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Why baryon number violation?

* Tests prediction/symmetry of Standard Model:

U(l)g x U(1)L X U(1)r,—1, X U(D)L, 41, 2L, -
\/ v . ~ _
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.)

[Recent review: Perez, Pocar, JH et al., arXiv:2208.00010]
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Best example: proton decay

* First suggested in GUTSs, P _
redict 7, ~ m%/m>. u S

Precict T ™ M/, > i

. Violates AB=AL=AL_=1. | _] E

All matter contains protons,
easy to observe for long times.

Current best: Super-Kamiokande.
- 50k ton water tank & 13k PMTs for Cherenkov radiation.
- Running for two decades, observing 10 protons:

T(p — e+7T0) > 1034 Yr. [Super-K, 2010.16098]

- Implies my > 10 GeV!
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Best example: proton decay

* Super-Kamiokande: P )
7(p — eT7Y) > 103 yr. \ le -5 g
my > 101° GeV! } g =

* Similarly: m°

7(p — ut7®) > 103 yr, 7(n — De,u,ﬂro) > 103 yr. [super-k, ‘13]
What about 1°?

* Tauon heavier than proton:
BR(7 — pm®) < 107> [cLE0,'99] = myx > 103 GeV.

* Better: nucleon decay with off-shell tauon. [Marciano, NPB ‘95]

Explore this quantitatively
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AB = AL_= 1 operators

d=6 operators: y'duQL, + y*QQQL, + y*QQu7r + y*duury
All induce 7~ — pn®, pn.

But y* and y? immediately give n — o.7°, 7.1 :

) ) . 54
7(n — 7;m°) ~ 107 %s (BR(1T0—>|57T°)) ~ 10" yr (Béélgrmo))

Neutron decays into tau neutrinos give far better limits.

How about y* and y*? Right-handed tauons - nov.  ~
- Can still go through off-shell tauon: , . s 7, //4
o 167 (m35 — mZ2)? _ 105
T(p = ) = f2G2m3m262 v -y s BR(7 — pr?)

[Hou, Nagashima, Soddu, PRD ‘05]
[see also Crivellin & Hoferichter, PLB ‘23, for p - 1t°e*vv etc, which are weaker.]
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AB = AL_= 1 operators

d=6 operators: y'duQL, + y*QQQL- + y>’QQu7g + y*duury
Set y* = y> =0 and y® = y* to eliminate nucleon decays?

Chiral perturbation theory: [Claudson, Wise, Hall, ‘82]

300 y im0 it N i N
UTe = — — —n T
y TR=Y _PTR \/ch PTR £ TR \/5pr R
B . O - _|_ . 7]
4 17T 17T |\/§77
duutg = — TR — TR — —NTR — ™+ ...
y*B | pTR \/ifWPR TR \/ifﬂPR

y® = y* only eliminates two-body nucleon decays:

_ —5
7(p = nr ;) ~ 100yr (BR(1$—>577)) P

Only old inclusive limits T y —
[JH, Takhistov, PRD ‘20] P —>——
could easily be improved by Super-K!
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AB = - AL_= 1 operators

« d=7 operators: z'dudHL, + z?QQdHL.. + z>ddQH7x + z*dddHL.-

e 7' and z2 immediately give n — v, 7°, v, n. P

. z®and z* have s quark and no v o7

%
n»\/(»/) Vs

7(n — KTm~v,) ~ 7000 yr (BRY(ji?/;j_)) i_o

_8
T(n = Kt~ u,) ~ 2 x 10%yr (BRzii?/\W_))ﬁ:O

\ _/ \ _/
~~ ~\~

Only old inclusive limits: [Belle, ‘06]
[JH, Takhistov, PRD ‘20]

 How about ssd operator?
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AB = - AL_= 1 operators

d=7 operator: dssHL.,

No neutrinos, two s quarks. K™ i
/KT ut

Two-body tau decays but
five-body nucleon decays!

Off-shell T and K, double  p ——k—>"—=5

suppression by G_.

T

(p = Ktatnl7r—v,) ~ 109(20) yr (BR(lTO:EW))

T limits still 10 orders of magnitude short
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More AB = AL = 1 operators

d=10 operator: QQul/LH/A® — u diurTrlals v/A°.

For{a, 5} € {e, u}: different lepton flavor content than d=6,
not related to d=6 operators. [Hambye, JH, PRL ‘18]

Still proton decays p — ¢T¢'*7Fv,. more sensitive:

3 x 1078 :
T(p = efesm vy) >~ 2 x 10%yr (B : x ) [JH & Watkins,

— —a In progress]
Only old inclusive limits: N
[JH, Takhistov, PRD ‘20] [Belle, 2010.15361]

Common pattern:
Nucleon decays into v_far more sensitive than t decays,

but lacking exclusive or inclusive searches at Super-K.

Could easily improve bounds by orders of magnitude!
[JH, Takhistov, PRD ‘20]
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Summary

AB = 1 decays are our most sensitive probe of new physics
via clean two-body decays into electrons, muons, neutrinos.

AB = 1 with tauons more involved: [JH & Watkins, in progress]

T~ — pr° clean, but can’t compete with
p — 7 v, through virtual tau.

Even finetuning can’t eliminate nucleon decays, but
can push them into untested multi-body channels.

Don’t be discouraged to look for AB tau decays!

Be encouraged to broaden nucleon decay searches.

Explore every corner of our lamppost!
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Backup



Standard Model Effective Field Theory

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

O//
L = Lam LL/I(IH | ZJ AZ_I_ZJ A3 _I_ZJ AT

f f \

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

dyin = %|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!
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BNV landscape

\ V
& \)\\
N\ AB %
< 9
N v
d>19 ‘d216 JUESE 4> 18
3n — 3v | nn — nv Instanton
.d215 d>12 d>9 d>12 ‘d215
nn—4v  nn — vy nn > 7w pp — elet nn|— 4v
.d > 10 d>"7 d>6 d=>9
n — 3v n—emt p|— etnd |
d>10 d>5 d>5 d>10
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AL

[JH, Takhistov, PRD ‘20]
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Proton decay = lepton flavor violation

AB=AL=1

A(L, — L)

—9L,)
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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

[Belle, PRD 20] A(L, — L)
\\
® \ \ \ ] 3
pe | — %4_,&\7'_7'_ — T = I_?,U+N+/ T
\ ( ) \v °
/\K | | /\ — pute
® B ¢ )
T+ petet S J p— ,u+7r0\\ -
L
I s et —

TN A(Ly+ Ly

—9L,)

>?\P€i _ pet — 7'+7'\
@ — \
T petetu puT — T TR —
———[Hambye, JH, PRL ‘18]
[Super-K, PRD ‘20]
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Currently being probed: ©  Old results: =  Doable:

-

AB=AL=1

Better:
\\ JE—
p — €+€/i7T:FVT> =
\\ + + T
: N~ N L
Sy e Tp ) o
}* \ | ol e ““‘@
7 SR PR
T |~ petaT ) | P N+7‘N —
A + O [ t/ - + B
S e Ak = T pu'e ) A(L,+ L, —2L,)
b I / — 0 | — |
-5 e /.L L T — pr
@ N —— ®
(PN ]_9€+#) efl —» 77t
T — petlet u put = 7Tt B
Better:

[JH & Dima Watkins, to appear]
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Two-body nucleon decays (38)

Channel

A(B - L)

P—l

109 e ot 2 65 [79] (5300* [73])
p—re+y 0 41000 |72 o 4 ) 2 62 [79] (217" [65])
p—et +7° 0 16000 |24 n— e + K* 9 32 [62]
P — et + n 0 10000 [73) n—e + K*1 9
p—et+p 0 720 73] Lt 1 n 0 5300 [73]
p—et +w 0 1600 [73] 4, 5 et 1+ p 0 217 [65]
p—et +K° 0 1000 [74] 5, S et 4 K 0 17 [65]
p—et 4+ K0 0 84 165]  p et 4+ K™ 0
p—ut 4y 0 21000 [72] 5 pm 47t 2 49 [79] (3500* [73])
p—put +a° 0 7700 24]  pn o opm 4 p 2 7 [79] (228 [65])
p—ut+n 0 4700 73]  p > p + K 2 57 162]
p—put+p° 0 570 73]  n—put +n 0 3500 [73]
p—put 4w 0 2800 |73) n—ut+p 0 228 |69)
p—put + K° 0 1600 [75] n—out+K 0 26 [65]
p— v+l 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+mn 0,2 158 |69]
p— v+ K+ 0,2 130 [78]  n—v+p° 0,2 19 [79]
o n— v+ w 0,2 108 |65
Many of these limits are n— v+ K° 0,2 130 [74]
20 years old (IMB). nosvi KW 02 78 [65]
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