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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 1/2 1/2
down strange bottom

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

» global symmetry of Standard Model Lagrangian!
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Baryon number violation?

. P
Many extensions u )
(GUTs, SUSY,...) | 8
break baryon number! =
[Fileviez Pérez, Pocar, JH et al, 2208.00010]
Heavy particles => higher-dimensional operator:
1 2 3 4

y y y y 1 [Weinberg,
ﬁduQL—l— EQQQL—I— EQQUE—I— ﬁduuﬁ—l—(’) (ﬁ) 79 & ‘801

Gives two-body nucleon decay into te*, oy, mttv, ...

Large underground detectors can study this well, e.g.:

Tp(p N e+7TO) ~ 1034 yr. [Super-K, 2010.16098]

Pheno '25 Julian Heeck



AT TN e

i R EE W

O
=

Super-Kamiokandé

Pheno '25

e

B

T Tl e —

CE A T RO N R A R e

- m R m e e

i

-

., e

A S T

= R B R

T T

T

[ |

i
N oo e
r;d--'-

i
¥ -
1
I
5
¥

1
il
=1
]
i
.
.
&

5w e

-

=

- .

T

A
R T

T LD

BEEE R RRRE AR R
TN L L LRk

YL LR

T LD o Bl b

B

W

- .
O
-

]

Julian Heeck

Do degale .
g’ bdis
e

f

Photomultipliers




o
.
‘-h

-
. it T w:
Ha 'u':__.."--h ﬂ;_-:"l'f'
- -

e
by’ upd
i

Super-Kamlokande Photomultipliers

Pheno '25 Julian Heeck




Super'Kam|Okande Photomultipliers
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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 1033 7 x 1033 6 x 1034 1 x 1034
# neutrons 6 x 1033 5 x 1033 5 x 1034 1 x 1034
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 Could JUNO & DUNE be useful for some channels?

[JH, Shoemaker, in progress]
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Beyond SMEFT

* AB induced by heavy particles gives SMEFT operators.
- Great limits from exclusive searches in Super-K.
- Well-studied theoretically.

* What if new particles are light?
- n-T1° ) orp-e*y, followed by x decays?
- New signatures, new model building!

[lots of recent work:

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

Domingo, Dreiner, Kohler, Nangia, Shah, 2403.18502;
Li, Schmidt, Yao, 2406.11382 & 2502.14303;
Davoudiasl & Denton, 2410.19045, ...]
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Sterile leptoquark

Singlet scalar ¢ with B =L = 1.

diuju ™ di L™ 0™ L ™
£¢: UJXI%H@ 4 ujf\Qg 1P IQQ}\UIE 1P Jl QQJ/SL:; 1P

ijkl ijkl ijkl
/\3
L.ow energy /\3 pegb* . . [McKeen & Pospelov, 2003.02270]
udde
Possible UV ! LQys -9
completion 5 — — =
ith leptoquarks: - a7
Wi ptoq . E &
[JH, 2009.01256] d & < o+

Form, = 0: 7p(p — et @) > 8 x 1032 yr. [Super-K, 1508.05530]

SK/HK can probably get similar limits for m,> 0, unless...
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Sterile leptoquark near threshold

For m, ~m_ - m, lepton becomes slow => no Cherenkov light!
p-u* ¢ (blue), p—»e*¢ (yellow)

u* eventually decays 1076
into fast e*, but long > 4070 B
decay length 5 108 E

ecay engt (2 107 - [JH, Shoemaker, ,
and just looks = 107%. inprogress] :
like random e*. & {010

3 107"

JUNO/DUNE could = 1012 :
see the slow p*and < o | o

. . . 1 wwwwwwwwwwwwww"mw”m”w:
give best limits here 0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95
p - de* has more narrow range my/GeV

without Cherenkov: m, = [937.5 MeV, 937.8 MeV],
but actual SK cuts on e* momentum are much stronger.

JUNO/DUNE can beat SK/HK In these channels!
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Sterile neutron: fermion with B=1

* Effective Lagrangian: €
_ (uRdr) (EC X7) (@C QL)(EC X5) (B | a\_ irn _inTp
Ex— R A%RL g 5 A%RL _ (AfJFA%)XPR(nJF\/ﬁfW fﬁ)

* X mixes with neutron, inherits its interactions.

* p- 1" X with X near threshold  p-n'x (blue), n>rPx (yellow), n>yx (green)

to slowdownm? —— 19
 But isospin gives: L]
()] i e
Q) 1] 3,
(n— xm°) ~2T(p— x7t) = 10 \
Y :
- . = 102 ,
e Difficult to hide from SK/HK. - [JH, Shoemaker, . z
. 10- _g| Inprogress] | A\
[Bomingo++, 2403.18502] 0.60 0.65 0.70 0.75 0.80 0.85 0.90
m, /GeV
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Sterile neutron = sterile neutrino?

* Simple UV model: 3 sterile neutrinos N + LQ S; ~ (3,1,—-2/3)

1C G —C3 T JH, Heisig, Thapa,
L = z4qdgSidR + 2o GRSIN +yp LHN - D JE00, hape

* Nucleon decay only into N, then N decays through v mixing.
[Domingo++, 2403.18502]

* Nucleon decays in Earth source N flux! [JH, Shoemaker, in progress]

1033yr Vdetector T
To—sN (30m)3(20yr)

#events ~ 250 ( ) for vB8mnv < Ra
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N - e in Super-Kamiokande

Mixing parameter | Uen | 2

10-”;

10%yr |

T(p=>K"N)

Existing
constraints

10-12 E [JH, Shoemaker, in progress]

10%%yr
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1.

Can get a large flux even
for long proton lifetimes!

Mono-energetic N mostly
coming from below.

Clean signature, but still
background.

Existing constraints
enforce N decays from
outside the detector.

Reaches seesaw range!

[“EXisting constraints” from
Bolton, Deppisch, Dey,
1912.03058 & 2206.01140]
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Mixing parameter |U,n |2

Mixing with muon and tau neutrinos

No fully visible N decay in
our mass range.

#

N Svid ,u in Super-Kammkande N - rrorrI in Super Kamlokande
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-9 % < E -9 A i;
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Summary

* Baryon number violation = sensitive hew-physics probe.
* New detectors soon: JUNO, Hyper-K, DUNE.
e Light new physics gives new signatures: p - " + X, X - SM?
* Near threshold, p - " ¢ has slow £*: invisible in SK/HK!
- Rare chance for JUNO & DUNE to win.
* More difficult for p - 11" N, but other interesting physics:

- p - 11" N In Earth as source of sterile neutrinos N.
- Clean signature, e.g. N - 1t* u, in underground detectors.

Nucleon decay into light particles has interesting PHENO
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Mixing parameter |Uey | 2
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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.
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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 20
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