Proton decay and Neutrino masses

Tree-level completions of high-dimensional AL =2 and AB = 1 operators that lead to m, and proton decay at loop level

L H 0
N E.g. ><
L d
0,, = LLQdH
L
AB-L)=0 E.g. ><
r e
H
Different 0,, = LQii'i' HH
phenomenology
l L d L
AB-L)=2 .--.  Eg }<
it e
d
O,y = LLéeidd

Arising at even-d in the SMEFT
Arising at odd-d in the SMEFT /4. Kobach 2016]
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Loop-level Proton decay and Neutrino masses

Tree-level completions of high-dimensional AL =2 and AB = 1 operators that lead to m, and proton decay at loop level

r Q
AL =2 E.g. ><
L d
0,, = LLQdH
AN
They admit a finite number of ‘/
tree-level completions in the UV
Different Oy = LQﬁTﬁTHH
phenomenology
l L C? L
AB-L)=2 E.g. >1<
u _ e
d
Arising at even-d in the SMEFT O = LLeudd

Arising at odd-d in the SMEFT /4. Kobach 2016]
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Loop-level Proton decay and Neutrino masses

Tree-level completions of high-dimensional AL =2 and AB = 1 operators that lead to m, and proton decay at loop level

LY Q
L d
0,, = LLQdH
AN
They admit a finite number of ‘/ .
tree-level completions in the UV
Different Oy = LQﬁTﬁTHH
phenomenology
l L C? L
AB-L)=2 .-~  Eg }< >
i’ 1 Neg
d
O,y = LLéeidd

Arising at even-d in the SMEFT
Arising at odd-d in the SMEFT /4. Kobach 2016]
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Loop-level Proton decay and Neutrino masses

Tree-level completions of high-dimensional AL =2 and AB = 1 operators that lead to m, and proton decay at loop level

L
V1
AL =2 Eg. w 1672 X C34
L
0,, = LLQdH
L
1
AB-L)=0 E.g. o _Jude c
- ae (16722 A2
T Q
Different 0,, = LQii'i' HH
phenomenology

l L. 4 L L
Y, v, 1
AB-L)=2 ...  Eg. - H o Claan ~ 75 73 €8
7 _Ne u e
d

! T
Arising at even-d in the SMEFT Opy = LLeitdd Loop-level estimates
Arising at odd-d in the SMEFT [A Kobach 201 6] (Without specifying the full UV completion)

Arnau Bas 1 Beneito CPAN DAYS XVII 2025 - Valencia 20/11/2025



Loop-level Proton decay and Neutrino masses

Tree-level completions of high-dimensional AL =2 and AB = 1 operators that lead to m, and proton decay at loop level

AL =72

[J. Gargalionis et al. 2020]

Labels

Operator

3a
3b
4a
4b
S5a
5b
5c
5d
6a
6b
6¢
6d

114 AL = 2 operators up to dimension-11 in the SMEFT

LiLijHl * €ik€jl

L'L7LFeH! . €ik€jl

L'LIQ*dH" - €;ex
LiLijJHl * €Kyl
LiLij’ﬁ,‘i’Hl * Eik€jl
LiLijﬁTHl * €35 €kl

LI Q*dH'H™H™ - €il€jn€km
O - Q"JI:Ij €55

O3a . Hij:Ij : 67;]'

Osp, - HHI . €ij

LLIQFu' HYH™H™ - €il€jn€km
O - Qiﬁfﬁj © €ij

Oua - H'H - €ij

04[, . Hiﬁj . fij
LiéfQijHleHn * €il€im€Ekn

Arnau Bas 1 Beneito

Models | Filtered | Loops
8 2 1
9 2 2

14 5 1

5 0 1

4 2 2
790 36 2
492 14 1,2
509 0 2,3
799 16 1,2
289 14 2
177 0 1,2
262 0 1,2
208 0 2,3
240 15 2

A [TeV]

6- 101
4-107
2-10°
9-107
4-.10°
10 - 108
-10°
-10°
-108
-10°
-107
-107
-107
-104
-10°

N ODONNNOD = OO

ABB-L)=0,2

[J. Gargalionis et al. 2024]

#  Operator Matching estimate

Flavour A [GeV] (Process‘}

‘

Dimension 6

1 LQQQ — 1111
2 efQQut —_ 1111
3 etatatd — 1111
4  LQutd — 1111
Dimension 7

5 LdddH' — 1112
6 DLQYdd — 1112
7  Délddd — 1111
8 LQ'Q'dH — 1111
9 e'QtddH — 1112
10 LuddH — 1111
Dimension 8

11 DLQQd'H Crs = (s Vi (wa)” O™ 1113
12 DLutdidiH CHm = a Vi (ya)t CH47 1131

2108 p— w0t
2108 p o w0t
210 p = et
<10 p o alet

W Wk w

2.1010 5 Kte
6-10° p—=Ktv
3107 n—nle
6-1010  n— 70y
3-101° no Kte
6-1010 n 7%
4-102% p—Ktv
3-102 po Kty
Many possibilities!

50 AB = 1 operators up to dimension-9 in the SMEFT
(Both A(B — L) = 0, 2 operators)
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Proton decay and Neutrino masses

Can we say anything about the
mass of the mediator(s) in these
BSM processes?
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Proton decay and Neutrino masses

Can we say anything about the
mass of the mediator(s) in these

BSM processes?

Neutrino masses

Yes, if we demand that the
atmospheric lower bound on

Am?_ be reproduced.

m,>+/Am2_ >0.05eV = A < #P

[J. Herrero et al. 2019]

Arnau Bas 1 Beneito

T

y<1

Proton decay

No, only lower bounds on the the

combination A/ \/E from current
limits from Super-K...

Using ¢ < 1 does not help...

T,>17, " = : < #P

[A. Bas i Beneito et al. 2023]
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Proton decay and Neutrino masses

If we saw proton decay, how could we establish
what the underlying mechanism 1s?

Neutrino masses Proton decay

Yes, if we demand that the No, only lov ~bor s on the the

atmospheric lower bound on

Am?_ be reproduced.

combination A ¢ from current
limits ¥ .n> -°r-K...

Using ¢ < 1 does not help...

m,>+/Am2_ >0.05eV = A < #P
T

[J. Herrero et al. 2019] y < ]

[A. Bas i Beneito et al. 2023]
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Proton decay and Neutrino masses

If we saw proton decay, how could we establish
what the underlying mechanism 1s?

Neutrino masses Proton decay

(Assuming this particle to be the\

)

0,, = LLQdH
Higher-dimensional operator . .
(contains UV information) hghteSt BSM partICIea can we
H say something about i1ts mass?
7] L
LT .
) S
Q7 + N 0
H

0,,=LOi'i" HH
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Theoretical framework

Tree-level completions of higher-dimensional AL = 2 and A(B — L) = 0, 2 operators

l

We choose to study the set of 48 exotic multiplets that couple linearly to the SM at the renormalisable
level, what we call Linear SM Extensions (LSMES)
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Theoretical framework

Tree-level completions of higher-dimensional AL = 2 and A(B — L) = 0, 2 operators

l

We choose to study the set of 48 exotic multiplets that couple linearly to the SM at the renormalisable
level, what we call Linear SM Extensions (LSMES)

19 SCALARS 13 FERMIONS 16 VECTORS
........................ S
X (Wsm Wsm) : Xys\) H : XH(wd, 0, Wsp)
X-f(H,H" * : : X'D,H (H)

* These multiplets generate dimension-5 and dimension-6 operators in the SMEFT at tree level.

e We aim to constrain each LSME by analysing their contributions to AL =2 and AB = 1 phenomena using
EFT.

* The analysis applies to the simplest and most minimal UV models in which the LSME appears, characterised by
the lowest-dimensional operator we can write. To achieve this, we write down effective operators that include
such exotic multiplets.

* Their electrically neutral component may acquire a VEV
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Theoretical framework

Tre[

leve

e Thes
. Weal
EFT.
e The ¢
the ¢
such

* Their el Quantum numbers under
e Ggy = (SUB)e. SUQR),. U(1)y)

Arnau Bas 1 Beneito

Seesaw mediators

Granada dictionary

Dimension-6 proton decay

Scalars
=1~ (1,3,1)s
S~ (1,1,0)s

Vectors

Fermions

Us~ (3,1,2/3) [ N~ (1,1,0F |

X~ (3.32/3)y |

S~ (13,0

o~ (1,2,1/2)s (Ql~(3,2,1/6)vj) )~ (1,3, 1)

=~ (1,3,0)s

[:1 ~ (1,2, 1/2)V

Q7 ~ (3’ 2? 7'/G)F

e1 ~ (17 43 1/2)5

yl ~ (63 2: 1/G)V

Tl ~ (3, 37 _1/3)F

63 ~ (1’41 3/2)5

yS ~ (6~ 27 _5/6)V

Ql ~ (3? 27 1/6)F

rwl ~ (3,1,—1/3)3“ G~ (8,1,1)y

Q5 ~ (37 27 _5/6)F

L~63-13)s ] H~(63.0y

TZ ~ (3~ 31 2/3)F

I, ~ (3,2,1/6)s B~ (1,1,0)y Ap~(1,2,-1/2)p
S~ (1,1,1)s W~ (1,3,0)y Az~ (1,2,-3/2)p
94’\‘ (6,1,4/3)5 gN(&l,O)V EN(l,].,—l)F

T ~ (6,3,1/3)s [Qs ~ (3,2, -5/6)vjp

D~ (3,1,—1/3)p

D~ (8,2,1/2)s

Us ~ (3,1,5/3)y

U~ (3,1,2/3)p

QQ ~/ (6, 1, _2/3)b

Bl ~ (13 17 I)V

[M ~ (3.1, —4/3)sj Wi ~ (1.3.1)y

H? ~ (3a 2, 7/6)5

£3 ~ (1* 2-, _3/2)V

82 ~ (1, 1) 2)5

Wa n~v (3, 1, 2/3)5

0 ~(6,1,1/3)s

CPAN DAYS XVII 2025 - Valencia 20/11/2025
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Theoretical framework

Deep UV < * We imagine that a UV-complete AL =2 or AB =1 mechanism
involving at least one LSME operates above the scale A .

XSMEFT <

* One of the LSMEs participating in this mechanism with mass M
lives in the range v < M < A. We extend SMEFT with this
exotic multiplet and call each such EFT the XSMEFT.

SMEFT

< e We estimate the dominant contributions from the unknown

UV mechanism living above the scale A to the appropriate
SMEFT operators.
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Theoretical framework

Energy
A
Deep UV
A -1 l
XSMEFT
M L
M~ A
SMEFT
’U - el e e e e e e o e e

In this setup we can derive upper bounds on M if

o We impose the lower bound m, > 1/ Am2 = 0.05eV

o We assume a positive signal in Hyper-K: 7, ~ 103 years

ﬂ We select third-family Yukawa couplings to estimate tha
largest contribution to AL = 2 and AB = 1 processes.

e We set dimensionless WCs y,c < 1

t We saturate the EFT condition M — A * J

T

Very conservative
assumptions!

* All expressions will depend on the two energy scales of our set-up: M and A. However, to remain as conservative as

possible, we saturate the limit M ~ A

Arnau Bas 1 Beneito

CPAN DAYS XVII 2025 - Valencia 20/11/2025



Derivation of the limits

4 . )
Genuineness procedure

e Verification that the lowest-dimensional XSMEFT operators
dominantly contribute to neutrino masses or nucleon decay.

e The UV completions of the XSMEFT operators do not include a
subset of particles that gives rise to the same phenomenon more
dominantly.

Eg. ©,~(1,4,1/2)g —» dimension-5 O, L'L/H* X
Iy -

¢ D)

Dimension-7 with a more suppressed contribution to Neutrino masses
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Derivation of the limits

Genuineness procedure

e Verification that the lowest-dimensional XSMEFT operators
dominantly contribute to neutrino masses or nucleon decay.

e The UV completions of the XSMEFT operators do not include a
subset of particles that gives rise to the same phenomenon more
dominantly.

Eg. ©,~(1,4,1/2)g —» dimension-5 O, L'L/H* X
Iy -

| =,z

Dimension-7 with a more suppressed contribution to Neutrino masses

. _J

4 . . )
Antisymmetry in flavour space

e Specific LSMEs have fixed flavour symmetries in the
renormalisable operator, that impact the strongest constraints on the
operator in two different ways:

1) For neutrino masses: we cannot choose third family-Yukawa to

get the would-be most dominant estimate

2) For proton decay: we may not generate proton decay at tree-level

Eg. w,~ (@3,1,—4/3)¢ —» Dimension-6 y[p‘I]a)4(ﬁ[Tpﬁ2])

No 2-body proton decay at tree-level

\ J

Arnau Bas 1 Beneito CPAN DAYS XVII 2025 - Valencia 20/11/2025



Derivation of the limits

4 :
Genuineness procedure

e Verification that the lowest-dimensional XSMEFT operators
dominantly contribute to neutrino masses or nucleon decay.

e The UV completions of the XSMEFT operators do not include a
subset of particles that gives rise to the same phenomenon more
dominantly.

Eg. ©,~(14,1/2)¢ —» dimension-5 ®1ijkLiLij X
Iy -

¢ D)

Dimension-7 with a more suppressed contribution to Neutrino masses

J

-
~

4 ) (" . .
Scalars with neutral components Antisymmetry in flavour space

e Specific LSMEs have fixed flavour symmetries in the
renormalisable operator, that impact the strongest constraints on the

e We also consider the possibility that the electrically neutral
component of certain scalar multiplets acquires a VEV, induced by : :
operator in two different ways:
1) For neutrino masses: we cannot choose third family-Yukawa to

EWSB. Specifically those triplets and quadruplets under SU(2); :
2 get the would-be most dominant estimate

Eg uEH'H — (% ~ ,uv—
M? 2) For proton decay: we may not generate proton decay at tree-level
Eg. w,~ (@3,1,—4/3)¢ —» Dimension-6 y[p?au(ﬁgpﬁz])

V3

T T =0\ vy
E.g. yO H'HH' —» (E') yM2

From EWPTs
(X% <1 GeV No 2-body proton decay at tree-level
), \_ ),
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Upper bounds for scalars

1013+ Upper bounds from: Sealars
@ " neutrino masses
1011- W nucleon decay 53 induced VEVs
—~ ].09 |
=
e
= 10° -

10°-

103_

10"+

Proton decay at
least at 2-loops

Neutrino masses
at 2 or 3-loops

2 3

=0 0 v
<~‘(1)> ~ ﬂﬁ <®1(3)> ~ yﬁ
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Upper bounds for fermions

1013 ] Upper bounds from: Fermions

" neutrino masses

- nucleon decay

1011_
. 109

107_

M (TeV

105-

103_

101 i

N ¥ % Q E D T Q A Q T Az (U

Both Neutrino masses and Proton Exception: Neutrino
decay at tree-level or at most 1-loop. masses at 2-loops
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Upper bounds for vectors

1013 ] Upper bounds from: Ve ctors

" neutrino masses

- nucleon decay

Uy

Proton decay at Neutrino masses
most at 1-loop. at 2 or 3-loops
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Neutrino masses and Proton decay

Tree-level
Loop-order in
AB-L)=0
proton decay

vV —~
>
e

L

|I

Loop-order in
AB—L)=2
proton decay

Loop-order in m,,

2 or 3 loops < Tree-level
7
10141 ¢ Scalar with induced VEV v /’
| g Sfcalar . o, o . //§\; >
o Fecto.r 5 ¢ PY 1 //t//
1012 | ermion o As T o 3, Q\’//
\ 4 vy v e
Loop R 0 //'
) suppression 4 R
10 - -~
i o R
10 L /,. Ly
//
. .W4 e
s A
8 w9 Q5 e TlQ1 i{2 11, N
108 - I ML pYy W >
B, % B O G\ Ysy, L E
1 @ B n @ T WiLs
G WaeH,” | 1 »
7/ — —
6 S U)y = -
10”1 . /0, o ¥ <
. O3 // O3
8 R m
C) e ©
104 T ® : /// o '
///
. ///
102 o — (T, TAB-1)=2) (Lin,» TaB-1)=0) ™= (Lin,.La®B-1)-0)
/’ m=  (Tw,,Las-1)=0) ™= (Lm,,Tas-1)=2) == (Lm,,La@-1)=2)
102 10 10° 108 1010 10*2 104
MALZQ (TGV)

Exception: Very-
much suppressed
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Conclusions

e Conservative upper bounds on the mass of the lightest mediator of Majorana
neutrino masses and proton decay, both B — L conserving and violating.

e Framework to organise the space of UV models generating AL = 2 and
AB = 1 phenomena.

* Tool for model builders interested in explaining (radiative) Majorana neutrino
masses and proton decay.

e First steps to build UV-complete models with low A, z_, and Ay;_»
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Conclusions

e Conservative upper bounds on the mass of the lightest mediator of Majorana
neutrino masses and proton decay, both B — L conserving and violating.

e Framework to organise the space of UV models generating AL = 2 and
AB = 1 phenomena.

* Tool for model builders interested in explaining (radiative) Majorana neutrino
masses and proton decay.

e First steps to build UV-complete models with low A, z_, and Ay;_»

Gracies!
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Backup slides
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Searches for Proton Decay

p—etn

p— et KY
p—),u+KO
n — vK°
p— KT

Soudan Frejus Kamiokande IMB Super-K Hyper-K

3
¢

———

‘ SR

33
10

Arnau Bas 1 Beneito

/B (years)

Image extracted from Hyper-K design report (edited)
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Searches for Proton Decay

1 oy
N iIn—H S?!‘Xg..’/'?_:

Hypera
Kamirkande

DEEP UNDERGROUND
NEUTRINO EXPERIMENT
o —

poTKY| 8 g

1 O33
/B (years

Other future v experiments such as

THEIA
Sensitivity of p — 7% increased by 10 in HK J UNO

Sensitivity of p — K*v increased by 10 in HK/DUNE ESSnuSB
Sensitivity of 7 = K¥e™ increased by 10° in HK
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Model class References Lifetime [years|] Ruled out?
Minimal SU(5) Georgi & Glashow [21] 10°° — 10°*

Minimal SUSY SU(5) Dimopoulos & Georgi [22]; Sakai & Yanagida [23] 10%® — 103

SUGRA SU(5) Nath, Chamseddine & Arnowitt [24] 10%% — 1034

SUSY (MSSM/ESSM) SO(10)/G(224) Babu, Pati & Wilczek [25] 2.10%

SUSY (MSSM/ESSM, d = 5) SO(10) Lucas & Raby [26]; Pati [27] 1032 — 10%°  partially
SUSY SO(10) + U(1)g Shafi & Tavartkiladze [28] 10°* —10°°  partially
SUSY (d = 5) SU(5) — option I Hebecker & March-Russell [29] 1034 — 10%° partially
SUSY (MSSM, d = 6) SU(5) or SO(10) Pati [27] ~ 1034-9%1 partially
Minimal non-SUSY SU(5) Dorsner & Fileviez-Pérez [30] 10%! — 10%® partially
Minimal non-SUSY SO(10) — no
SUSY (CMSSM) flipped SU(5) Ellis, Nanopoulos & Walker [31] 10%° — 103 no
GUT-like models from string theory Klebanov & Witten [32] ~ 10°%¢ no
Split SUSY SU(5) Arkani-Hamed et al. [33] 10%% — 1037 no
SUSY (d = 5) SU(5) — option II Alciati et al. [34] 1036 — 10%° no

[Image extracted from T. Ohlsson 2023]

Arnau Bas 1 Beneito CPAN DAYS XVII 2025 - Valencia 20/11/2025



Running and matching estimates

Ad = dysyerr — dsyert

We distinguish two ways in which the Weinberg operator or the d < 7 baryon-number-
violating operators may arise at the low scale:

Ad < 1 1. Renormalisation group mixing of low-dimensional lepton- and baryon-number-violating
operators in the XSMEFT featuring the exotic field X into the appropriate SMEFT
operators between the scales A and M

Ad > 1 2. Loop-level matching at the scale A onto the relevant SMEFT operators.

First, we highlight that the running contributions to the dimension-5 Weinberg operator
defined in Eq. (2.1) C5 are fixed by dimensional analysis to be'?

M

. 1 d—5
Running (Cs,EFT ~ (T) J (A.1)

The matching contributions that might compete with this can also have a similar form,
which we write schematically as

d
Matching ( Cs,Match ~ % (%) J (A-2)

where § = 1 if we can conclude that the neutrino mass must contain a massive parameter in
the numerator, and otherwise § = 0. We distinguish two possible cases where the matching
contribution to the Weinberg operator might take this form in our framework:
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Running dominates: Ad < 1

Model 1 (Ad = 1)

!

SM+w, + Qs withmy =M <m, =A

Model 1 (Ad = 0)

!

SM+0)1+H1W1thma)l=M<mH1=A

d*q 1 1 1 : _ dq 1 1 1
050‘be/( Z_A2q% _ M? | Csoxinh [ (o i s
Y M M ! w A M
X 672 M2 — A2 18 (K)’ : “tenz A2 %%\2 )
: 1 M 2 /x2
M M . H Cs o{—z—log (—)J+ O(M*/A7),
Cs O(EG—QF log (K)]-f- 0(M3/A3) , : ¢ 1672 A A
< : e
/,,— \\\\ : wl/'/’ \(\ 1
L_>_Il_< T E <—>—\‘—<—L: L_> " < T >_ \' < L
Q A d 4 @ : Q A d
H H : H

Figure 6. (Left) The neutrino mass diagram for the model presented in Ref. [42] for the choice of
Q on the first internal fermion line. This is the example model presented in the Ad = 1 scenario of
Sec. B.1. The choice of @ is relevant for the Ad > 1 example model, presented in Sec. B.3. (Right)
The neutrino-mass diagram for the leptoquark model of neutrino masses, as presented in Sec. B.2.
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Matching dominates: Ad > 1
|

SM+w, + Q)+ 11, withmy =M <m, =my =A

X A ! — M lo E
1672 | M2 — A2~ (M2 — A2)2 B A2
1 2 /A2
O{wwm}’ OM"/A%),
w1
/”4‘\‘\
A G
1A d 4 @5
H H
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[llustrative example: S, for m,,

Partially-resolved UV theory: S, ~ (1, 1,2); Information of the full UV model
L=Lgs + 5,”“— — s ZT=yS, () + A—S*(LCL)(LCL) +h.c.

!

d-6 SMEFT operators at tree-level

H
/—\ Two-loop generated m,

e L A L € Y L Y 1 2
) V

---------- — — m, ~ ycy, —

e A SZ < € 1 Sz A L g (1671-2)2 e A

y,CS1 M—)A

: | > |

1 V 1 V 1 V
Amz%tm<my’v yc yeZ 2_ 2

(1672)2 (167:2)2 (167:2)2

2
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[llustrative example: S, for m,,

Sl ~ (15 17 1)

A)

Fully-resolved UV theory: Zee-Babu model SM + §; and §,
[A. Zee 1980, K. Babu 1980] S, ~ (1, 1,2)
L=Fg +yS,@e)+fS,(LL)+uS?S,+h.c. H Mg, < Mg,
L L
| f
4 L A L e Y Slxx L e Y Sl L
.......... - > ----------o:' - > Yy freccc----€ U
) A SQ < e A S2 \x e A S2
. L S, I S, I3
€ ‘ f
L L
ZL,=——=U; [my]lj vy, :
m, < mg :
Two-loop integral —» I I I H
wo-loop integra ~
< b (1672)2 M2
[m, )i ~ o Imely Yap Ly 7y Jip M = max{mg . mg ] = mg
U
Sl ---------- """"""""" Sl
2
s P S L R R
’ : Yo (16722 ¢ Mz (1677) A
VL ¢ e VE 1
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Loop-level Proton decay and Neutrino masses

Loop-level completions of operators giving rise to m,, and proton decay at tree level

AL

Il
S

AB-L)=0

T

Different
phenomenology

l

AB—-L)=2

[F. Bonnet at al. 2012, Y. Farzan et al. 2013
M. Hirsch et al. 2012 & 2017 & 2019 ...]

I ;

[M. Hirsch et al. 2019]
(Only S+F, not V)

2
17/

1.

( Main drawbacks:

oo loop-level completions
(less economical UV mode

(Typically) 4 exotic particles

(Typically) do not generate
dimension-6 SMEFT

operators when integrated out

at tree-level

~

Is)

_J
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Induced VEVs

LSME Gsm LAL—2 (M) pq Upper Bound (TeV) (X0) (TeV)
= (1,3,1)s uETHH + cppgy S1(LypLy) ctoar (13 5. 1012 5.10715
= (13,05 KEHH + B LI H Hremeacin  cpqy 3 (1 332) 5. 10% 6107
0 (1,4,3/2)s yOLHHH + ¢ 03(LyLy) H' coay % (v 372) 5. 103 5.1010

T T {igk} (71 rm nyt ryo v3 v3 2 -7
01 (1,4,3/2)s yOIHHH + @™ (LLLMH " H] Hoimesnero o 35 (v 172) 10 5-10

Table 5. Same as Tab. 2 for the generation of Majorana neutrino masses by the four scalar LSMEs that have a neutral component and may
develop a VEV, as explained in Sec. 2.4. In the sixth column we quote the upper bound on A in the limit 4 ~ M ~ A, and in the last column, we
display the value of the VEV induced by the SM Higgs doublet.

LSME Gsm LAB-1 Loy Loars [79, 92] Upper Bound (TeV) (X©°) (TeV)
21 (L31)s pEIHH + cppa 2@ L)) L5 ars = crapa &5 (1 172) 5-10° 6- 1078
E (L30s  HEHH + cppg By (Lhd)(QQDHI (L33 pgrs = crofpq 25 (1 15%) 10° 31077
05 (1,4,3/2)s yOsHTHTH + ¢\, ©5(QuQ0) (Lhal)  [LEER]prs = cipgirs 15 (y ;’4—32) 5. 10 2.10-8
61 (1,4,1/2)s yO1HTHHT + Cpqlrs] (-)J{(L;’,d—,g)(QrQs) [Lic’izR]pqrs = Crslpq] % (y 1\%) 5- 10 2-107°

Table 6. Same as Tab. 2 for the generation of nucleon decays by the four scalar LSMEs that have a neutral component and may develop a VEV,
as explained in Sec. 2.4. All the AB = 1 LEFT WCs lead to the p — K*v decay channel, from which the limit quoted in the sixth column is

obtained.

Arnau Bas 1 Beneito CPAN DAYS XVII 2025 - Valencia 20/11/2025



Tables for scalars in AL = 2

LSME Gsm LAL—2 Ad Op. (M) pg Upper Bound (TeV)
=) (1,3,1)s Yipgy E1(LpLg) + pEIHH -2 O Yipa) 1 57 1012
2 (1,3,0)s PEH'H + ¢y BN LELL H™ H  epmenejn 1 0 C{pa} (L + ,—\2) vl 5-10°
0;  (1,4,3/2)s yOLHHH + ¢, 03(L,L,)H' 0o 0 Y Clpa} (L + %) = 5-10°
M;  (3,2,7/6)s Ypr Iy (1, Ly) + cqollh Lial(DH) H'eyy 2 Opiza YorCar s € 5.10°
w1 (3,1,-1/3)s yprwI(LpQr) + eqswi (Lqds)H 0 O3z YprCaqr [yd],% L 108
¢ (33,-1/3)s YorC M (LpQr) + cqsC(Lyds)H 0 Oy YorCar [alr % L 108
M (3,2,1/6)s Ypr Iy (Lpdr) + cqsl1},(L3Q5) H'ej 0 O YprCqr[yalr s L 10°
® (1,2,1/2)s yrp@! (€rLp) + clgs) ' HI (LGLY€ijens 0 O YsqClsp)[Yels % L 5-107
O (L4,1/2)s yOlHH'H + " (L LM H H Hotimejnere 2 O yop lé + (;;—2)2] e 5107
S (1,1,1)g YirS1(LpLy) + cqsS](Lyes)H 0 0 Yipr| Car[Yelr & L 5.107
Q4 (6,1,4/3)s Yy (@) + cpgrn(LpLe) FHQIQL);; 2 O Yprs)CogrsYulrlyuls s € 5-107
T (6,3,1/3)s Yirsy TQIQL) + gy ey Y (LpLy) (@ al) 2 O YsrCipgyirs} Wulr[vuls % € 5107
® (8,2,1/2)s Yrs®1(QLal) + cpgru® (LILE) Q) 1l)es; 2 Oua  YsrCpgrslyulr vl € 5-107
Q2 (6,1,-2/3)s Yirs)Q2(drds) + cpqtuQ;(L:,Qf)(LgQL)eikeﬂ 2 Ow :l,l{m}cpqrs[yd]r[yd]s’j\—2 €? 104
wi o (3,1,4/3)s Yrswa(8rds) + cpgrswi(LLLY) (LEQL ey 2 O UrsCipgrysluelrlvalss € 104
S2 (1,1,2)s Yirs}Sa(Erés) + Clpg)ieuS2(LELY) (LELL ) eijens 2 0o YrepCpgrslyelrlyel s € 5-10°
2 (6,1,1/3)s yrsQ] (@ld}) + cpqtuQ (Lpdt)(Lqdu) 2 On  yruCpqlydrlyalrg® € 10°
wr  (3,1,2/3)s Yirs) w3 (drds) + Cparutwa(LEQT)(LEQY )eijer 2 O Yo Cogrs[Yalrlyals % € 5102

Arnau Bas 1 Beneito

CPAN DAYS XVII 2025 - Valencia 20/11/2025




Tables for scalars in AB = 1

LSME Gsm LAp—1 Ad Op. Matching Process Upper Bound (TeV)
wi o (3,1,-1/3)s Ypaw] (@)E) + Cpray w1(QrQs) -2 o Chiie = rsCpq 317 p - et 10%3
¢ (3,3,-1/3)s Ypa C1(QpLyg) + cfrs) C(QrQs) -2 o' Chl = YrsClpq| 32 p— Ktv 5-10"2
Q  (6,1,4/3)s  ypg U@ + @ RNQQHN 2 OFBY Taue = YruCoupqlyulwpz € p— nlet 5101
o (L21/2)s  Ye'Qpdy + e (LIQE)(ddl) Hleyeye 2 O CPT = YusCaglow) Yl Vip iz € p— Ktv 5-10°
wi  (3,1,-4/3)s Ypgw} (Epdl) + cips] wa(@tal) -2 O ORI = yeucpqlualudu Vi L p o et 5-10°
IT (3,2,1/6)s Ypg T (LIdY) + ¢ J1(Q, Q) H -2 Ot s = YpaCrs 517R p— Kty 108
M;  (3,2,7/6)s YpalI(L}ig) + cirg Iz H' (dldl) -2 ofj® Chivoiy = YorClos) TR p— Ktv 10°
W (3,1,2/3)s Yipg w2(dbd}) + crwi(Llul)HY -2 ol O . = Yigs|pr T7R p— Ktv 108
T 63165 vy THQQ) + o X(@u)(Lid) 0 OFM P = ypusCrupaltuluzs L p— Kt 107
® (8,2,1/2)s Ype®(Qpilg) + craen® (QrQ.)(LIdL) 0 O O = YswCwrpq[yulw s L p— Kty 107
Q (6,1,-2/3)s Yo V(Y + canf(Qu)(Lim) 0 O Chimt i = YasCuwpr [Yulw 35 L p— K'v 107
E (1,3,0)s  WEH'H + ey Zij (L dy) (QEQDH[H 1 O O = Cpalralyulslyuls § 35 L2 n— K'eo 10°
= (L3,1)s REHH + =1 (Q, L) (d}dL) 1 O0®  Col = sl WalulvaluVip Vit k32 L2 p > Ko 5-10°
O3 (1,4,3/2)s yOsH'HH' + ¢ppg., O4(Q,Qq)(L1al) 0 ox*¥ Chn= Y CprapulbululyalwVugzs L2 p— Ktv 5-10°
O (L,4,1/2)s YO HHH' + ¢ O1(L})(Q:Q,) 0 ORS  CFl = ycpupuWaolvdlu Vi Vegis L2 p— Ko 10
D (6,1,1/3)s  ypg Q(QeQy) + crew (L) Q@) 0 O Ch = YiwrlCpasw[Yulw 35 L p— Kty 107
S (1,1,1)g Yipg] SI(L;‘,L:;) + c,._,tuslé},ﬁgdj.cﬁ 0 o C}%‘L’;ﬁ = y[m‘,]cw,qs[yc]wxlg L p— Ktv 5-106
S (1,1,2)s Yipa) Sy(Ep€q) + Crefru) S2(Erdb)(d) L) 0 o8 CPT b = Yipw)Cugrs o5 L n— Kte" 106
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Alignment limat

e Degree of fine-tuning required for the dimensionless WCs associated with either AL =2 and
AB = 1 operators to account for all observed phenomena within the same UV framework.

108 ] : | w= (T, TaB-1)=2) ™= (Lm,,Ta®B-1)=2)
i m=  (Tp,,Las-1)=0) ™= (Lm,,LaB-L)=0)
5] i == (L, Ta®-1)=0) (L, » La@-1)=2)
= 10”1 E
S T Yvvvveo
im | e RS e
L] %=
] - mBVY
< 10—3_ 4 mEEe
i v I 4
mEnm
- . .
107°- v
1 O  Scalar O  Vector V  Fermion &8 Scalar with induced VEV ®
51052 8 NOWILsTl EAQT DUy XS, T  QsTl LiUs WH Y5 G1 V1 ¢ Qr51 800 Ty B G Ay ¢ wywr Brws U Qs
App=2> Aoy == Cap=p K Cpp=y App=1 > Ap1=p == Cap=1 K Car=

Or through another (more-suppressed) mechanism
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m I
v P
pol 1 A\°
(T, » Lag—1)=0) AT L log —
> “A(B-L) MM A A2 & M
(T, . Tas_iyen) 1 !
m,> L A(B—L)=2 A
M AZM
1 A M1 A 1
L Thip_ i\ _ _ — — —
( m, L AB 1)=0) n log Y, A A log v, M?2
1 A M1 A 1
(Lmy, TA(B_L)zz) — log — ——log— AZM

Lige X M1 A LA M1 A
— log — A A 7 — _—  ——log—
(L, » La-1)=0) A s M A A M A2 0g M AN g Y,
1. A M1 A
Ry ARy T
(Ly,,» La@-1)=2) A M AN M —log—
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a=M/IA<1 m, I,
u 1 2
(T, » La—-1)=0) IYaY; ‘/ o |log l 13 L
o M M?
1 1 0(2
(Tm ° T )= ) - — J
A= M v (M/a2M M3
(L > Tap-1=0) og (L)L a2ieg (L) 2 Loy
m,» L A(B-L)=0 a log <;> - alog <;> i ‘/ e
2
1\ 1 1\ 1 1 a
L ,Thrn 1\ L D) LR _
( m,> * A(B L)_2) a log <a> Y a” log <a> [y J MIaPM M3 J

(Lmy’ Lap—1)=0)

1\ 1 1\ 1 N o1 1\ 1
log| —)— a’log|—)— 2log| — | — a’log|— | —
a g(a)M a g<a>M J a 0g<0[>M2 a” log o iy J

a ) M3

1 1 1 1 1 1
(Lmy’ LA(B—L)=2) a log <—> ﬁ a? log <;> M J a3 log (_) T J
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Phenomenological matrices for A(B — L) = 2 proton decay

m5

Fé)(B_L)zo = 10~* c]* A e

(@) A4
7
M

AB-DI=2 = % ik o P
I = G Ko %k xe

I(p - 7atv)=2T(n - 2%)

Arnau Bas 1 Beneito

for

for

i=p—->n7

0

n— ’:Tl)l.’ "= 'I/”I/
Ougat 111 . -42.2 -235 9.74 Ouagtiinr | 343 191 -9.86 -0.44
oqque,l - quf\u:.l]ll T
Oriuql,ﬂﬂ - -422 217 121 -5.02 Orluql,llll 1.91 01 -0.55 -0.02
Olgune, 1111 - Oune,1111
Ouyqiai11 -| -235 124 6.76 -2.80 Oyaat,2111 | 088 -0.55 283 0.13
100
quql,l?l 1 quql,]?l 1
Odugr2111 - Odugt 2111 -
0
Quugi121 -| 974 -5.02 -2.80 1.16 Ougtiz1 | 044 -0.02 0.13 0.006
Ou(lrm:.?lll ~109 Oduuexzul T
quuc,'.!lll T qum:.?l 1
; ; ; ; n : I "
- = e = e e = e - - = = = = 4 4 = = A
= 2 £ = Z 8 £ 8§ 3§ ¢ = = £ = = & g & =z ¢4
= = = - N e N = ) “ ~ ! '-. = N - al - ! a1
= 5 I R N O O R R S 4 A
§ & § : £ E§ § £ : & £ ¢ f : § § § § : &
= = = = = = = = - = 3
S o © o © S © o © © 9 © g © © ¢ 9 g ©
praty p— K%'
Ogaat, 1111 . -84.4 -47.0 195 Oyggt1111 7| 152 559 | 226
oql{ur:,l e quue.llll 0.74 -221| 320
Quugrinnr | | 844 435 242 =100 Oduql,l 111
Oduucf-.llll [ 200 Odvuu',l 111"
Ogqqt111 | | 470 242 135 -5.60 Oygat1m
100
Oggatiz11 - Oyaqt1211 7| 559 196 | 793
Oduqf,!l 11 O,iuqlm 11 | 226 7.93 | 3.20
0
Ouuqi,1121 7| 195 -100 -5.60 232 Qg 1121 -
Ouuue111 Ouuuc.2111 -221 663 | -0.58
qum:.,m 11 quuu.'.!l]]. T 3.20 -9.58 [ 139
= 2 =2 = = = =2 = = = oL - L L L
— — — — —_ —_ — ™ — — = =] — pam - - - o~ —_ —
4 =2 =2 Z Z &8 =z 9 =z = = & 2= =z 3 & =2 S« =2 4
= = = = & = 8 = &8 @& = <4 = = @& = ‘& = & o
= g = ) = F OFOF g H] = ] T ¥ E- = g H
IR B - T I ST R -
O 9 © g © © 9 © g 9 © 9 O g © O 9 © g ©

0

100

=100

0

100

-100

I'(n— n7et) =3T(p - et

et,p > K'v... (9 matrices)

e~ ... (6 matrices)

[A. Bas i Beneito et al. 2023]

n—-mT e
oqqql,llll r -133.2 -4B.4
quus,l]il [ -68.6
Ouugr1111 |-1332 249
Oduue,llll [ 574 -30.1
Ouaat2111 -
quql.un -| -484 249 9.06
(’)duql:'ll 1
Oduq[.l 121
Oduue.mll )
quu-c.2l 11 - -68.6 -30.1 158
L L L oL oL
= = = = = = = = — =
= - = = = 3 = 9 = b
= e I = o - o = ~N B
g & s = s & = £ ] )
O g 8§ © 9 9 9 & ©
p— et
Ogat, 111 -44.4 -16.1
Oq([ue‘l - 435 -229
Oriuql,l 111 7| -444 229 8.31
Orium‘,l 1 435 19.1 -10.0
quql.?l -
quql,lﬂl 1 | -181 8.31 3.02
Oduql.?l 11
Ollm[l,l 121 7
Or,tuur:.?l 11
quuc#l 11° -22.9 -10.0 528
T 3 = =z @ © = ®& =7 =&
= = - = - =~ - - = -
= 5 = = N = ) = N “
= v - < = ~— - - & <
g = g H g g g g 3 3
g T £ 3 s s 2 i i g
S o d s oo d S S o

CPAN DAYS XVII 2025 - Valencia 20/11/2025

200

100

200

100

-100




Correlations & tree-level bounds on proton decay
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Matching onto ByPT

D - F D+3F — _D-F; .
£3( EtAytasp — A0 PV n)BKO
0 7. Y V5P NG 6/, Yysn ) 2, Y5 M
D — F 5 D+3F — - pF .
( NoT, S0yt ysp — NGT, AP ysp + i 2‘7"757&) oK
+ el i (P + myHysn ) O
N2 Py ysp + myFysn ) Oun
D+ F
8 Y ysn 6“7!'
fr
D+ F
+ Y ysp — ytysn) 8,m° + hee. .
272t 7 )
¢B¢ — LEBERT ¢'BeT — ReTBETLT

¢BeT — LeBeTLE ¢'BE — RETBERT

EBE~(3,3), ¢'BET~ (3, 3), EBET~ 8,1, E'BE~(1,8)

a - v w(EBE Py) = — (du)(dv) = [0,4413,

1111

(0]e?(@! ) yuc|p®) = aPrul®

(01€2* (uqds)uc|p®) = BPLul)

Arnau Bas 1 Beneito

Name LEFT Flavour/ByPT

[OS'LL]rsm (urds)(deva) (8,1) )
O3 (ud)(dv) BV r(€BE Pr) >~ n — 27, (1/3mn — Sine + pr-
(O e (us)(dy) —Bug, tr(§BE Py) D — g, (—% + 3‘3) PUg K
O3 e (ud)(sv,) ~ BV, tr(€BE Pyg) > By /3, A0 — 7 (nK® + pK-)
(O Trstu (drs) (urew) (8,1)

O a1 (du)(ue;) —Be5 tr(¢€BE Py) D Bes p + ffi% (\/EP?? + \}—Pﬂo + n7r+)
(O Tty (su)(uey) —Be, tr(€BE P) D —fe5, £ + L pKO

(O s (wrus)(djel) —

(O et (drus)(afel) (3,3

O e (du)(a'el)  aef,tr(e! Be Py) D —aeq,p+ e, ( TP+ 5’ + n7r+)
O3y, (su)(@lel) ags tr(¢'BE Pp) D aely B — iees pk?

(O3 N (@) (deeu) -

O ot (dlal) (urew) (3,3)

O3 e (@) (ue,)  —aes tr(EBEPy) D ael, p+ e, (—ﬁpn + %pﬂo + n7r+)
O3 e (51 (uey) —aef, tr(€BEPy) D —ae], BF — ef pK?

(Ot Trstu (@) (dr) 3.3)

O e (da)(dy) oV tr(EBEPs) > —avfn+ 2V, (Lenn + Lnad - pr)
O e (st (dv,) a5 tr(€BEP) D o, (8 — ) + 7 nK°

(O Tnar () (svy) vy, te(EBEPs3) D av, \/g A° = 2vf, (nK° + pK ™)

O oz (31" (sr) av§, tr(EBEPy3) D avf, =0

[O5 s (ddD) (o) (3,3)

O Naznr  (d'5) (ury) —av§ tr(EBEP) D avf, (\—/}% + %) — v, pK~
[o i (dfal)(afel) (1,8)

05 du'u ]1117‘ (dtat)(atel) Be, tr(€' BEPy) D —Be, p + %% (\/Epn + \}-pvro - n7r+)
03B, (stal)(atel) Beq, tr(¢! BEPy) D Beg, B + g, pK°
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BNV Nucleon decay channels

n— n'v
n— '
0
p— nem
. n— '
n— e
0+ p—nty
I'(N = M?) p—=ne I'(N = M?)
0
AB-L)=0 Q?—>7toe+) IA(B—L)| =2 n— K
p — Kle* p—K'v
n— K% Cn—>K+e_)

(p =K )

- All 2-body PS decays except for p — Klet* n S5 K% n-oKet n-oarxte

- No ByPT formalism developed for PD into vector mesons, e.g. p — ple* and p — w'e™
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