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Nucleon decays:

very rich literature and history...and equally rich audience!
more than four decades of exploration and counting!

Very eccentric and highly biased overview in this talk!

Suggestions are very welcome.



Neutrino masses and Lepton Number Violation

The only laboratory evidence of BSM physics : Neutrino Oscillations \ \\\h

Purely SM:

|® strictly massless neutrinos

e conservation of lepton numb

Two possibilities for neutrino masses:

g H
w‘/ﬁ{f;’
| V
(H) a ’“

mDVLV% C y,,LHu%

Dirac: like other fermions,

but tiny Yukawa couplings ~10712

finetuning, symmetry, ...?
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Majorana:r = v“ :Lepton Number Violation!

Phenomenologically very interesting!

Connection to Leptogenesis?



LNV and Neutrinoless double beta decay

(Av Z ) — (Av Z + 2) + 2 6_ + Q;Bﬁ Cirigliano, Dekens, de Vries, Graesser, Mereghetti (2018)

0.01 eV) 2 Graf, Deppisch, Iachello, Kotila (2018)++
Yy

Half life Tlo/"2 — (G\M|2 <m55)2)_1 ~ 102728 ( o)
BB

Many experiments: KamLAND-Zen, LEGEND, CUORE, NEMO-3, ...

2
Effective mass <m6[3> — ‘Uei M

Main source of uncertainty: Nuclear Matrix elements! = 1
)
: limit (90% CL), smallest NME
e Many body problem: isotope and operator dependent I ; OV decay limit (90% CL). smalles
107 E"0VBP decay Timit (90% CL), largest NME "~
e Different nuclear models
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Rev. Mod. Phys. 95, 025002 (2023)



Baryogenesis/Leptogenesis

In the SM

\Z baryon number violation

M C and CP violation

X departure from thermal equilibrium

Nj o3

Type-l seesaw leptogenesis
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Guidice et al. (2004)



The (B — L) triangle
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“B” and “L” violation could be intimately connected

What if a dark number “X” is in the mix?

Can we make any concrete statements without
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Babu, Mohapatra ‘80

considering a specific model?

Bottom up Effective Field Theory approach!



Detour:

Effective Field Theory approach in a nutshell



Effective Field Theory Approach

An EFT is the set of all allowed local operators with mass dimension less than some maximum one
L= a0 (0] =d, i~
()

We need an infinite # of operators to absorb all the divergences for d>4 => non-renormalisable

Nature decouples!
Decoupling theorem Appelquist,Carrazzone ++

1
_ .. 2 2 _ 122 |
Ztull = Llight(8:) + 5 [(0,Pp)" = M Pyl + Lo _light(8: 1) (i) there are no “+ve" powers of M, except in “log”s

for |pi| <M (ii) log M can be absorbed into g and C
or |p;

3 1
G(”)(pl, ...p,) ~ C(g;, h,, M) G(n)(pl, P+ O (—))

~ . M If M = gv then EFT breaks down for:
Z eff = Z 1ight (88> his M) ]

yorg — oo with M - o



Connecting EFTs to Experiments

S = =

UV known: 0

infer properties
match onto the EFT

@ of the UV sector
(unknown)

©O O O

©O O O

set constraints
with this simplified )
parameterization

0 constrain the EFT in a
model independent way

accessible E




Some popular EFTs for BSM Phenomenology

A v, new physics A > v

"
P

SMEFT operators

SU(3). X U(1)em operators

non perturbative QCD

Chiral Effective Theory

@Mereghetti



One phenomenological application of
LNV/BNV Effective Field Theory



Washout:

A Simple picture of Washout in EFT Approach

B-L violating processes that can remove (B-L) asymmetry

Generic form
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Observation of LNV and baryogensis

O Operator
15 | LI HFH'H Hyeje
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Observed rate at experiment » New physics scale A * Washout rate 10123 I fiture (1027y)

= current (76Ge)
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Deppisch, Graf, Harz, Huang ’18

6
Deppisch, Harz, Huang, Hirsch, Pas ’15 10

Harz, Huang, Pas’15

107+
- LHC reach

@Harz és 017 Oy 0l11

Similar approach for Colliders using resonances

1 02!- EW scale

Caveats: penetration of washout in different flavor




Neutron-Antineutron oscillations

Neutron-anti-neutron oscillation can be realized at tree level by dim 9 operators

Topology — 1

e =3 GO, +he. s

O1 = (Y PrY°) (Y Prep°) (Y Prep°)

—

Topology — 11

1
Tnﬁ T

(n|LFgr|n) = |C1()Mai(w)

M;(p) = (M|O;i(1)|n)  Rinaldi et al (2019)
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Time Bound

+ charged pions
and photons

. . 1
Wilson coefficient: C; A5 | A = New Physics (NP) scale — encodes all the effects of heavy NP.
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Decomposition of 126 multiplet of SO(10)

Gps GLRr Gsm
(1,3,10) (1,1,3,+2) (1,1,0) ® (1,1,+1) & (1,1, +2)
(3:1,3+3) (31,-3) @ (3,1,+3) & (3,1, +3)
(6,1,3,-3) (6,1,-3) @ (6,1,—3) & (6,1,+3)



Neutron-Antineutron oscillations

n — 1 operators correspond to washout processes AB = 2

2 1
Out of equilibrium temperature: | ~ 4, 1 X CiM;|” ‘As

| | | dnaB T4
chemical potential relations=> zH M~ 74 = —C A10 NAB
. 106 n-n
1020} A=10"Gev %)prNeEr_K
— A =10°GeV 10
1010} —A= 10’ GeV _
EE (E 10%
- || PR e ~
10° LHC
10—10
wf T Simee T
10—20 . 1 |
103 104 10° 10° 10’ 103 10* 10° 10° 10’
T [GeV] A [GeV]

Observed NP scale A in n — 71 operator -> the OOE temperature for the washout

- . : Fridell, Harz, CH JHEP ‘21
Caveats: validity of the EFT treatment e.g. hierarchical NP scales, CPV sources el Hara



Back to BNV and Nucleon Decays



BNV and GUTs in a flash

. ) 0 us —ut U1 dq
Without SUSY With SUSY —ug 0 u§ w dz\ S e e e
5 o5 10: | w§ —u$ 0 us ds 51 (di,d3,ds, e, —ve)
< . ~ 1 —Uu1  —U> —U3 0 e’
~— 60_ v \ —dl —d2 —d3 —e° O /

5

(d®, %) 10 = (u®, q, e®)

Cuarks and leptons in the same multiplet

SU(5) — SU(3) x SU(2) x U(1)

12 heavy gauge boson => quarks ->leptons
+higgs color triplets

Doublet-triplet splitting problem: 5 = (he,h) 5= (hc, h)

Realistic SU(5) SUSY GUT lifetime ~ 10°* yrs Babu, Bajc, Tavartkiladze '12



BNV @ dim-6 SMEFT

SM does not contain any fields that can mediate B-violating interactions: Weinberg 79

0(1) . [;'é"“' < 0(4) } < C = . Wilczek, Zee 79
abcd aaR.uBbR) [qucL LjdL]COBY 611 abed {qia.aL qubL} {qucL zzdL] euBY(te)gf(‘e)u Abbott, Wise ‘80
2) _ (T Cl (s) _ [T ;
Oabed [“maL %y Bbl.] [chR ‘dRJ‘asY 13 %abed [dmR "BbR] ["Vck zdRJCGBY
o3 (qc )[c ’ 0® _ [ -
abed |\ “1aal Y38bL){FkYeL *2dr)%agy €15 Skt abed = |“aar YgbR) |%ycr *dr/Cagy
B. Grzadkowski et al. ‘10 : :
B-violating
T T 1k
Quug eMeji [(dy) Cur] [(g37)" Cl |
AYA k T
Qqqu eMen (g57)" Car*| [(ud)" Cey)
AYA k T .
Qaag =emeim (47) Ca" ] [(@m) " Cl| RGEs for d = 6 SMEFT "
apry a\T' v, B YT
Q duu & [(dp) Our] [(us) Cet] Manohar et al. ‘14




BNV @ dim-6 SMEFT

4
Mgut
2 5
XauTMp

Simplest scale estimate: Tp X

Realistic estimate:RG running, Matrix elements

2
<o ioP ] My \*{0.003 GeV’
=0 o 1016 GeV a yrs
GUT

XDt

Dorsner, Fileviez-Perez 'O5;
Nath, Fileviez-Perez ‘07

Assume only dim-6 operators induced by superheavy X
=> Upper bound on proton lifetime for any GUT with or without SUSY

All of the dimension-six nucleon decay operators violate both B and L but not (B — L)

=> No “GUT” baryogenesis!



Experimental Status

Soudan Frejus Kamiokande IMB Super-K Hyper-K

p—>e+7r0 | Q . _

mnmalSUE  minmalSUSYSUE)
: : :::ffff f f ffff::: : . ﬂ|ppedSU(5)

p— et

predictions 5
SUSY SO(10)
| | 6D SO(10)

non SUSY 80(10) G224 S

p—>e+KO
p— p K" .
n — vKY ¢
p— KT 6 ¢
minimal SUSY SU(5) RN HEEEEERE] . HyperK
p— VK" N N N R R nonmlnlmaISUSYSU(S)

predictions : S - BRI I . .

SUSY SO(1 0)

SIS
10° 10 10 10° 10

/B (yea rs) Hyper-K design report ‘18




BNV @ dim-6 SMEFT: Many popular GUT models

Model class

Lifetime [years]

Minimal SU(5) [Georgi & Glashow (1974)]

Minimal SUSY SU(5) [Dimopoulos & Georgi; Sakai & Yanagida]
SUGRA SU(5) [Nath, Chamseddine & Arnowitt (1985)]

SUSY (MSSM/ESSM) SO(10)/G(224) [Babu, Pati & Wilczek]
SUSY (MSSM/ESSM, d = 5) SO(10) [Lucas & Raby; Pati]
SUSY SO(10) + U(1)g [Shafi & Tavartkiladze (2000)]

SUSY (d = 5) SU(5) — option | [Hebecker & March-Russell (2002)]
SUSY (MSSM, d = 6) SU(5) or SO(10) [Pati (2003)]

Minimal non-SUSY SU(5) [Dor¥ner & Fileviez-Pérez (2005)]

Minimal non-SUSY SO(10)
SUSY (CMSSM) Flipped SU(5) [Ellis, Nanopoulos & Walker (2002)]
GUT-like models from string theory [Klebanov & Witten (2003)]

Split SUSY SU(5) [Arkani-Hamed et al. (2005)]
SUSY (d = 5) SU(5) — option |l [Alciati et al. (2005)]

Ruled out?

Intermediate symmetries

=> different GUT scales and proton decay rates

Cancellation of proton decay

Dorsner, Fileviez Perez ‘05
Fornal, Grinstein ‘17

1030 . 1031
1028 . 1034
1032 . 1034

2. 10°*
1032 — 10%° partially
oPE — s partially
1034 — 10%° partially
~ 103491 partially
1025 —10°° partially

777 no

10°° — 10°° no

~ 1036 no
10°° — 10°7 no
103 — 10%° no

Lee, Mohapatra, Parida, Rani ‘95;
Minimal non-SUSY SO(10) — G — Gsw, ™ = T1(p — et 7°)

Model A (G = Gup):
Model B (G = Ga22):
Model C (G = G3221p):
Model D (G = G3221):

= 144 1021507 yeors [N

7, = 1.44 - 103"**%" years  allowed
7, = 1.44 - 10°*%%% " years  partially

7 = 1.44 - 103""*%" years  allowed




BNV @ dim-7 SMEFT

Lehman 14
Weinberg ’80; Weldon, Zee ‘80 Liao et al. ‘16

€apotij(Lipdar) (upsCdot)H,

EaBo Oij (Lipdoyr) (dpsCds:)H;,
—€x859ij(€pQiar)(dpsCdot)H

— €008 (Lipdor) (QipsCQict ) H
Eaf 051'1' (Zip Yu Qjar) (stCiDgp dpt) :
€upo(€pYudar)(dpsCiDgpdp:).

dd)"(Qie?)Hy, Oy = (d°d°)" (u"Ly)"Hje;,

O7 = (d°D,d)* (Liv*Q;),  Os = (d°D,L;)* (dv*Q;),

(
(
Os = (du)*(d°Li)* H}esj, Op = (d°d°)*(d°L;)" H,,
(
(

Pati-Salam GUT: Pati, Salam, Sarkar ‘83
SO(10) GUT: Babu, Mohapatra, '12

All of the dim-7 nucleon decay operators violate (B — L) : AB=— AL =1

=> potential connection to baryogenesis!



BNV @ dim-7 SMEFT

LQ|  Gsm SU(5) GPati-Salam 50(10)
S| (3,1,1/3) |5, 45, 50((1,1,6), (1,3,10)|10, 120, 126
S 1(3,1,—2/3)| 10 (1,3,6) 120126
Si](3,1,4/3) | 45 (1,3,6) 120126
R>| (3,2,1/6) | 10, 15 (2,2,15) 120, 126
R»| (3,2,7/6) | 45, 50 (2,2,15) 120, 126
Ss|(3,3,1/3) | 45 (3,1,6) 120, 126

Phenomenology: Dorsner, Fajfer, Greljo, Kamenik, Kosnik ‘16

Babu, Mohapatra ’12; CH, Sarkar ‘18
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correlation between baryogenesis and proton decay rates
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M,-=10"GeV,y e y=1072
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BNV limits on NP scales @ dim-6 &-7 SMEFT

Dim-6 SMEFT Dim-7 SMEFT
11
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10" 11
10 n— v
m without RGEs n— v m without RGEs
15 p — et ) 10
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Gargalionis, Herrero-Garcia, Schmidt, Santamaria ‘24



Standard L/BNV: global view

'\7 D), Heeck,Takhistiov ’20
& \
. O
\ AB v
Z \}
1> 19 d > 16 d > 15 | > 18
* —= ® . S
I —s nn | Ay nn - ni Instanton
d> 15 d> 12 d>9 d > 12 ‘(1 > 15
nn — 4 nn — Vv g (¥ pp — el e’ Nn|— 4
d > 10 d>T7 d>6 d>9
@ | | @
n — oV n— e m D= et P
d > 10 d > 5 d>5 d > 10
Ovdps D25 D25 Ovdp
AL




Beyond standard Nucleon decays and Sterile neutrinos

d=6 SMEFT Modes (p) 4+ B et K"+ F
01 =[drur]|[Q°L], Current [yrs] 3.9-10°% [8] 1.6-10%* [9] 5.9-10°° [10]
O =[Q°Q][ur’er], Future [yrs] .10°° [48] > 3-10°* [49]
O3 =[Q°Q]1[Q°L]1, O1 VY v
04 =[Q°Q]3[Q°L]3, 05 " -

Os =|dr“ur|[ur‘er], O3 v
Oy v
d=6 N,-SMEFT O- o
On1 =[Q°Q][dr"N], On1 v
On2 =|ur®dr||dr°N]|. Ono %
@1, @3 : F(p O1.3 7T+176) _ 2F(p _(31_3_) 7T06+) Helo, Hirsch, Ota ‘18

Distinguishability: charged pion mode without the neutral one



Nonstandard nucleon decay: many Light BSM-EFT physics cases

O Operator (AB,AL) Dim Decay modes New Field(s)
Oazun €€ (c;ﬁN ) (c;f,uc) (1,1) 6 p(n) = 779N  sterile neutrino
= = N . .
Opazun abe (N~ dy) (dE D u, 1, -1 7 AT sterile neutrino
Dd?2uN € ( Tu ) ( bt/ U ) ( ) p(n) = 7t O Ny
| abe [ Jc —C t p— 6+¢ .
Oiuzes € (da‘Ub) (€°uc) @ (1,1) 7 p(n) — et x0() dark scalar, majoron
- X/entX
Opoix € (QS Lid.) X" 1,-1) 7 "7 dark photon
d2QLX (Qa"yuds) (Lid.) ( ) p(n) = vt @ Xx P
Quoz2Lie " (QE‘Q{;) (I-,,-dc) H;qb* (1,-1) 8 n—ve/e "¢ dark scalar, majoron
Opd2QLa e“bc(a,,a) (Qﬁ"y“db) (Lid.) (1,-1) 8 n—va/e w'a axion-like particles
-— - Na . . . .
Opiuia €P(0,a) (Nv*d,) (diu. 1, -1 g "= axion-like particle with
PN (Oua) (N"da) (diuc) ( ) p(n) - 79 Na sterile neutrino
4
Qaugein € €™ (8°u,) (Qb Yud ) ( .’Y“N") (1,-1) g P77 6+VN sterile neutrino
n—+e e N
Oguzenz €€ (dgus) (°uc) (N°N) (1,3) 9 p—e NN sterile neutrino

Fridell, CH, Takhistiov arXiv: 2312.13740



Super-K searches for BNV: spreading of the momentum peak

For 2-body decays: the final state momenta are determined by the masses

1/2 1/2(0n2 0n2 22
AT 1 A\Y (m‘b’mi’mj)\ZCIMQZ’_WF 7| = AL/ (mg,, mi,m3)
J 167 m> ! ¢ 2m
Y I Y
In the ideal scenario this leads to a sharp peak at the given momentum
Oxygen 16
101""I""I""
This peak is spread due to effects from: % DA
Fermi motion Benhar '03 nucl-th/0307061 100 - ¢ Monte Carlo calculation -
- R (S.C. Pieper) ;
nuclear binding energies " 1o~ 4 TRik=Riky)
G | 3]
Nucleon-nucleon correlation in decays ~ i ;
o~ [
EEUSS S
Super-K and Hyper-K are both made up of water: : 5
oxygen has most of the protons 1073 3 ! .
10_4 |:1 1 | ! | [ B |“114
0 1 2 3 4

-1
k [fm ] Benhar 03



Super-K searches for BNV

Rich GUT model building history: mostly light neutrino final states are explored in the literature

1200 e ESNLA S S M S S S B e S S S S S S B S S B R S e e _' ! | I 1 | | L | N 1 | '_

- - 1200 — —
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1000— . — - e DATA —

- "Jt i"ke (SKHV) _ 1000— 777) Signal 90CL —
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o 600— - == p —

§ ol QpoeX | & =

200 — 200— -

o B L PR W T TR N TN TN TN NN AN TN TN NN TN TN NAN SN TN THN S N T T T N : ’’’’’’’ :

0 200 400 600 800 1000 1200 1400 0 iOO 200 300 400 500 600 700 800 900 1000

1200 ) : . : - : . . : . : . : . : : : : . : : : . : I : : : ' : : 900 Eh rr.r,J7r,y,ror'’n 8 |  =-MmMm" "“TT17 I T T T T—F T TIr 7YY YTYT7T T _E

N _ 800 F— SK IV p-like =

1000|— . _ = * DATA =

- p-like (SK I-1V) - 700 |- 777 Signal 90CL —

: +Data B = —— ATM + Signal (best fit) =

800 — Atm. Nu. (fit) — 600 =

£ - - £ 500 Ly

> 00 i = : - p— pTVY =

& F Op — X : & a00f- =

400 — 300 — ' =

; : F :3:q-4'1=t=L=F=E;:%=¥===hqh:Ei

200 = = =

: . 100 =

: - . - =

0 - N =t/ Y s =

00 300 400 500 60(; 700 800 ‘9‘00 :1600
Super-K: Takhistov et. al PRL ‘14

What if there is light new physics below proton mass?

NC

Super-K: Takhistov et. al PRL ‘15



Light BSM-EFT: momentum distributions

W

14:_ TN = 0.4 GeV p—)7r+v p—)€+VV —:'
g 12 - mey = 0.7 GeV +N +NN .
C . n - ’mN ~——==pon ———=poe :
Distribution shifts: S N P P :
. D - / ' ssssssasas N —_ e+yN
lower momenta for higher NP o 101 ! \ pPoHe B -
masses — : K \
= 8+ / \ -
Tﬁ.“ ] / 1
= i / !
T~ 6 a / [ |
- -/ |
= T B
. o -
[—4 4 ] I = L2 -
~ - | o
= [ e
2+, T 5
ZII ........
8.0 0.1 0.2 0.3 04 0.5
9
pil [GeV]

GUT motivated cuts might have missed light NP modes
Fridell, CH ,Takhistiov '3

Many new limits from the existing searches!

Cut optimization at Hyper-K: to target motivated physics cases



Light BSM-EFT: momentum distributions

3-body decays the distribution is more spread out

T

dt| My —iji|°

) B , 3 S
d‘pzl (2’/"('){3 3277'1/,([) \/'rn/g _|_ ‘pz‘2

t_

Possibility to distinguish different interactions:

(1/1" dl dg"2 | GeV*-2]

Scalar:  (¥1%2) (¥3¢4)

Vector:  (17u2) (V3v" 1)
Tensor:  (V10,92) (Y30 1))

n

)
Ll T Ll

— Scalar
Vector

— Tensor

Fridell, CH ,Takhistiov '3

For two NP particles in the final state we also have double the mass d.o.f.s




Nonstandard Nucleon Decay: A GUT UV example

Chang, Mohapatra, Parida ‘84

LRSM: Deppisch et al’14 Qr(1,3,0,1) Ag(1,3,-2,1) Fridell, CH ,Takhistiov '3
pS: \ 4 \ 4 7
: (1,1,1)  (1,1,15)  (1,3,15) (1,3,10) mt
M M Mp_ | 126 10 d
50(10) 2% Gooap =5 Gaga =5 Gag1z ~3 Gar1z  — Gsm Pq" 7 == - <
soa0)y {54}y {210}x {210}y {210}gH 1265 ; 1210y N
X U(1,1,15) ~ Mps
- e - ++
A = (5[,5/%\/_ _(;5_'_/\/_) (3,1,—2), Ap = (5}26/0\/_ _;—II-%/\/_) = (1,3, —-2), %0
_ wy  wi/V2) _ B W wh /2
QL—(wz/\/i i \?{—):(3,1,0), (wR/R 2 Rw 1 30) 80_
0), = (1,1,0). 0
60 -
~ 50+
S 400
1 /0 0
) , (ARr)= \/—5 (UR 0) 30+
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! 0
O :1 | | | L1 L | L
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Nonstandard Nucleon decays and ALPs

A recent study: Li, Schmidt, Yao ‘24
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Another recent study:

Nonstandard Nucleon decays and light Neutralino

Domingo, Dreiner, Kohler, Nangia, Shah ‘24
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Nonstandard Nucleon conversion and “Dark”-genesis

_ 1 .17 k Berger, Elor ‘24
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Conclusions

Operators with light NP fields can lead to nonstandard nucleon decay

Existent searches can be recast into limits for many light NP EFT

Sensitivity to new parameter space in many interesting models with light NP in upcoming
experiments

Possibility to generalize for conversions and other flavors
Potential to probe many existent baryogenesis mechanisms
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