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Why baryon number violation is important

Grand Unified Theories (GUTs) Supersymmetry (SUSY)
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 SUSY doubles the number of particles compared to
Standard Model and imposes symmetry among
fermions and bosons. New particles can mediate the

proton decay.

 GUTs, which can unify the fundamental forces of
nature, predict that the proton can decay into lighter

particles.
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Why baryon number violation is important

Grand Unified Theories (GUTs) Example: proton decay
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 GUTs, which can unify the fundamental forces of
nature, predict that the proton can decay into lighter
particles.



Detectors
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Location
Start

Type
Fiducial Mass
Depth

Baseline/
Source

Key Sensitivity

/ Super-K

Kamioka, Japan

1996

Water Cherenkov

~22.5 kton

~1000 m
Atmospheric/solarv + J-
PARC beam (295 km)

Atmospheric & solar v,
proton decay

~

/

/ Hyper-K

~

Kamioka, Japan
2028

Water Cherenkov
~187 kton

~600 m

J-PARC beam (295 km) +
atmospheric

CP violation, oscillations,

Qroton decay

Guangdong, China
2025

Liquid Scintillator
~20 kton

~700m

53 km reactorv

KMass ordering (reactor v)

South Dakota, USA
2030

Liquid Argon TPC

4 x 17 kton (~70 kton)
~1.5km

Fermilab beam (1300
km)

CPviolation, mass
Kordering




Standard Model Effective Field Theory
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[Dim10]

= Baryon and lepton number violation is sensitive for d > 6,
unlike any other experiment.

[Weinberg '79 & '80] °



BNV landscape
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[J. Heeck & Takhistov, PRD “20]




Weinberg’s selection rule (Example)

_ldzgg

[ Impose U(1)35_; on SMEFT ] T




Weinberg’s selection rule (Example)

_ldzgg

[ Impose U(1)35_; on SMEFT J T

|

[(AB, AL) = (1, 3)}




Weinberg’s selection rule (Example)

_ldzgg

{ Impose U(1)35_; on SMEFT J v

|

[(AB, AL) = (1, 3)}

|

9 3
{ dmin = E |AB| + E |AL| + 5sign(ABAL),—15|AL mod 2|,1 ]

[Kobach ‘16; Helset, Kobach, “19] [DS, Heeck, PLB ’25, arXiv:2505.06172]




Weinberg’s selection rule (Example)

_ldzgg

{ Impose U(1)35_; on SMEFT J v

|

[(AB, AL) = (1, 3)}

|

[Kobach ‘16; Helset, Kobach, “19] [DS, Heeck, PLB ’25, arXiv:2505.06172]
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{ dmin = E |AB| + E |AL| + 5sign(ABAL),—15|AL mod 2|,1 ]
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Symmetry protected operators
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Number of protected BNV operators
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UV completions 4 (31,1 N

SU(3) x SU(2) x U(1)
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Fr 1o Vi 1\ Vi s
https://renatofonseca.net/groupmath (3’2’8 ) (3,1,§ ) (3’2’8 )
GROUPMATH
oo
S 1
Y EI .~ https://renatofonseca.net/sym2int [Heeck, DS, Thapa, arXiv:2603.17050 ]
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https://renatofonseca.net/sym2int
https://renatofonseca.net/groupmath

Derivative operators

" H&oH asymmetry

-

\

2Q2=1, 35

T

H®H

~

1
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] [l[dea based on paper by

J. Gargalionis, R. Volkas. 2009.13537]
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Derivative operators

= Chirality protected operators u

H u
\
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dim 8 operators: _ ,
B B B \\\\ F2~(1; 1; _1) //// Sl~(3, 1, _%)
DuudLH, DituQeH , D’L_LdQVH ,
DuQQLH,DQQQvH, ... /
[ R
1
N\ _/ Pyt Pr

L d

— ppA) py — s PrPL ,,f% Pr, + O(—r)

gz_mF F

=0

s ““fn%(i?*) ~ ““dl?\(fH*) , dim 8 Operator
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New particles

i Fully explored in literature

Fie1e1, F1®2®%; Fiesses Fig19 15 Fio0925 F

3 3

Dimension 6 S S S S Vv V
31637 P3016-37 P301037 V30303 g 3920g [2306.12578, 1711.10391 ...]
1
. _ 32017 302072 Vas1e 1 Vis12s Vie3p2s Fie1ees Incomplete results in literature
Dimension 7 6 6 > > > >

6 3

5 Faugods Pz, 2 [2306.12578, 2307.10380....]

F
6

69201 F6®3®,%) F3®1®_¢_31: F3®1®§, Fgs1ce, Fssie1, F8®2®%, Fee3ce, Fio3, 45 F3®4®_%: Fie1e2

y
N\ ..
_ _ S16100,> S163085> S163015> S350 115 S3ups 55 S3oas 5 Szenels Incomplete results in literature
Dimension 8 6 6 6 >
V3®1®7%’ V3®3®7%’ V3®3®7%’ F1®2®%’ Fie3e1, F1®4®%’ F3®2®%’ F3®3®%’ F3®4®% J \[2306 12578 ]
S1e1015 Siele2s Sl@Z@%’ 56®1®-%’ 56®1®-%’ 56®1®%’ 6@3@—%’ 58@92@%’ Sl®2®%’ 51®4®%’ -
Dimension 9 S1®4®%’ S3®1®—§-’ 53®3®%’ Sa®3®§’ Vieee, Visie1, V1®2®%’ sz@%’ Viesee V6®2®_%, V6®2®%: Fraction of results in literature

1, F

2 Feote 42 Foomo-d Feoted? Fooao-3 [7210.6598, 9307254 ...]

V3®1®§ k) V8®1®0) V8®1®1) V8®3®0) V3®2®%) V3®481 ) V3®4®7 3 F6®1®74, F

Dimension 10

Sl®2®% 2 SG@Z@—% 2 SG@Z@—% ’ SG@Z@% ’ S'6®2®% ’ 56®4®—g ’ S'6@3:4@% » 580180, Sgelels S8s3ces

S833els 218560 O3910 72 V3930 12 53®3®,%;

3 3 3
V1®4®1’ V6®1®—§’ V6®1®—1’ V6®1®;’ V6®3®—5’ v i, V6®3®g’ V3®2®§’ V8®2®1" V8®2®§’ V8®4®1’
2 3 3 3 3 3 6 2 2 2
V3®2®—£’ V3®4®—£’ V3®4®—§’ F6®1®5’ F6®2®Z’ 60302 2 F6®4®1’ F3®1®—Z’ F3®2®—£’ Fge102,
6 6 6 3 6 3 6 3 6
F8®2®%: Fge3els F8®4®%; F1e3025 F1®4®%) Fiese0s Fisse1s F3®3®%; F3®4®%, F3®5®,%, F3®5®%

S3g56_ 12 53®5®%) Vie1s2, Viess1s Viess2s

[Heeck, DS, Thapa, arXiv:2603.17050 ] .



ew particles

Dim 11

S 5

5®1®§

Veesals V L Veo1e2s Vose1s Veese2s Veese1s Vips055 Viigo2s Vagsess Faope1ts F
6 3 5

Ssm@%’ Ssmg%’ Smm%’ szz-%’ 5584@%: 55@4@%’ S1e3825 S1e5015 S1e502 Ssmglh Sieae?? S o412 Viesers Vg 70 Y,

7 7 1,
3a42;” 73 6e20, ” 6adey

3050~ sesel? Tses02? Teoze- 6@3&2l ’ F6®4@fg 2 Fsgsg-i ) Fzm@ 13, Fassses Fyy, 161 ’ F3@5@—§ ’ Fl@l@i

Dim12

56@1@2’ S 3ot0- 1. 53@1@8’ Seens2 smms’ Sge5205 Slsmz-— 515@1@ 2 S15@1@§’ slswl&%’ 515@1@2’ 515620 u, 515@2@—2’ Sise

S10515-15 S10c150) S10s1015 S1091025 S10935-15 Sies3ees Siesiols 519@5@@: S1e193s S1s3935 Sy

S

VlE@B@Z )

Va«zsz'—% ’

Flam@; ’

3607 7 SB@G@%’ Visiess Vsm@-%’ Veg:L@ v L v v

, S Sisen 12 s s ,S

15@2@%’ 15032- 15@3@5’ 15@3@%’ 15@4@—% 15@4@%’ 515@5035’

7, S

o-3

6e30-17 56@3@-‘—1’ SS@S@-E’ Sesse- 1 sl@G@%’ 53@2@ . 53@4@-2’ S30a0- s 53060 4, Saxsg-%’

v V v v v v v , vV v ,V v \Y v
620> 5@5@-— 3@Lg-— 3928~ 17’ 81232 15@1@-- 15@1@-— 15@1@-—’ 15@1@%’ 15@1@ 15@2@-— 15@2@ 150202 25 15@2@”’ 15@3@-- 15@3@-—

\ 1,V 7, V.

1 1, V
15@4@6 15@4@6

15s58-1 10@2@—%’ v 1,V

1es2e-1 1,V

les20] 1,V

lesaz] 55 Vigeds V

8, V
1@2@2 1@4@2

32187
3

10@2@%’ me@—%’ v 1@4@5’ Visssa, VG@Z@—%’ Vs‘zm—%’ Vem@—%’ v 3@3@8’ Vgssso, V3@3®—%’

3250 3@1@2’ Flsamfﬁl’ F15®1®7§’ F ’ Flsam%’ F ’ Flsaz&é’ F

v -4 Fio1e3s Fﬁﬁ@,%: F 15023-

15@1@§ g’ FlS@Z@é 15@3@—%’ Flsess2: F15@4®1’ Fios1e-1 Fiestse, Fiesaers Fiesiens Fle@m—%’ Fl@@Z@%’

F F F F F F F F F F Foesezs F Faesers F Fresezs F F F F F F F
105360 11023912 T1g00512 U203 Te0303 7 Teeae? * T6os0l” T3020-177 T3e30-77 Tgozed” 85322 Tgogpds TEEEL) Tiggpd 2 185625 Tiogels Tioged” T30aol3? Taasal s Tasee-?7 Taoeel’ Tacen]

S10010-25

Fraction of results
in literature

[1212.4556 ...]
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Dim 13

S 19, S

3228 3

Vies1e1s

F 13, F

15228
6

10@2@—;’ Sm@zm;’ Sm@mi’ 510@2@3 ’ 510@4@; ’ Sm@m;’ Semg”’ SG®4®Z" Sema”" S 124237 “12655 7 “1s605° “30303 3@583’ 3@5@ 6020-

13,V 7, V 13;V

3268 B 3262

Viestzrs Vies3ses Viesaets Viesseas Viessets Vg 15 Vo35 Y SV sV, 5,V s, Vo o1,V s,V 3,V 5,V 3 Vange3r Viogel3
2

1s6e 6@3@ 6505 6@5@;’ 3@6@-5’ 360 B@Z@i’ 83407 584@3’ 8c62 83633

15@3@—4’ F15@3@5’ FlE@A@—g’ Flsmaé’ F15®5®—1’ Flsasag’ FlB@Z@—i’ Fios30-15 Flam@—%’ F1ee5205 Fezm—z’ Fe@a.@f%’ Fs&so@—%’ Fszsg—g’ Fsaeal’ F3@3@§’ Fa«ze@%’ F3®5®,Z: Fa@e@—%’ Fis3e3

12207 Fissze u

sosal? SG@GZ\Z’ Sge3e2s S8e5els S8e5e21 51059 Sy 035 5 0055 5, 585 55,0555 2V . Vieo1e-15 Viesteos

1,

Sl@Z@%’ Sm«m%’ Smw%’ 5186@%’ Sl@éz's’ Ste7505 Ste7015 Sgope ., 56®2®B’ 55@2®19’ Secas- o Seste- u» 55@4@%’ S0 Sgcga- i Sm’m—g’ st@%’ Sms@é’ 53@2@—%’ 5 —?’ Smsg%’ S3es0-100
53@5@-—’ 53@5@ ) 53@5@2’ Sam——’ Sa@m-—’ 53@7@-—’ Sagm%’ 53«31@5’ Sgs103s Sge3025 Sge3035 Sgase1s Sgasers Sagex ) 515@1@-—’ 515@2@913’ 515@2@19’ 515@3@-—’ 515@3@-—’ S:Lsm@é’ Slsmx”’ 5158\5@——
515@5@-1’ 51536@1’ 515®6®7’ 519@2@-5’ Sle®Z@-§’ 519@2@-1’ S:|.e®z®1’ 5198'28\3’ 519@2@5’ Slem@-— 5198\4@—1" 519@403%’ 519@4033’ Sl@@G@—l’ S:Legs@l’ Vl@Z@%’ Visze3s Vieso2s Vissens Vms@%’ Vmwé’
Vexm Vegzg-g’ VG@B@—%’ ngag ngag ) Vexm-— VG@S@—— VG@S@%’ Vexm%’ Vexs@-%’ Vexsg%’ Vagm—@’ Vagzx”’ Ve L, V3®4®_Q: V3@4@13’ V3@4@19’ Vse6e- i Vags@-ﬂ’ Vageg-— Vagsg%’
Dlm 14 VB@G@ V3®5®13: VB@Z@%’ VB@Z@%’ VS@A@%’ Vam@%’ VB@G@ Va@sxg’ V15@1@ Visore- 12 17’ V15@2@-ﬂ’ Vlsgagg’ V15®3® V15@4@-£’ V15@4@-5’ V15®5@§’ V15®5® V15®6®—— VlS@S@%’ Vieoto-2, Vieste-15

Vies1z0s Viesie1s Vies1o2, Viessz-2» Viesso-1, Viesszes Viesss1s Viesss2, Viesse-1, Viesszes Viesss1s me; » F1z3s3,5 Fissea, Fme@g’ Fiz7z0s Fiz701s Fie7e2s meg; Fooze- 17: Fezm—;’ F5®3®§, Foos 1L
Fsmw%’ F5@5®—;" Fmsgg’ Fsm@—g’ FS@S@%’ Fs%gé’ Faote L, melg’ Fsgsw—l—f’ staw%’ F3®4@—167’ F3@5®—;’ Fsgm%’ stsa—lal’ Fm‘mu’ me—;’ Foore- L stz-%’ F o3’ Faoacss Faessss Fsmwg’
Faosos Faxe@%’ Fams@%’ Fissze a» F15®2@13’ Flsxa&—%’ F15®3®§’ F15®4@-§’ F15@4@%’ F15@5@-%’ F15®5®%’ Flsxﬁ&%’ Flexz@-;’ Fla@m;’ Fies30-15 Faessers FlB®4®—%’ Fm@tm%’ Fiosscs Fiessers Fle&G&%

Dim 15 Svaes

7
158’18’73

Only includes symmetry
protected operators

[Heeck, DS, Thapa, arXiv:2603.17050 ]
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Accidentally protected operators

|

Particular UV completion only generates
d=8, (AB, AL)=(1,1) operator HHQQde

|

2
(3'3'§)

|

Loop-induced d = 6 operator

QQue generated by the same particles

|

—
~~
-
—

e

‘5
—
—
~~
~-
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Generations of internal particles

S;~(3,1, Z)

\\\\ 2~(3’ 1’ _1)

\

P
|
|
|
I o

52 (3 1,-1) .

[ Requires 2 generations of S, J

L Q®0

3®3=§A@\

T

J

»

523"’(612) /:\\ 522'1 -3)
| \
/' 522'1 1)

AAA

{Requires 1 generation of S5, J
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UV completions (SMEFT)

Dimension 6 UV completions:

S$1,52,53, 5,

/Dimension 7 UV completions:\

5356,5554,5255,5355, F553, F7S6r
F353, F7S4' FZS4' F152r F9SSJ FSSsr
FgSs, FySs, F,Ss, FgSs

0’ (78)| UV Completions
Og11) | FaFsSs FiFgSs  FgFi4Ss FeFgSs
0?3,(1 1) F3F14511 F3F6511 F8F14511 F6F8511
03,(1 1) F11F8511 F2F8511 F8F9511 F5F8511
F4F9513 F4F9SS F4FSSS F1F955 FlFSSS F11F14512 F11F14511
03,(1,1) F2F14511 F11F6511 F2F6511 F9F14513 F9F14SS F5F14SS F6F9SS
F5F6SS F9F14512 F9F14511 F5F14511 F6F9511 F5F6511
FyF;Ss  FiF;Ss  F,F14Sis FFySs  FuFgSs FiFgSs  FgFy4Ss
0553,(1 1) F6F855 F11F8511 F2F8511 F11F13511F2F13511F8F9511 F5F8511
F13F9511 F5F13511
Of 11y | FisFoSs FsFi3Ss FgFi4S1; FeFSia
07\ 1 F3F75s  FigFgS1y F3FgSi1 FigFi3S11FgFgS11 F7F13Ss  FyFgSs
, F10F13510F8F1355 F7F13510 F8F13511

- J
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Accidentally protected UV completions (SMEFT)

Dimension 6 UV completions:

S$1,52,53, 5,

/Dimension 7 UV completions:\

5356,5554,5255,5355, F553, F7S6r
F353, F7S4' FZS4' F152r F9SSI F555'
FgSs, F1Ss, F,Se, FgSe

0’ (78)| UV Completions
0523,(1 1) F3F14511 F3F6511 F8F14~Sll F6F8511
03,(1 1) F11F8511 F2F8511 F8F9511 F5F8511

F4F9513 F11F14512 F11F14511
03,(1,1) F2F14511 F11F6511 F2F6511 F9F14513

F9F14512 F9F14511 F5F14511 F6F9511 F5F6511
F7F14575

03,(1 1) F11FgS11 FaFgS11 F11F13511F2F13511FgF9511  FsFgSys

F13F9511 F5F13511
03, (1.1) FgF14S11 FeFgS11
0] 11 Fi10FgS11 F3FgS11 FioF13S11FsFsS14

8,(1,1
F10F13510 F7F13510 F8F13511

- J
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Accidentally protected UV completions

" Dim =10, 1 derivative, vygSMEFT

Topology
pology 7%12 7519 75/20 7;23
Operator

DuuwulLHHH

DuwuQuvHHH

DuudLHHH F11F13510542 F11FsF13542, FrFsF13542

DuuQeHHH F13F9S10S42 FioF41 F13542 F41F1359510

DudQuHHH F3F7F13552 F3F11F13542, FrF13F28542

DuQQLHHH FirFisSisSis, FisFoSiaSps | Lif1sfodie FaFuakodaa, | p pp o ppp g FyF080513, Fi1F15558

u 1F13512512, FisFeSu2S1 | b pipS, FiiFisFoSia, 11F9F15512, FoFoF15512 1F2959513, F11F1558512

Fi3F3FyS512

DQQQvHHH Fi1FsFi3542, FrFsFi35412

DuddLHHH F10F1559 510, F7F1559510

_ F3F11F13542, FioF11F13542,

DudQeHHH FioF14510842, F7F14510502 | F3F7F13542 FrF13F9Sa2, FrF13F45526

DddQuHH i
FuF7F14513, FrF1aF14513,

DdQQLHHH F7F14542512 Fuf1aFaSe, FuleluSe, | FFyFi58s, FluFuFisSis FaFi558513, F12F1458512,
F7F14F14542, FeFrF14542 F11F1659512

- FroF14F 14542, F1oF6F14512,

DQQQeHHH FioF14512512 F9F14F14S42, FsFgF14S42 F14F14F15512

DdddLHHH

DddQeHHH




Accidentally protected UV completions
" Dim =9, 2 derivative, v SMEFT

[ AB=1,AL=—1]

Topolo
pology 7?96 7614 7518 7?319 7;20
Operator
DDddQeHHH FoFrFySas, FioFyFyrSas FooFsF7 525, FioF22F7 S5,
Foo 7 Fy Voo

DDAQQLHHH

DDuddQLHH FrF7F13525, FoF7l7Sas | FoaF7F13S25, FoloaFyrSas
DDdddLHHH

DDQQQeHHH FoFgSeSas | F22F9S9Se | F285225056, F225225056 FoFgF9S26

DDuQQLHHH FoFyS56S526 | F22F9S5956 | F2852259856, F225225956 FaFyF9Sas

DDddQvHHH
DDQQQUHHH

DDudQuHHH
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Conclusion:

= Baryon number violation is uniquely sensitive to heavy new physics, probing mass dimensions >> 6.

=  QOperators of high mass dimension could potentially be dominant due to symmetry protection.

= Discussing all UV completions for operators without derivatives up to d =14 and symmetry-protected
operators for d =15 as well as operators involving derivatives up d =12 and analyzing results show
that higher mass dimension operators can be potentially dominant due to an accidental symmetry.

= QOurmethods can be easily applied to other operators—for example, those violating the lepton
number. The only limiting factor is the presentation of actual results due to the large number of

solutions.

=  Useful for model building and for identifying new signatures to look for in the event of discovery in
Super-Kamiokande, Hyper-Kamiokande, JUNO, or DUNE.
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I'hank you tor
your attention!
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