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Elementary particles

mass - =2.3 MeV/c? =1.275 GeV/c? =173.07 GeV/c?
charge —»> 2/3 u 2/3 C 2/3 t
spin = 1/2 1/2 1/2
up charm top
=4.8 MeV/c? =95 MeV/c? ~4.18 GeV/c?
-1/3 d -1/3 S -1/3 b
1/2 172 12
down strange bottom

Assign U(1), charge 1/3, rest uncharged.
(Proton & neutron then have B =1.)

» global symmetry of SM Lagrangian!
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Why baryon number violation?

* Tests prediction/symmetry of Standard Model:

U(].)B X U(].)L X U(]')LM—LT X U(l)LM+LT—2|—e .
N~ N~ (8 ~ /
BNV LNV LFV

* Testable signatures in many extensions (GUTs, SUSY,...).
* Needed for spontaneous generation of matter asymmetry.

BNV Is special: most sensitive probe of new physics
because It probes decay of stable [sic] matter!

(LNV & LFV have to use unstable particles.)
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Best example: proton decay

* First suggested in grand

unified theories, predict P -
I i 4 5 5
lifetimes 7, ~ my/m> \ 3
[Pati & Salam ‘73; Georgi & Glashow, ‘74] } —%

* Huge improvement
In limits over ~50 yrs.

* Current best: Super-KamiokaNDE.
— 50k tons of water in deep underground tank.
- 13k photomultipliers to search for Cherenkov radiation.
- Running for two decades, observing 10 protons.

7'p(P —etm 0) > 103 yr. [Super-K, 2010.16098]

- Implies myx > 1015 GeV! [Fileviez Pérez, Pocar, JH et al, 2208.00010]
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Best example: proton decay

* Super-Kamiokande: > 4
+.0 34 Ty >--7-
To(p = e ) > 10" yr. /
my > 101 GeV! d

* Makes proton the most stable massive patrticle
we know, lifetime exceeds age of universe by
1024, a million billion billion!

« Indirect probe of mass scalesup to 10" x E !

Sensitivity of BNV also allows to probe other

models, Initial states, final states, AB > 1, ...

W
[Fileviez Pérez, Pocar, JH et al, 2208.00010] Tank is not pure

hydrogen!

MPIK 24 Julian Heeck 9



Underground detectors

Super-K JUNO Hyper-K DUNE
Location Japan China Japan USA
Geometry Cylinder Sphere Cylinder Cuboid (4 modules)
42m height x 39m diameter | 35.4m diameter | 60m height x 74m diameter | 58.2m x 14.0m x 12.0m
Detector Material Water LABs Water Liquid Argon
Working Principle Cherenkov Scintillation Cherenkov Scintillation
Fiducial Mass 22.5kt 20kt 187kt 40kt
# protons 8 x 10% 7 x 10?3 6 x 103 1 x 103*
# neutrons 6 x 10%3 5 x 10%? 5 x 1034 1 x 10%*
Approx. Start Year 1996 2024 2027 2028

[adapted from Dreiner ++, 2403.18502]

 Hyper-K has generically the best sensitivity, will probe up to

To(p — et m0) ~ 10%° yr.

[Hyper-K, 2203.02029]

e JUNO & DUNE could be useful for modes

without Cherenkov radiation.

MPIK '24
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[JH, Shoemaker, D. Sokhashvili, in progress]
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Standard Model Effective Field Theory

 EFT with Majorana neutrinos:  [Weinberg, ‘79 & ‘80]
LLHH
L:LSMI A IZJ/\2+ZJ/\3 +ZJ /\4+
f f N

AL =2 AB=AL=1 AB=-AlL=1

diin > %|AB| + %|AL| . [Kobach ‘16; Helset, Kobach, ‘19]

BNV sensitive to d >> 6, unlike any other experiment.

 AB dominated by d = 6, unless forbidden by symmetry!
[Weinberg, ‘80]

 Some symmetry/hierarchy has to exist, otherwise
A~ (H)?/M, ~ 10*GeV > Fast proton decay!

MPIK 24 Julian Heeck
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BNV landscape

Y& SV
\ AB 5
<. &
N %
d > 19 d> 16 G115 d>18
3n — 3v | nn — nyv Instanton
.d215 d> 12 d>9 d>12 .d215
nn X4v  nn — vy nn > T pp — elfet nn|— 4v
‘d > 10 d>"7 d>6 d>9
n — 3v n— e p— etnd
d>10 d>5 d>>5 d>10
Ov4p 0v2p 0v2p Ov4p AT

[JH, Takhistov, PRD ‘20]
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Example for Weinberg’s selection rules:

Impose U(1)3g—L on SMEFT,
then the lowest BNV operators have AB = AL/3 =1 and
arise atd = 9.
T(p — eTo) ~ 2 x 1032yr (300%)10
H/_/
Super-K limit ‘14

BNV sensitive to d >> 6 and multi-body final states!

|/d>6 d>9

[JH, Takhistov, PRD ‘20]

MPIK 24 Julian Heeck 13



Probing the landscape point by point?

Y& SV
\ AB 5
< 9
N v
d>19 ‘d>16 'd215 d> 18
3n — 3v | nn — nyv Instanton
.d215 d> 12 d>9 d>12 .d215
nn — 4v nn — vy nn > T pp — elfet nn|— 40
JEEST ix7 | - _d>6 d>9
n — 3v n—e = etn®
d>10 d>5  d>5 d>10
Ov4p O0v2p 0v2p Ov4p AT

[JH, Takhistov, PRD ‘20]
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AB=AL=1

_ R | —C Varg
* 546 d=6 operators: Yup.a€™” " (dy o ub,5)(Qi e €ijLj.a)
[Weinberg, ‘79 & ‘80; 2 =k o,
Wilczek & Zee ‘79] 2 y.c.-l:»cd"fﬂfﬁﬂ}r (Qz‘,a,afij Qj,b,ﬁ) (uc,qu)
3 —C —C
7 yabcdﬁaﬁﬂrﬁﬂﬁjk(Qi,a,a@j,b,,ﬁ)(Qk,c,ﬁLfad)

—C
+ yibcdﬁaﬁﬁ(da,gub,ﬁ)(ﬁg,},fd) + h.c.

e All induce 2-body nucleon decays, even those with c,b,t,T.

[Marciano, NPB ‘95;

Hou, Nagashima, Soddu, PRD ‘05;
Gargalionis, Herrero-Garcia, Schmidt,
2401.04768;

Gisbert++, 2409.00218]

e d=6 BNV “covered” via

simple two-body searches.
[JH, Takhistov, PRD ‘20]

MPIK 24 Julian Heeck 15



Two-body nucleon decays (38)

Channel

|A(B - L)

]_-'-—1

00y e 4ot 2 65 [79] (5300* [73])
p—ret 4y 0 41000 2] e + p 2 62 [79] (217" [63])
p—et +7° 0 16000 |24] n—e + K 2 32 [62]
p—e 4y 0 10000 [73 n—e + K* 9
p—ret +p 0 2073 p et 0 5300 [73]
pore tuw 0 1600 [73] 5 et 1 p 0 217 [65
p—et +K° 0 1000 [74] S et 4 K 0 17 [65]
p—et + K*° 0 84 165 n et + K™ 0
p—pt+y 0 21000 [72]  p 5 4ot 2 49 [79] (3500* [73])
p—pt +n° 0 TT00 2] p o pm 2 7 [79] (228" [65])
p—ut+n 0 4700 [73] n—p + K 2 57 [62]
p—ut+p° 0 570 73] n—opt +n 0 3500 [73]
p—=put +w 0 2800 |73 n—put+p 0 228 |69]
p—pt + KY 0 1600 [75] n—out 4+ K 0 26 [65]
p—v+a 0,2 390 [76] n— v+ 0,2 550 [28]
p—v+p 0,2 162 [65] n— v+’ 0,2 1100 [76]
p—v+ K’ 0,2 5900 [77) n—v+n 0,2 158 [65]
p— v+ K% 0,2 130 [78] n— v+ p° 0,2 19 [79]
. n—v+w 0,2 108 [65]
Many of these limits are n— v+ K’ 0,2 130 [74]
25 years old (IMB). n ot K 0.2 78 [65]

MPIK '24

Julian Heeck

16

[JH, Takhistov, PRD ‘20]



Subdominant two-body decays

* Heavier fermions induce multi-body decays, e.g. tau:
1 2 3 4

15duQL, + 2;QQQL, + 35QQue, + Jduul,

e Sety'=y?=0andy®=y* then dominant tree-level decay

Ui T
_ —5 / /
7(p = nrt ;) ~ 100yr | BR(1$_>577> | Py y

=

Only old inclusive limits [CLEO ‘99] P > —4L < 1%
[JH & Takhistov, PRD ‘20], '
could easily be improved by Super-K! [JH & Watkins, 2405.18478]

e Similar for heavy guarks, multi-body decays could beat
loop-induced two-body decays.
[related: Beneke, Finauri, Petrov, 2404.09642]

Only few multi-body limits from Super-K
MPIK 24 17




AB = AL =1 covered?

Y oV
\ AB %
< 9
< v
d>19 ‘d>16 o121 4> 18
3 — 31 | nn = np Instanton
.d215 d> 12 d>9 d>12 .d215
nn — 4v nn — vy nn > T pp — ef'et nn|— 4v
JLEST a7 | a6 d>9
n — 3v ni—e = etn®
d > 10 d>5 - d>5 d > 10
Ov4p 0v2p 0v2p3 Ov4p AT

[JH, Takhistov, PRD ‘20]
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<
=, s
dZ 19 dZ 16 peT — e utTT .
3n _) 31/ | B — p—etm —+ — putle” A(LM:LT_QLe)
dZ 15 dZ 12 p—etetu . T — pr° + —
. j’—+pe ﬁ . pefl = 1[°T
nn — 4v nn — vy nn e v
JLEST d>7 d>6
n — 3v nkb e — et nd
\_/
d> 10 d>5 d>5H d>10
Ov4p 0v2p 0v2p O0v4p
AL
[JH, Takhistov, PRD ‘20]
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Proton decay = lepton flavor violation

AB=AL=1

A(L, — L)

_9L,)

MPIK '24 Julian Heeck
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Proton decay = lepton flavor violation AB=AL=1

MPIK 24 Julian Heeck 21




Proton decay = lepton flavor violation AB=AL=1

MPIK 24 Julian Heeck 22




Currently being probed: © Oldresults: -  Doable:© =~  AB=AL=1

[Belle, PRD ‘20]

A(L, — L;)
U T
\ o
> 12 N d=10
pe | — 6+1X” T'T d=10 ' > d=>10
/ \ .
#zlﬁ& \ | | E\ Q’ B “Jr/ﬁej
\ ® N
TV = petet ——d=6 ( p— ptn d=>10
—_— + O S ;«77/ - + _
d> 10 p—» €' T /EZ\G T 7 DL€ A(L w + LT — 2Le)
& ? +oft N;J 1.2 . I \
—etel u | s T —» P70
K %.dz 10 P/ J>10
s mor= + ++
d>12 T —» pe'[0 -CL>\10 pe'| = T'T \
® — o T [Hambye, JH, PRL ‘18]
petet + + .+ R— P
T peTeT bl — 7T [Super-K, 2001.08011]

T(p = ptute)

~ 1033 A 12
MPIK 24 Julian Heeck 10*%yr ( 100Te V)




Currently being probed: © Old results: =  Doable: . =~ AB=AL=1
[JH & Watkins, 2405.18478]
A(L, — L)
Better o
. \'\ o
\p % €+€/:|:7T:FVT >\ 1
- ™~ + 1y pyt J> |
AN S N R R I 5
N ‘; | L gt +j
e [
Tt = pet &’ I — ( p— utn° I
+,10 R = Ho—
e i S Trpele s A(Ly+ Ly —2L,)
& — e+e+,u) }:/\ T —> ]_)71'0 | -
@ ——— @
T — p6+u) et — rtrt
© —— ©
T petlet put — 7t \\
Better:
po T,
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Full BNV coverage possible?

e Cannot to go through all AB > O decays:
- 38 two-body AB =1 modes: N - AB. 36 limits.
- 76 three-body AB =1 modes: N - ABC. 33 limits.
- 300 four-body AB =1 modes:N - ABCD. 0O limits.
- 118 two-body AB =2 modes: NN - AB. 18 limits.
— 500 three-body AB =2 modes: NN - ABC. O limits.

* Exclusive searches can reach t ~ 10°* yr in Super-K.

Inclusive searches to the rescue!

MPIK 24 Julian Heeck



Inclusive searches

Current limits:
|——1(N S et anything) > 0.6 X 1030 yr, [Learned, Reines, Soni, ‘79]
r-1(N — thi 12 x 1039 yr. [Cherry, Deakyne, Lande, Lee,
( fo o+ any mg) = < 10 I’ Steinberg, Cleveland, ‘81]
45 years old, improve with new tech!
0 — e+ anything in SK could reach 10 yr, judging by
1(p — eTvr) > 1.7 x 1032 yr. [Super-K, PRL 14]

Do inclusive searches for N - 2/meson + anything.

Also probes AB > 1, light new physics, and dark matter!

[JH, Takhistov, PRD ‘20]

MPIK 24 Julian Heeck 26



Invisible neutron decay

Special case of inclusive searches:

"~1(n — neutrinos) > 0.58 x 10%%yr, KamLAND, PRL ‘06; see
"~1(nn — neutrinos) > 1.4 x 10 yr, also SNO+, PRD "19)]

-1 : 23
(nnn — neutrinos) > 1.8 X 1022 yr,  [Hazama, Ejiri, Fushimi,
Ohsumi, PRC ‘94]

"~!(nnnn — neutrinos) > 1.4 x 105 yr.

Only signature is de-excitation of daughter nucleus. [Ejii, ‘93]

Every AB = k operator gives rise to k neutrons — neutrinos.

Neutrinos carry away arbitrary lepton number & flavor!
Also probes light new physics and dark matter.
JUNO can improve KamLAND limit. [JUNO, 2405.17792]

[JH, Takhistov, PRD ‘20]

MPIK 24 Julian Heeck 27



. . ] /*’*\\ i \ J— |
Recent limits: ¢ Olderthan5yr: «~ Limits from invisible

(multi-)neutron decay!

)
X
X\
v
d>18 T
Instantory’
ez
pp — ette nn— 417/
\ i>6. ~ d>9 |
| | — ‘ | — +0 | D "
poov S epe T ppemy NPt
d>10 1d>5 - d>5 | [d>10
ZY O0v2p | 028 Ov4p
] — ] I~ ] AL
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Beyond SMEFT

e So far: SMEFT + “U(1)g x U(1)L x U(1)r, -1, x U(1)L, 41, —2.“
to identify potentially dominant BNV.

* Now, find UV completions for BNV operators:
— Generates a physically motivated operator basis;
- Could have interesting accidental symmetries;
- Useful to have in case of a BNV observation.

* Analogous to UV completions of AL=2 Weinberg operator.
[too many to cite; exhaustive up to d=11: Gargalionis & Volkas, 2009.13537]

* UV completions for all SMEFT operators exist up to d = 8.
[Li ++, 2309.15933]

MPIK 24 Julian Heeck 29



Opening up d=6 operators

Leptoquark spin representation || Leptoquark spin representation du@QL | &1, Vs, Vs
S 0 (3,1,1/3) S 0 (3,3,1/3) QQul | S1, Vs
S 0 (3,1,4/3) Va 1 (3,2,5/6) QRQL | &1, S3
S 0  (3,1,-2/3) V) 1 (3,2,-1/6) dunl | S, S

[Buchmuller, Ruckl, Weyler, ‘87; Dorsner++, 1603.04993]

* For example:

Ls, D —mg |SiI*+ (ymz) %o S1€Rb + 21 UR (St urs + hec. )

2 Jad Fbe_apr YT
’ m2 (da, aUb 5)( gd) + h.c.
S1
e Z{} is antisymmetric — charm or top quark BNV! d
[Dong++, 1107.3805; Dorsner, Fajfer, Kosnik, 1204.0674]
UV completions shed different light on BNV
MPIK '24 Julian Heeck 30




Opening up all BNV operators

o Collect all

V.SMEFT BNV operators, trivial with Sym2int.
[Renato M. Fonseca, 1703.05221 & 1907.12584]

* Exponential growth of “operators” (~field strings):

——— L S— e e N e

0
& 21537
O 17055 s
4@ gt » All operators (V.SMEFT) 11395 |
S -« Operators without neutrinos (SMEFT) 5192 5091,
2 4056 . 4134 ]
N 2627, 2821
Z = 0 11571208
D 1000~ 2 782, %% 791 ‘
-~ HdQQL

> [ [fHdee 480 353
= HdduL 274
N _ 178
-g 1 00;— HddQ? 62, 54 60 ;
— - HduQu
O 10
5 105 7,78 ;
Qo 4° 4
S

6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Mass dimension d

31



* Generate all irreducible tree-level topologies.

Opening up all BNV operators

* Exponential growth:

10° . . . . .
1 2 8 25 89 299 1060 3689 13029 41207
29446
L]
, ® 4f,(d-6)S o
10185 134
107} W 6f.Wd-9S
7]
& ® 87.d-12)S 3012 2662
&
= 10 f,(d-15)S .
8—1 1000 ] - 650 09)]
O |
E 264
) 150 L
=
5100}
E 35
= s 27
Z *
10} s |
..‘-
2
1 | ! | . . .
6 8 10 12 14 16

Mass Dimensions d

32



Opening up all BNV operators

* For each operator, pick topology and distribute fields.

* Multiply group representations using GroupMath.
o E.g. dd LQHH: [Renato M. Fonseca, 2011.01764]

_ _ N\
(32, 3, (3.1,34 3,23

1 = 1 = 5
{3121 _}J {3r 3! _}J {31 Zr_}
\ 6 3 6 Y,

m
{33—}<

{34—}

{61—} =t {62—}
{62—}

{63—}<
{64—}
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Opening up all BNV operators

* For each operator, pick topology and distribute fields.

* Multiply group representations using GroupMath.
. E.g. dd LQHH: [Renato M. Fonseca, 2011.01764]

3 = JH, D. Sokhashvili, Thapa,
[ {3'2’%};?’{3’1%}1/’{3’2’%};; ] [to appeacr)] L TP

« Also include global SU(2)

left

X SU(2)right for spin.
* Then permute external particles over topology and repeat...

MPIK 24 Julian Heeck 34



Opening up all BNV operators

Code fast enough to reach d ~ 15.
Similar code developed for AL=2 operators. [Gargalionis & Volkas, ‘21]
Already revealed some mistakes in literature.

Can be used to open up any (non-derivative) EFT operator.

MPIK 24 Julian Heeck 35



Opening up all BNV operators

Code fast enough to reach d ~ 15.

Similar code developed for AL=2 operators. [Gargalionis & Volkas, ‘21]
Already revealed some mistakes in literature.

Can be used to open up any (non-derivative) EFT operator.
Find accidentally protected operators.

E.g. add Dirac fermion (3,3,2/3) and vector LQ (3,3,-1/3).
- Only generates BNV operator QQdeHH (d=8, B=L=1).
— Could be dominant but not protected by symmetry.

- Gives genuine loop realization of d=6 BNV operator.

Find these atd =7, 8, 9, but notd > 9 (preliminary).
[JH, D. Sokhashvili, Thapa, to appear]

MPIK 24 Julian Heeck 36



Protected operators

d > 6 operators could dominate either because we impose
a B/L symmetry a la Weinberg or due to UV structure.

Gives manageable

set of interesting

BNV operators. 8 . symmetry 77y
O .

(Most of them ~ § - Acccen® s,

. g |

contain v...) % 60 ”|

Explore pheno 3 44,
O I

&treevsloop g%

next. ug 26,

[9H, D. Sokhashvili, £ 20 =

in progress]| 3 ol + 0, 0,

6 7 8 9 10 11 12 13 14 15 16 17 18 19
MPIK 24 Mass dimension d



Derivative operators

e So far only BNV operators without derivatives. Why?
 More complicated, not always tree-level completion.

* Generically sub-dominant at tree-level:

1 1 y d p H I? d
— — T a5 T Ar2 d 1.V
}é M M M \ {3,2, g} |
__>.___J__>___
315 (.22
31z 827
Non-derivative operator  derivative operator 0 L

 Same UV completions, dominant only through finetuning.

« EXception: operators with HD H that vanish without D,
[Gargalionis & Volkas, 2009.13537]

MPIK '24 Julian Heeck 38



Beyond SMEFT Il

BNV induced by heavy particles gives hundreds of
potentially dominant testable SMEFT operators.

- Great limits from exclusive searches.
- Moderate global coverage by inclusive searches.

* What if new particles are light?
- n-T1Y orp-e*y, followed by x decays?
- New signatures, new model building!

[recent work:

Ciscar-Monsalvatje, Ibarra, Vandecasteele, 2307.02592;
Fridell, Hati, Takhistov, 2312.13740;

Domingo, Dreiner, Kohler, Nangia, Shah, 2403.18502; ... ]

MPIK 24 Julian Heeck 39



Sterile neutron: fermion with B=1

* Effective Lagrangian:

. uid;dpx7 | QiQidrX]
Ly = X(i@ — my)x + ( [{g_k L4 ]\32 L the.
17 '

17k

« Form =< m, one has search channels

- N-XY, [Davoudiasl, PRL ‘15; Fornal & Grinstein, 1801.01124]
hydrogen — X V, [Berezhiani, 1812.11089; McKeen & Pospelov, 2003.02270]
P-Xe'v, [McKeen & Pospelov, 2003.02270]

No>T° X, P> TT" X, [Davoudiasl, PRD ‘13 & PRL ‘15; Helo et al, 1803.00035]
- The latter probe A, < 10™ GeV If m, ~ 0.

- All couplings A, lead to these channels at loop level!

* Notice that ¥ Is stable here and thus (asymmetric) DM.

MPIK '24 Julian Heeck 40



Lower bound on Ay in TeV

Sterile neutron: fermion with B=1

 Form >m_, no more proton/neutron decays!

« Still possible to look for rare baryon — meson + x
decays in b/c/t factories via meson — baryon + y
55 meeessssmEzIIIIII e ]

i mm——, T N Y — Nugs: ZF > T X
x| Y : |l _
L Sk : ! L I — Nt = TTX
E a9 : | |
050 < i ! | = Naggt NG T
_\\ ' — Nuan: B" = px
— Augp: A2 > 0
— Nysp: =p 2> TTX
—_— /\tbb: t- EBX
0 1 2 3 4 5 6 7  [JH, 2009.01256]

Sterile neutron mass m, in GeV 41



Summary

BNV nuclear decays probe

SK/HK
— high scales (10 GeV) or - ’
J ( ) ._—— DUNE,

- high multiplicities (N - 15 particles) or JUNO,
- high operator dimensions (d~15)! «— OvpBexp.?

Oodles of testable SMEFT operators.

Embarrassment of riches, BNV landscape much more
difficult to map than e.g. AL =2 operators.

- Inclusive searches + few theory-motivated exclusives?
Still more:

— Light new physics (p - " + X, X - SM?).

- Dark matter induced AB & AL.

MPIK 24 Julian Heeck 42



Backup



AB = — AL =1 operators

d=7 operator: dssHL, x 7=~ + ... ”

No neutrinos, two s quarks. KT
/Kt ,u+

Two-body tau decays but L,
five-body nucleon decays! - - m

//
Off-shell Tand K, double  p ——k—>"—<=5 1,
suppression by G_:

—8
T(p s K+M+VM7T_VT) =~ 0(1028) yr (BR(179—>E7T))
Ly AV

[JH & Watkins, 2405.18478] L N7
AB tau decays most competitive in hyperon channels.

New channels for Super-K & Belle Il

MPIK 24 Julian Heeck 44



Symmetries of the Standard Model

* Rephasing lepton and quark fields:

= U(]-)B—I—L X U(]-)B—L X U(l)LM—LT X U(l)l—,u,_|_|—7'_2|—e‘

e U(1),,

U(].)B X U(]-)Le X U(]')Lu X U(]-)LT

broken non-perturbatively to Zs,
AB=3 N Al.=AL,=AL, =1,

but unobservable at low temperatures. [t Hooft, PRL ‘76]

* True accidental global symmetry:

MPIK '24

Z§B+L)/2 X U(]-)B—L X U(].)LM_LT X U(l)LM+LT—2Le'

Julian Heeck
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AL =

2

* Neutrinoless double 3 decay:

(AZ2) - (AZ+2)+2 e
In 3 stable isotopes.

e Current limits ~ 104° yr.

* Ov2[3 & Majorana v.

dr, ur,
14 ~
€r
v
er
W
d L ur

Half-life Toygs("®Ge) in yr

Normal Inverted

vy I N 2
A 9
¢ Am21

[ V1

A

Am3y P28

(] Yy

W 9
Am31

\/
vz s

2
¢ Am21 v
v S —— | — g

—

o
w
—

—

(@)
W
o

—h

o
N
©

normal mass ordering

d disfavored by 4 |
Planck ]

- reach of LEGEND
1 (28 | —
inverted mass ordering
107 ]
10%6 ;
{ disfavored by GERDA ¢ \\
1021 N
1074 1073 1072 10! 10°

Lightest neutrino mass in eV
46



Mass

AL =4

Q(]M,S
e

* AL =4 in rare decays?
(A, Z) - (A,Z+4) + 4 e

« 3 candidates: %¢Zr, 3°Xe, °°Nd. _— >
[JH, Rodejohann, EPL ‘13]

NEMO-3
° F|rst I|m|t Tovd 5 (150 N d) > 1021yr. 2006-06-08 13:35:02.673 207 ke\’
[INEMO-3, PRL ‘17] ;A

351 keV

e Hard to find testable models.

[Fonseca, Hirsch, PRD ‘18; see however
Dasgupta, Kang, Popov, PRD ‘19]

* Could still explain matter-

antimatter asymmetry.
[JH, PRD ‘13]
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p - ppe

Minimal leptoguark example:

¢1 ~ (3737 _2/3)7 ¢2 ~

(3,2,7/3).

L +2L —3L ensures simple structure
Yilud1QS + fiTjdale + ApTd2H .

Final AB=1 operator: +QQuL,L,LcH.
Lattice QCD input: (O|uud|p).

M(p— prute)

(H)?8m)  (100TeV/A)

— 6144m3A2 —

1033yr

[Hambye, JH, PRL ‘18]

MPIK '24

Julian Heeck

48




MPIK '24

Two-body nucleon decays

Channel |A(B — L)| %;%
p— et +n 0 41000 [72] n—e +x’ 2 65 [79] (5300* [73])
p— et 470 0 16000 [24] n—e +p’ 2 62 [79] (217* [65])
p—et 4+ 0 10000 [73 n—e + K 2 32 [62]
p—et +p° 0 720 [73] n—e + K" 2
et +w 0 1600 [73] n—et 4w 0 5300 [73]
p—et + KO 0 1000 [74] n—e +p 0 217 [65]
p—et + K0 0 84 [65] n—et + K 0 17 165
p— put 4y 0 21000 [72] n—et + K 0
p—pt + 70 0 7700 [24] n—pu +at 2 49 [79] (3500* [73])
p—ut+n 0 4700 [73 n—pu +p 2 7 [79] (228" [65])
p—put +p° 0 570 [73] n—p + K 2 57 [62]
p—ut +w 0 2800 [73] n—op’ 4w 0 3500 [73]
p—put + K° 0 1600 [75] n—pt +p 0 228 [63]
p—v+m 0,2 390 [76] n—p + K 0 26 [65]
p—uv+p! 0,2 162 [65] n—v-4+-y 0,2 950 |23
p—v+ K? 0,2 5900 [77] n— v+’ 0,2 1100 |76
p— v+ K 0,2 130 [78] n—v+n 0,2 158 |69
n— v+ p° 0,2 19 |79
n—v4+w 0,2 108 |69]
n—v+ K° 0,2 130 [74]
n— v+ K*Y 0,2 78 |69)

[JH, Takhistov, PRD ‘20]

Julian Heeck
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Three-body nucleon decays

Channel |A(B — L)| A Channel |A(B — L)| o
p—re +et tet 0 T3 6o n—v+e +et 0,2 257 |6o
poe et 4t 0 529 [65] n—ovte +p” 0,2 83 [65]
p—et +et 4 0 520* [65] n—v4et 4o 0,2 83" [63]
p—oe +putpt 0 6 [64] (359° [65]) i L 0,2 79 165
p—ret 4 pm 4pt ] 359 [65] n — 3v 0,24 0.58 [83]
pop ot 0 675 [65] n—se +at+a’ 2 29 [62] (52" [G5])
p—et +2v 0,2 170 [81] n—e +at 4 2
p— pt 42w 0.2 220 [81] n—e +at 4" 2
p—re 42x7F 2 30 [62] (82° [65]) noe 4at 4w 2
p—re +rt4pt 2 n—e +a" +K° 2
poe + Kt 4+xt 2 75 [65] n—e +p7+a” 2
- — -+ 0
p—et 42y 0 100 [52) (793" [63)) nye +tK +7 2
poet +m +w 0 52 [65) noe tn fn 0 52 [G3]
p—oet +p 4ot 0 n—e +m 41 0
T - W
p—ret + K™ 4xt 0 75" [65] noe 4T +p 0
poet a7 +p" 0 n—e +m 4w 0
+ - ) -
p— et +n  + KT 0 5* [65] mno— !._ — 1:_ + I\“ 0 18 |82]
p—et +21° 0 147 [65] noe tp t7 0
p—et +a° 4y 0 n= "'_ — 'h+ + ’TU 0
p— et + a0+ ;JU 0 n— ,H_ + rr+ + 2 34 |b2] (747 |6a])
p=et 4+’ 4w 0 i T + 1 2
n— et + 7"+ K° 0 — I”— . j-++ hn 3
P +2rT 2 17 [62] (133" [05)) Lo TR TR —
pop + KT +at 2 245 [65] nop ot E [ )
p— ut + 2y 0 529" [63) no4 T i 1’,” -
+ T L

po T+ At 0 133 [65 noR mT TR

T — y r— n—p K 4 0
p—put KT 4o 0 2457 oo —

e 0 a5t -E"- n— 4+ 2y 0,2 219 |6o
=l T+ 2457 bo — — .

== 47+ 0,2 ‘
p— ut 421 0 101 [65 LovrT Tr [JH, Takh Istov, PRD 20]
— n—v+p +nt 0,2

Pttt 0 novt K +at 02 Does not include SK’s 2020

— ut 4+ a4+ K 0
P t n—uv+a +pt 0,2

povtat a0 0.2 03 limits on P - 000,

n—v4+a + KT
p—r+aT+n 0.2

_ . e n — v+ 2n° 0,2
p— v+ sl + p ; n—v+a'ty 0,2
p—=r+a +w _ 0.2 n—wv+a+p 0,2
at 4 .2
p— w4 T+ + f‘:' 0 n—v+a’+w 0,2
5 -
P +pT 4 0.2 n—v+a’+ K" 0,2
p—=v+ Kt +a" 0.2 >0




Two-body di-nucleon decays

Channel

1

|A(B - L)

-t
10 3

A0 4y

pre

e’ 4+

)

260 28]

pre

,u++i-f

200 28]

pre

™t 4w

29 [28)

pre

YT

pre

v+ pt

pre

v+ Kt

pre

v+ KT

pre

~+ Dt

pre

at 4+

170 [115]

pre

g

pre

at 4+ ;Jf"

pre

at 4w

S S Oy el S iy G Y S ) SR ) S

Channel |[A(E — L) o
pp— et 4ot 0 4200 [T2]
pp— pt 4 opt 0 4400 [T2]
pp— et 4+ pt 0 4400 [TZ]
pp— et 7Tt 0
e — nt + ot 2 72 _Hj_
pp— w4t 2
pp— w4+ KT 2
pp— w4 KOF 2
pp—p +pT 2
p—p + KT 2
pp—p KT 2
p— KT+ K7 2 170 [T16]
pp— KT+ K5 2
e — K&t 4 K=t 2

pr

n 4"

pr

K' 47"

pr

e

pr

mt 4o

pr

a4 P

pr

K"+ qa°

pr

Kot 4 q°

pr

n+p

pr

n+ K7

pr

N R R e R A e A A A A A e A AN

n+ KT

pr

—p + ;JU

pr

— Kt 4+ p°

pr

— Kvt 4

pr

—p fw

pr

—=n +p"

pr

— K"+ p7

pr

w0 +

- K"+ p

pr

—pT 40

pr

K™ 4w

pr

S Kt 4w

pr

— '+ KT

Channel A(B - L) l_l.[l'mj\_
nn—et 4e 2 4200 [72] nn — 7 + ¢ 2
nn — et 4o 2 4400 72| nmn — 21 2
nn — pt e 2 4400 [72] nn — 1+ p° 2
nn — pt 4T 2 4400 [72] nn —n+w 2
nn—et 417 2 nn —n+ 1 2
nn—= 71t 4e” 2 nn — 1+ K 2
nn — 2 0,2, 1.4 |53 nn — 1+ KO 2
nn — 2y 2 4100 [72] nn — 1+ o 2
nn — vy + 7 2 nn — 2p" 2
nn—y+n 2 I — ,rJU + w 2
nn — v+ .U” 2 nr. — T;’ —+ ;JU 2
nn — Y+ w 2 nn — K" + ,r:" 2
nn =y + 1 2 nn — K 4+ " 2
nn — v+ K’ 2 nn — p° 4 ¢ 2
nn — v 4+ K* 2 nn—p +p" 2
nn =y + D" 2 nn — K +p° 2
nn — 5+ @ 2 nn — K5+ 'S 2
nn—a + 2 0.7 [62) (72* [I15]) o K +p" 2
nn—=at 4 p” 2 nn — K57 4+ p" 2
nn— K~ 47" 2 nn — 2w 2
nn— K77 407 2 nn —1n +w 2
nn—T + Jr!+ 2 nn — K" 4w 2
nn— KT 4a 2 nn — K™ 4w 2
nn — K°F -+ 2 nm — w4 i 2
nn — 27" 2 404 [115] nn — 1 + KY 2
nn —n+a 2 nn —n' + K= 2
nn — a4+ p’ 2 nn — K~ + K+ 2 170* [115]
nn— a4 w 2 nn — K7+ K5 2
nn— 5 + " 2 nn — K~ 4+ K+ 2
nn — K 4+ q" 2 nn — 2K" 2
nn — K504 78 2 nn — K*Y 4+ K° 2
nn — K" + ¢ 2
nn — 2K 2
nn — K% 4 K=7F 2

[JH, Takhistov, PRD ‘20]
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pr

« 0

—+ KT+ K

pr
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Recent limits: ¢ Olderthan5yr; =

ppp — ettt
[Babu, Gogoladze, Wang, ‘03]

q@ [EXO-200, ‘18; Majorana, ‘19]
\ AB
<
=
N\ od>19 ' > 15 4> 18
( )
3n — 3v Instanton
J A— T
- d>15 d>12 d> 15
nn — 4y\ nn — v pp — effeV nn|— 41//
4z Jase. - ld29 |
: o | = — =
n — 3v nt— e p|— etn? \{ﬁ et v
— e — T
d>10 d>5 d>5 d> 10
0v4f 020 020 ov4p|

[JH, Takhistov, PRD ‘20]

MPIK 24
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[JH, Rodejohann, EPL ‘13]

[INEMO-3, PRL
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ppp R e+-r[+-r[+

Symmetry Q wu¢ d° ¢ &£ v H
Ze 6 5 1 2 5 3 1
Jg C U(1)2y_B_|_3|_ [Babu, Gogoladze, Wang, ‘03]

allows for d = 15 AB = 3AL = 3 operators 7 Q%d*/, ...

ppp — etntxt, ppn = et 7t pnn — et 7% nn = [, ...

766 e

0\ ~ 33 A 22
T(pnn — eT7%) ~ 3 x 103 yr (t55ey)
3p
Limits: _ o
" Bcu g
("3 Ge(pnn) — PGaetn%) > 7 x 103 yr, o 4 .
:?r:zm*_}{‘ 195_2 B
7("°Ge(ppp) — PCue™ ™) >5x 10®yr,...
. 3?2--734G.B;h_
[Majorana Demonstrator, PRD ‘19; see also EXO-200, ‘18] AT |
0.499 5 12 Q 66716
SK, JUNO, DUNE, HK? ig‘g@
MPIK 24




ppp N e+-r[+-r[+

Symmetry Q wu¢ d° ¢ &£ v H
Ze 6 5 1 2 5 3 1
Jg C U(1)2y_B_|_3|_ [Babu, Gogoladze, Wang, ‘03]

allows for d = 15 AB = 3AL = 3 operators 7 Q%d*/, ...

ppp — e* ™, ppn — eFrt, pnn — e nn — Ap, ...
- 76Ge
o 33 A 22
T(pnn%e v )_3><].O yr (1OOGeV)
3p
Limits: s

_?.'iu_;::
7(3Ge(pnn) = ©Gaetn0) > 7 x 108yr, = # 0

Q, 6600 K
@R\ 1955 B oo

7("*Ge(ppn) — PZnetw™) > 5 x 10%° yr, e 3n

7("°Ge(ppp) — PCuet ™) >5x 10Pyr,...
[Majorana Demonstrator, PRD ‘19; see also EXO-200, ‘18]

ae- 486h
73G LY
31\a g

Y
Q, 1593

0.499 5 12 Q 66716

SK, JUNO, DUNE, HK? =

3Ge
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