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How exotic?

A)AB>1,AL>1, ... in EFT (heavy new physics). [weinberg, ‘80]
«E.g.pp—e‘etorp—e.
B) Flavored AB & AL.
«E.g.p—eput or t-cht  (wn-T1oV)
[Hambye, JH, PRL ‘18] [Marciano ‘95; Hou, Nagashima, Soddu, ‘05]
C) AB & AL with light new particles.
cE.g. N1} 0orp-ey. See talks by Fornal and McKeen.

D) Dark matter induced AB & AL.

E.g.DMp -ne*", DM p - DM’ e*, DM n—- DM’ 1t°.
[Kile, Soni, ‘09; Davoudiasl, Morrissey, Sigurdson, Tulin, PRL ‘10 & PRD ‘11; ...]

Homework: everything together.
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Standard Model effective field theory

 EFT with Majorana neutrinos:  [Weinberg, ‘79 & ‘80]

L = Lay + BEHH L 5~ O 5~ O 5~ OF
=M T TR T2 T 2GR T2 AT T

f f I\

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

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

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

Get global view on AB and AL.

BLV circa 2020 Julian Heeck



Baryon and lepton number
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[JH, Takhistov, PRD ‘20]
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Baryon and lepton number
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Baryon and lepton number
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Baryon and lepton number

Vo
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2 ‘

AB

See talks by Babu,
Broussard, and Gardner.
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[JH, Takhistov, PRD ‘20]
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Exotic B and L
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Recent limits: ¢ Olderthan5yr: =~

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

ﬂ® [EXO-200, ‘18; Majorana, ‘19]
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JHNS - N d>12 d>9 d>12 .dzm
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[JH, Takhistov, PRD ‘20]
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ppp N e+-r[+-r[+

Symmetry 0 w4t &£ W H
Zg 6 5 1 2 5 3 1
Jg C U(1)2Y—B+3L [Babu, Gogoladze, Wang, ‘03]

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

ppp — et 7wttt ppn = et 7t pnn — e 7%, nn — Ap, . ..

7(pnn — et 70) ~ 3 x 108 yr (354 )22.

5Ge

100 GeV
3p
leltS 4.29/ an
3Cu
7("Ge(pnn) — PGaeT %) > 7 x 10 yr,
< ’\1955 B- sgs
7("°Ge(ppn) — Znetnt) > 5 x 10%yr, T / |
7—(76Ge(ppp) — 73CU e+7T+7T+) > 5 X 1025 yr7 e o 486h
[Majorana Demonstrator, PRD ‘19; see also EXO-200, ‘18] Foa I}
0.499 s 12 {Q 66716
SK, JUNO, DUNE, HK? “Tice
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ppp N e+-r[+-r[+

Symmetry 0 w4t &£ W H
Zg 6 5 1 2 5 3 1
Jg C U(1)2Y—B+3L [Babu, Gogoladze, Wang, ‘03]

allows for d = 15 AB = 3AL = 3 operators %Q5d4l7

ppp — et T, ppn — et pnn — et 7 Oknn%nu

22
7(pnn — et 7%) ~ 3 x 108 yr (i) -

Limits: /

T(PGe(pnn) — PGaet V) > 7 x 105 yr,
T("*Ge(ppn) — Znetw™) > 5 x 10%° yr,

7("°Ge(ppp) = PCuetrtrt) > 5 x 102 yr, ...

[Majorana Demonstrator, PRD ‘19; see also EXO-200, ‘18]

SK, JUNO, DUNE, HK?
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Exotic B and L

< YV
2 N
\ AB 5
< \Y
< %
d> 19 ‘d>16 J1215 d>18
3n — 3v | nn — nv Instanton
d>15 d>12 d>9 d>12 d>15
o
nn Jﬁly nn — vy nn £ T pp — el et nn|\— 4v
.d > 10 d>"7 d>6 d>9
n — 3v n—e " p|— etn!
d>10 d>5 d>5 d>10
Ov4p Ov2p Ov2p Ov4p
AL

[JH, Takhistov, PRD ‘20]

BLV circa 2020 Julian Heeck 12



W T T e
Y/ YV
& \)\\
\ AB 5
< 9
< v
d>19 d> 16 o215 4>18
3n — 3v | nn — nv Instanton
d>15 d>12 d>9 d>12 d>15
. —_—
nn Jﬁly nn — vy nn £ T pp — el et nn|\— 4v
.d > 10 d>"7 d>6 d>9
n — 3v n—e " p|— etn!
d>10 d>5 d>5 d>10
Ov4p Ov2p Ov2p Ov4p
AL

[JH, Takhistov, PRD ‘20]

BLV circa 2020 Julian Heeck 13



(B+L)/2
Z x U(1)g-L L=t X UL, 4L, 2L,
e
=, R
d Z 19 ‘ d Z ]-6 S p— ptute
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[JH, Takhistov, PRD ‘20]
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Proton decay = lepton flavor violation

AB=AL=1

A(L, — L)

_9L,)

BLV circa 2020 Julian Heeck
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Proton decay = lepton flavor violation AB=AL=1
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Proton decay = lepton flavor violation AB=AL=1
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Currently being probed: © ' Old results: ©  Doable: . =~ AB=AL=1

A(Ly — Ly) T(p— putute”)
d>12 —d=10- ~ 33 A 12
o ——— ~ 10%yr (1g07ev )
pel —we T gs1g | 7T P gs10
[ = .} T=E==
d=10 | d=z6 P EHE)
/ O \ — b ® R
e petet)|  lgse ‘ p — ptal d=AC
a0 p — etn0 /.dz*\é | T — pp \%_ A(L,+ L, —2L,)
7 \ I \ —
pretetn g T = pr 1 X
\  — /4\‘ )\ | — — .d =10
d>12 T —Hﬁilf\i d=>10 pe’| = T+T\
T — petlet " P’ "l
T IMB ‘99; SK can

[Hambye, JH, PRL ‘18]
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Donel

e Super-K
searched for
p — 2!

* Presented by
Makoto Miura
at BLV 2019
In Madrid.

[full paper: PRD ‘20]
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Donel

e Super-K
searched for
p — 2!

* Presented by
Makoto Miura
at BLV 2019
In Madrid.

[full paper: PRD ‘20]

B VB I SK
7.9x1032
patee 3.4x1034
o prigie 5.3x1032
2.3x103

No result in IMB

p—ureter 1.9x1034
3.6x1032

p—etutu 9.2x1033

No result in IMB
poeutut 1.1x10%

6.8x1032
P M LT 1.0x1034
1032 1033 103

Proton life time limit [year]

Compatible with background, limits around 1034 yr.

BLYV circa 2020
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AB=AL=1

Currently being probed: ¢ Old results: ©  Doable:
o =
pel = efutrr ] Q”L — p/fru} |
@
L | e (i
o —] @
L + 1o i — | H —
‘/ _— p — €' T E— T —p PU'iE A(L’u + LT 2L6)
& — e+e+,uj — T — pr° -
— @
T — et~ pet — 71t
@ — o
T = petet T pu = 7rTT
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Currently being probed: © ' Old results: ©  Doable: . =~ AB=AL=1
@ -
pel = efutrr Q”L — p,uﬁu} —
@
T e e
@ —] @
SO ) s A 0 97 i
S + i — . H
[ p—re = T—rpete  A(L,+ Ly —2L,)
& — e+e+,uj — T — pr° -
— ®
T — Pe el — 7™
@ — @
T petetu ™ put — 7t t \\
Better:
_|_ —
P— T,
[Marciano, NPB ‘95]
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Currently being probed: © ' Old results: ©  Doable: . =~ AB=AL=1
A(L, — L
Bette ro ( K T)
P M ErTy, T
\ A\ \/(\\ PP Y| o
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. \P > e | | T — DU e/ A(LM_|_L7_ QLe)
B Y Y
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p— 7T D,

[Marciano, NPB ‘95]
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Full AB coverage possible?

e Cannot to go through all AB > O decays:

- 38

- 76 three-boc
- 300 four-bod

- 118

- 500 three-bod

two-body AB = 1 moc

two-b0o0C

y AB =1 moc
y AB =1 moc

€S
€S
€S

N - AB.
N - ABC.
N - ABCD.

y AB =2 modes: NN - AB.

y AB = 2 modes

NN - ABC.

e Exclusive searches can reach t ~ 10°* yr in SK.

BLYV circa 2020

Inclusive searches to the rescue!

Julian Heeck

36
33
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IMIts.

IMIts.

IMItS.

IMIts.

IMIts.
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Inclusive searches

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

Do inclusive searches for N — £/meson + anything.

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

[JH, Takhistov, PRD ‘20]
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Invisible neutron decay

Special case of inclusive searches:

"~!(n — neutrinos) > 0.58 x 10%yr, [KamLAND, PRL ‘06; see
-—1(nn N neutrinos) > 1.4 X 1030 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 10% 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.
Can JUNO improve KamLAND [imit? DUNE?

[JH, Takhistov, PRD ‘20]
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Recent limits: ¢ Olderthan5yr: =~

Limits from invisible

(multi-)neutron decay!

)
X
N\
v
a>1 7 dx JUESE i>18
/ \' S [ \’\ \
" Bn— 3 > \@-—) % /| Instanton / #
iz | A 14 > 15
( B ® \
pp — e \n — 4v /
> ZEL S 7:d>9\
m— 3v / &—) e~ /pl— etrd \ 7 € e
/:21*2”16\9 ;l 55/ 1 > 5 T > 10
Ov4p | 0v2p Ov2p ) Ov4p
~ — \‘77 ] . A L
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Summary

SM: Z§B+L)/2 X U(]-)B—L X U(l)L,u,_L’T X U(l)LM,—l_LT_ZLe .

Violated? New particles! How? New structure!

AB (&
- hig
- hig
- hig

AL) probe
n scales (10> GeV) or

N multiplicities (N — 15 particles) or

N operator dimensions (d~15)!

SK/HK,
DUNE,
JUNO,

« OupBexp.?

Go beyond two-body proton decay, do inclusive searches!

Still untapped areas:

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

— Dark matter induced AB & AL.

Exotic = new normal!




Backup



Symmetries of the Standard Model

 Rephasing lepton and quark fields:
U(1)s x U(1)L, x U(1)L, x U(1)L,
= U(1)g4L X U(1)g—L x U(1)r, -1, x U(1)L, 4L, —2L. -
« U(1),, broken non-perturbatively to Zs,
AB=3 AN AL.=AlL,=AL, =1,
but unobservable at low temperatures. [t Hooft, PRL ‘76]

* True accidental global symmetry:

752 5 U()sL x UL, 1, x U(L)L, 41 oL, -

BLV circa 2020 Julian Heeck
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AL =

2

* Neutrinoless double 3 decay:

(A,Z) - (AZ+2)+ 2 e
In 3 stable isotopes.

e Current limits ~ 104° yr.

e OV2[3 & Majorana v.

dr, ur,
W ~
€r
v
er
W
d L ur,

Normal Inverted

v %)
A
¢ Am%l
S |
Am3, e

.Vu
[ 7

o = ___ |
¢ Am%l
v | — g

10%";

10%

—h

o
N
©

]
-3
>
Q
normal mass ordering 28
=
oSS
T o
[
2L
)
-
reach of LEGEND

Half-life Toyps("°Ge) in yr
22

—_

o
N
(o]

—_

o
N
(6)]

4 disfavored by GERDA {

N

1074

1073 1072 107" 10°
Lightest neutrino mass in eV
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Mass

AL =4

Q(lwlﬁ
-«

« AL =4 inrare decays?
(A, Z) - (A,Z+4) + 4 e

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

NEMO-3 o
e First limit: 7 0v4 (150 N d) > 1 021 yr. 2006-06-08 13:35:02.673 207 ke\’ |
[INEMO-3, PRL ‘17] [ A

351 keV

 Hard to find testable models.

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

e Could still explain matter-

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

Minimal leptoquark example:

¢1 ~ (3737 _2/3)7 ¢2 ~

(3,2,7/3).

L +2L —3L ensures simple structure
thmlejc + fiUjpole + APToH.

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

[(p— ptpte”)

(H)?BPm)  (100TeV/A)

— B14473A1Z —

1033yr

[Hambye, JH, PRL ‘18]
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Lepton universality In b—-suy-py*

yj_z‘yi (E,LLQE:) (Qi I—u) .

m¢1

Modifies b-spu pu*:

)\ _ BoK™)
R(K( )) T B—)K(*)e‘|‘e— '

LHCb: R(K)~0.85,

R(K)~0.67.
Improve fit with Zs
mg, >~ 30TeV,/yay3.

[Alok+, PRD ‘17; Dorsner+, JHEP ‘17,
Capdevila+, JHEP ‘18, Alguerd+, EPJC ‘19]
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Two-body nucleon decays

Channel |A(B — L)| %{n%
Do et 0 41000 [72] n—e +mt 2 65 [79] (5300* [73])
p—et +m° 0 16000 [24] n—e +p 2 62 [79] (217" [65])
p—oet 4+ 0 10000 [73] n—e + K7 2 32 [62]
p— et +p° 0 720 [73] n—e + K" 2
p—et +w 0 1600 [73] n—et 4w 0 5300 [73]
p—et + KO 0 1000 [74 n—e +p 0 217 [63]
p—et + K*° 0 84 65 n—e + K 0 17 169
p—ut 4o 0 21000 [72] n—e + K" 0
p—pt+ 70 0 7700 [24] n—pu +mt 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—pt 4w 0 2800 [73] n—pt 0 3500 [73]
p—pt + K° 0 1600 [75] n—ut +p 0 228 [65]
p— v+ 0,2 390 [76] n—ut + K 0 26 [65]
p—v+p! 0,2 162 [65] n—v+y 0,2 950 |25
p— v+ K 0,2 5000 [77] n—ov+w 0,2 1100 [76]
p— v+ K 0,2 130 [78 n—v+n 0,2 158 |69
o 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 78 165

[JH, Takhistov, PRD ‘20]

BLYV circa 2020
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Three-body nucleon decays

Channel |A(B - L) o
n—rte +et 0,2 257 |ta)
n—r4+e +puv 0,2 83 6]
n—v+et +pu 0.2 837 G5
n—r4+puT +pt 0,2 79 [G5)
n— Jv 0,24 0.58 |83
n—e +ata 2 29 [62] (52* [G5])

n—e +at 47y

n—se +at4+p°

n—+e +at+w

n—e +at 4+ K?

n—+e” +p7 4"

n—e + Kt 47

[0 IS B S LGS A O )

+ — i]
n—+e 4w 4w

52 [G5]

n—e +1 47

+ - 0
n—+e +m +p

n—e +a 4w

n—e +x" + K

18 [32]

+ - 0
n—e +p +m

T — 0
n—s+e +K 4w

- 0
= N 4+t 4

34 [67] (74" [65])

n—p 47t 4

n—sp 471+ K

n—p  + KT 4"

[N I S I ]

n—sut 4+ 4x°

74 [65)

n—+pT 4T 4n

n—put a4+ K

n—+pt K- 47"

n— v+ 2y

219 [63]

n—v4+a +7w"

n—sv+p 4wt

[JH, Takhistov, PRD ‘20]

n—sv+ K +m7

Does not include SK’s 2020

Channel IA(B — L)| L
p—e +et 4et 0 T3 |65
p—e et +put 0 529 |65
p—et +et 4 pu” 0 5297 [65]
p—e +pm 4 pt 0 6 [64] (3597 [65])
p—et +u +pt 0 359 165
P 0 675 |65
p—et 42 0.2 170 |51
p— ut 4+ 2w 0.2 220 [81]
p—+e +27F 2 30 [62] (82" [65])
p—e T +p" 2

p—e” + KT a7t 2 T |65
p—et 4+ 29 0 100 [8Z] (793" [65])
p—e +a +a’ 0 82 [65)
p—oet +p 4ot 0

p—et + K™ 4ot 0 75 [65
p— et 47+ ||'J+ 0

poet +a + KT 0 75" [65)
p—=et 4+22° 0 147 [65]
poet+a'4+q 0

p— et 44 pu 0

poet+a' 4w 0

p—et +a" 4+ K 0

p—pu” 4 2rt 2 17 [62] (133" [G5])
p—=pu” + Kt 4 a7t 2 245 (6o
p— ut 42 0 529% 6o
p=ut 4o ot 0 133 6o
p—=ut + K a7t 0 2457 |ba)
p—=ut+a” £ KT 0 245° 6o
p— pt 4278 0 101 65
p—=put+a" 4+ 0

p—put 4+ + KY 0

p—=rv+at 4+ (

n—+v4a +pt

p—=r4+aT 40

-

n—v4+a 4+ K

0,2

limits on p — £¢L.

p—=v4at+pt

-

n— v+ 277

0,2

p=r4+a 4w

-

JL—?I’+:‘|’”+H

0,2

p—ur+at+ K°

-

n—v+at4 pu

0,2

p—v+pt+a

-

J'L—}I/—FTI'”—F:.;J

0,2

p—=uv+ Kt 4"

-

o R e [ ) o Y o Y ]
[ Ry Gl S Y S G S )

n—uv+a’ 4+ K"

0,2
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Two-body di-nucleon decays

Channel

|A(B - L)

r-t
10 3

L L

prn

e’ 4

)

260 28]

prn

,u++i'J

200 28]

prn

™t 4

[ R

29 [28)

prn

b

prn

v+ pt

pre

v+ K

pre

o G

pre

~+ Dt

pre

at 4t

170 [115]

pre

g

pre

nt + p”

pre

at 4w

[ S O S Sy Y S Y S ) S ) S S S

Channel |A(B — L) l_l[J—mj\_
pp— et +et 0 4200 |72]
pp — ut 4+t 0 4400 |72]
pp— et 4+ pt ] 4400 [7Z]
pp— et 7t 0
e — nt + ot 2 72 [115]
pp— w4+ pt 2
pp— ot L KT 2
pp— ot L KOF 2
pp—pT +pT 2
pp—pT + KT 2
pp—pT + KT 2
pp— KT+ K7 2 170 [T11]
pp— KT+ K&t 2

2

mp— K57 4 KT

prn

n +a"

prn

K'4+n"

prn

K0 ot

prn

mt 4+ ¢

prn

a4 P

prn

K" +q°

prn

K5t 4 4°

pr

n+p

pr

n+ K7

pr

R R A e A R A e A A A e A e A A

n+ KT

pr

—p + ||'.JU

pr

- K+ 4 .°

pr

— Kot 4 0%

pr

—pT +w

pr

— 1+ ,r:+

pr

— K"+ p7

pr

L | -

— K™+ p

prn

—p 4

prn

- K7 +w

prn

S Kt 4w

prn

= 4+ KT

Channel A(B - L) l_l.[l'mj\_
nn — et +e” 2 4200 [72] nn — 7 4+ & 2
nn — et 4+ po 2 4400 [72] nn — 21 2
nn — pt e 2 4400 [72] nn — 1+ p° 2
nn — ut 4 2 1400 [ o Sntw 2
nn— et 417 2 nn —n+ 1 2
nn—= 71t e 2 nr — 1+ K 2
nn — 2 0,2, 1.4 [83) nn — 1+ K0 2
nn — 24 2 4100 _72_ nn — 10+ o 2
nn — 4 4 7 2 nn — 2p" 2
nn — % +n 2 T — ,rJU + w 2
nn — ¥+ .U” 2 nr. — T;’ —+ ;JU 2
nn — Y+ w 2 nn — K" + ,r:" 2
nn =y + 1 2 nn — K 4 p" 2
nn — v+ K" 2 nn — p" + ¢ 2
nn — v + K 2 nn—+p +p 2
nn— 5+ DY 2 nn — K™ +p° 2
nn — 5+ @ 2 nn — K7 +p 2
nn—a 4mh 2 0762 (72" M) 5 Kk 47 2
nn—a +p” 2 nn— K7 4+ p7 2
nn— K~ 47" 2 nn — 2w 2
nn— K77 477 2 nn —1n +w 2
nn—=T + Jr!+ 2 nn — K" 4w 2
nn— KT 4+a 2 nn — K™ 4w 2
nn— K°" 40~ 2 nn — w+ ¢ 2
nn — 2x" 2 404 [115] nn — 7 + K° 2
nn—=n+a’ 2 nn —n' + K0 2
nn — ' + p" 2 nn — K-+ K+ 2 170* [11G]
nn = a4+ w 2 nn— KT+ K5 2
nn— 5 +x° 2 nn — K~ 4+ Kt 2
nn — K9+ x7° 2 nn — 2K" 2
nn — K*% 4+ ¢ 2 nn — K*Y 4+ K9 2
nn — K" 4+ ¢ 2
nn — 2K 2
nn — K5 4 K=7F 2

[JH, Takhistov, PRD ‘20]

BLYV circa 2020
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