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Electron is stable because of electric charge conservation.

(]

But proton stability is not guaranteed by any fundamental symmetry.

In the SM, proton is stable due to an accidental global symmetry of baryon number (and
B — L). [Weyl *29; Stiickelberg *38; Wigner *49]

(]

Not respected in UV-complete theories of quark-lepton symmetry, like GUTs.
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Violation of CPinvariance, C asymmetry, and baryon asymmetry of the universe
A.D. Sakharov

(Submitted 23 September 1966)
Pis’ma Zh, Eksp. Teor. Fiz. 5, 32-35 (1967) [JETP Lett. 5,24-27 (1967).
Also§7, pp. 85-88]

The strong violation of the baryon charge during the
superdense state and the fact that the baryons are stable in v
practice do not contradict each other. Let us consider acon-  The lifetime of the proton turns out to be very large (more
crete model. We introduce interactions of two types. than 10% years), albeit finite.
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Unification and baryogenesis provide natural motivations for /3 searches.




Historical Context

@ Grand Unification of strong, weak and

23
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electromagnetic interactions at

Q z MX > MZ . [Pati, Salam (PRL *73); Georgi, »
I

Glashow (PRL °74)]
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@ Consequence: Proton decay mediated by Present Experiments Unification

new gauge bosons which couple to both

quarks and leptons.

@ Dimension-6 operator: Amplitude
o 1/M% or decay rate oc 1/Mx.
o 1672 M4
o Lifetime: 7, ~ —1—& ~ 10%° yr for
9gur™p

Mx ~ 10" GeV.

@ 10°° nucleons ~ 20 ton of water.

@ Original idea behind Kamiokande
(Kamioka Nucleon Decay Experiment).

@ Subsequently upgraded to
Super-Kamiokande (several kt water).
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Experimental Status (Snowmass 2001)

p—etal
n— et
p—urno
n—uta
p—var
n—vao
p—etm
p—utn
n—>vn
p—>etpo
n—etp-
p—>urpo
n—>utp
pb=vp*
n—vp0
p—etw
p—uto
n—vo

p— et KO
n—eK-
p—u+KO
n—utK-
p—vK*
n—vKO

p — e+t K*(892)°
p— v K*(892)*
n— v K*892)0

Frejus Kamiokande IMB Super-K

32
10

4
1033 103

/B (years)
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Experimental Status (Snowmass 2013)
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Experimental Status (Snowmass 2021)
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[BD, Koerner, Saad et al, 2203.08771]

Please see the proton decay parallel session this afternoon for the experimental details.



Dominant Proton Decay Modes
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Modes
(partial lifetime)

Current limit [90% CLJ]
(1034 years)

Future Sensitivity [90% CL]
(1034 years)

Tp (]) — €+7T0)

Super-K: 2.4 [55]

Hyper-K (1900 kton-yrs): 7.8 [56]
DUNE (400 kton-yrs): ~1.0 [57
THEIA (800 kton-yrs): 4.1

7 (p = pF70)

Super-K: 1.6 [55]

Hyper-K (1900 kton-yrs): 7.7 [56]

7 (p = VKT)

Super-K: 0.66 [58]

Hyper-K (1900 kton-yrs): 3.2 [56]
DUNE (400 kton-yrs): 1.3 [59]
JUNO (200 kton-yrs): 1.9 [60]
THEIA (800 kton-yrs) 3.8

Tp (p — PT{‘+)

Super-K: 0.039 [61]

[BD, Koerner, Saad et al, 2203.08771]




Theory Predictions (Non-SUSY Models)

[ Model Decay modes [ 7~ (N = p,n) [years| | Ref.
Non-SUSY minimal SU(5) p—etal 100 — 10° Georgi, Glashow [16]
Non-SUSY minimally extended p—etal <23 x10%0 Dorsner, Saad [32]
SU(5) (neutrino mass: 1-loop)
" Non-SUSY minimally extended p—etn® 1032 — 1036 Perez, Murgui [74]
SU(5) (neutrino mass: 1-loop) p 57K+ 1034 — 10%7
Non-SUSY Minimal SU(5) [NR] p—v+ (KT at,pt) 10°T — 10° Dorsner, Perez [64]
(neutrino mass: type-II seesaw) n— v+ (7% p° 1%, W K°)
Non-SUSY Minimal SU(5) [NR] p—etn® < 10%° Bajc, Senjanovié [65]
(neutrino mass: type-II1+1 seesaw)
Non-SUSY Extended SU(5) p—etnl 10°T — 10 Saad [50]
(neutrino mass: 2-loop)
Minimal flipped non-SUSY SU(5) p— e/uta® 10%% — 107 Arbelaez, Kolesova, Malinsky [175]
Non-SUSY Minimal SO(10) p—retnl <5 x10%° Babu, Khan [165]
Minimal SO(10) with 45 Higgs p—etml <10%° Bertolini, Di Luzio, Malinsky [170]
_Minimal non-Renormalizable SO(10) p— et < 10% Preda, Senjanovi “hi [173]
Non-SUSY Generic SO(10) p—etal Chakrabortty, King, Maji [164]
My, : Gaoo 1034 — 1046
Ming : Gyoop 1031 — 1034
Mine : Gzao1 1036 _ 1046
Mint : Ga221D 10%3 — 1043
Non-SUSY Generic Eg p—oern? Chakrabortty, King, Maji [164]

Ming © Gazon

Ming © Gazo1p

Ming © G33z — Gz
Ming : Gaz21p — Gaz1
Ming : Gazzr = Gaz

10%7 — 1036
1027 — 10%6
1032 — 1036

1025 — 1048

[BD, Koerner, Saad et al,

2203.08771]



Theory Predictions (SUSY Model

[ Model Decay modes [ 7~ (N = p,n) [years| | Ref.
Minimal SUSY SU(5) p - vKt Dimopoulos, Georgi [42], Sakai [100]
n — 7K° 1028 — 1032 Hisano, Murayama, Yanagida [99]
" Minimal SUSY SU(5) p— K+ <(2-6) x 103 Ellis et. al. [107]
(cMSSM) p— etn® 1035 — 1040
Minimal SUSY SU(5) p— KT <4x 10 Babu, Bajc, Tavartkiladze [177]
(5 + 5 matter fields) p— pta®/K% n - or®/K® | 10% — 1034
SUGRA SU(5) p— VKT 10°7 — 10°% Nath, Arnowitt [103, 178]
"~ mSUGRA SU(5) (Higgs mass constraint) p— K+ 3 x 10% — 2 x 10%° Liu, Nath [111]
NUSUGRA SU(5) (Higgs mass constraint) | p —» 7K+ 3 x 1034 — 1036
SUSY SU(5) or SO(10) p—etml ~ 1053 9=T Pati [179]
MSSM (d = 6)
Flipped SUSY SU(5) (cMSSM) p—e/uta’ 1035 — 10%7 Ellis et. al. [I80-182]
Split SUSY SU(5) p— et 10%% — 10°%7 Arkani-Hamed, et. al. [183]
' SUSY SU(5) in 5D p— ut KO 1034 — 10% Hebecker, March-Russell[184]
p— etn®
SUSY SU(5) in 5D variant I p— KT 10%° — 10%7 Alciati et.al.[185]
Mini-split SUSY SO(10) p— K+t <6x 103 Babu, Bajc, Saad [146]
SUSY 50(10) x U(L)pq p— KT 10%% —10%° Babu, Bajc, Saad [147]
Extended SUSY SO(10) p— KT
Type-I seesaw 1030 — 1087 Mohapatra, Severson [186]
Type-II seesaw < 6.6 x 1033 Mohapatra, Severson [186]
Inverse seesaw <1034 Dev, Mohapatra [187]
~ SUSY SO(10) p— Kt Shafi, Tavartkiladze [188]
with anomalous n — vK° 1032 — 10%
flavor U(1) p— pt KO
~ SUSY SO(10) p— K+t 1033 — 1034 Lucas, Raby [189], Pati [179]
MSSM n — vK° 1032 — 1033
SUSY SO(10) p— KT 10%% — 10°% Pati [179]
ESSM < 10%
SUSY 50(10)/G(224) p— KT <2-10%7 Babu, Pati, Wilczek [190-192],
MSSM or ESSM p— ptK° Pati [179]
(new d = 5) B~ (1-50)%
SUSY SO(10) x Sy p o DKT [ <7 x 10% Dev, Mohapatra, Dutta, Severson [193]
SUSY SO(10) in 6D p—etnl [10°T—10% Buchmuller, Covi, Wiesenfeldt [194]
GUT-like models from p—etn® ~ 1036 Klebanov, Witten [195]

Type IIA string with D6-branes

[BD, Koerner, Saad et al, 2203.08771]




Other B Violating Modes
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Neutron-Antineutron Oscillation
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Neutron-Antineutron Oscillation

Is it too crazy?
But neutral meson Iqq) states oscillate -

nd order weak

2
KO, B /E interactions } \ Ia)’ BO

And neutral fermions can oscillate too -
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Connected with the Majorana nature of neutrino mass. [Mohapatra, Marshak (PRL *80)]



AB =1 versus AB =2

()

Proton decay

Induced by dimension-6 operator QQQ L.

Amplitude oc A™2,
7p 2> 10%* yr implies A > 10" GeV.

Proton decay requires GUT-scale physics.

[Nath, Perez (Phys. Rep. *07)]
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Di-nucleon decay and n — 7

Induced by dimension-9 operator
RRERRQQ.
Amplitude oc A75.

A 2 100 TeV enough to satisfy
experimental constraints (7,» 2 10 yr).

n — n oscillation (and conversion) could
come from a TeV-scale new physics.

[Phillips et al. (Phys. Rep "16)]
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Current Status and Future Prospects

Limit/sensitivity for oscillation time (s)
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Theoretical Upper Limit

@ UV-complete embedding in Pati-Salam partial unification with
SU(4)e x SU(2)r x SU(2)R. Mohapatra, Marshak (PRL *80); Babu, BD, Mohapatra (PRD "08)]

~




Theoretical Upper Limit

@ UV-complete embedding in Pati-Salam partial unification with
SU(4)e x SU(2)r x SU(2)R. [Mohapatra, Marshak (PRL "80); Babu, BD, Mohapatra (PRD *08)]

\://

@ A concrete realization of post-sphaleron baryogenesis. [Babu, Mohapatra, Nasri (PRL *06)]
@ Leads to an absolute upper limit on the n — 7 oscillation time. [Babu, BD, Fortes, Mohapatra (PRD *13)]
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BSM Implications

p—etnl

sphaleron




BSM Implications
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[Babu, Mohapatra (PRD ’15)]



Connection to Gravitational Waves
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[King, Pascoli, Turner, Zhou (JHEP "21)]
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Conclusion

@ Observation of BNV will be a clear signal of BSM physics.
@ The best limits come from large-scale neutrino experiments like Super-K.

@ Expected nucleon lifetimes in a wide class of GUT models are within reach of current and
future (underground) experiments.

@ Important to study as many BNV channels as possible.

@ In particular, neutron-antineutron oscillation should be treated with the same level of
importance as proton decay.

o Connection to other BSM physics: neutrino mass, baryogenesis, dark matter, gravitational
waves, flavor physics.
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Tandow!



