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Baryon Number Violation?

* B conservation is not guaranteed by any
fundamental symmetry.



Baryon Number Violation?

If you ask nicely, |
can allow AB # 0.

* In Standard Model, B conservation is accidental.

The Standard Model
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Baryon Number Violation?

 Predicted in Grand Unification Theories.




Baryon Number Violation?

Together with CP
violation and thermal
non-equilibrium.

* Bviolation is an essential ingredient for
baryogenesis.

Andrei Sakharov
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Baryon Number Violation? Not Yet...

Z > pe
T = py
Meson—Baryon

Baryon—>Meson

n—-n

No observation in any of
these channels.
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Baryon Number Violation? Not Yet...

Super-K
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B enc h mar k M O d e: p —_ e+ 1'[0 f 20I24J. P[hys. G]: Nucl. Part. Phys. 51 033001
Lifetime limits [years

0* 10% 10% 10% 10% 10% 10

—

Super-K (ruled out)
minimally extended SU(5)

minimal SUSY SU(5)

minimal SO(10): Miu= Gazzp
SUSY SO(10)
SO(10) in 6D

Es: M= Gaaz -> GJ;}..".

p -> e’ ¥ predictions
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Search Requirements

* Large statistics:
* Large detector
* Long exposure

* High efficiency:
e Sensitive in subGeV energy range
* Minimum background
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A Neutrino Experiment for BNV Search

* Large statistics:

e 20 kton water » :lu
* Data taking 1996-now - i - _v

* High efficiency: s PP
* |f above water Cherenkov threshold
e Minimum background SR
» 1 km overburden + outer detector to reject L
cosmic rays Ny
* Only background: atmospheric neutrinos \g
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I

A simulated
n - et 10
event at SK
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Super-Kamiokande IV

Run 99%%9%9 Sub 0 Event 89
18-11-11:13:21:47

Inner: 31749 hits, 9063 pe

Cuter: 4 hits, 4 pe

Trigger: 0x07

D wall: 600.0 cm

Evisz: 0.0 MeV

Charge (pe)
. >26.7

=T =Tl T 1)

Event display courtesy:
Akira Takenaka
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p—oe'nm

SK-1
1 GeV electron ; 1 GeV muon

=4
~

e 2-3 reconstructed Cherenkov rings.
* All rings are electron-like.

* No Michel electrons.

* For events with 3 rings, 85 < m_o < 185 MeV.
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Phys. Rev. D 102, 112011 (2020)




Neutrino Interaction at GeV

v cross section / E, (10°® cm? / GeV)

1.4F
1.2F

J. A. Formaggio, G. Zeller,
Rev. of Mod. Phys., 84 (2012)

10/05/2023

* Main interactions:
e (Quasi-)Elastic scattering
 Resonant Meson Production
v, +p-oet+n+n’
* Deep inelastic scattering

Atmospheric Neutrinos, Linyan WAN 13



p—oe'nm

0

Phys. Rev. D 102, 112011 (2020)
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Conventional Region
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Smearing from bound nucleons

& final state interaction
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» > e*n®

Phys. Rev. D 102, 112011 (2020)
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+ .0
p—en 2.4 x 103* years @90% CL

Phys. Rev. D 102, 112011 (2020) 450 kton - year

1000 _ _
900 Conventional Region
800 :
700
600
500
400
300
200
100

p—e*n® MC
Free Proton

-t

.

SAPE et
-

o

o Illllll'llllllllllllllli‘llllllllllllll'lllllllll .lllllll"llllli .
.

Total Momentum [MeV/c]

900
800
700
600
500
400
300
200
100

B YT TR W [T T N RN NN P | Ll

200 400 600 800 1000 O 200 400 600 800 1000 O _ 200 400 600 800 1000 1200
Total Mass [MeV/c?]

PR PRI ST

5/15/2024 Linyan Wan, Fermilab 16



Future Detectors: Hyper-Kamiokande

e Large volume
e 8 x Super-Kamiokande
 Same detection technique,
improved photon detector

Hyper-K
170 kton
H20
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2024 J. Phys. G: Nucl. Part. Phys. 51 033001

Benchmark Mode: p —» e*n® e

5/15/2024

10% 10% 10% 10

10*' 10% 10%

m Super-K (ruled out)

minimally extend 3U(5)

minimal €
ed SU(5)

minimal SO(10): M= Gazzp
SUSY SO(10)

p ->e* iV predictions

Eh h4.1|l: Gd.’.'llv‘

SK(2020) HyperK(20 yrs)
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B enc h mar k M O d e: p — VK+ 2024 J. Phys. G: Nucl. Part. Phys. 51 033001

Lifetime limits [years]
10*' 10% 10% 10 10% 10% 10%7
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p » vK' at SK

Challenges: v is invisible, and the K is below water Cherenkov threshold

Decay channel Branching ratio

K" - utv 65%
Kt - ntn® 21%
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p » vK" at SK

Super-Kamiokande IV
Run 999999 Sub 0 Event 69
D wall: 1165.1 cm

Evis: 53.2 Mev
mu-like, p = 231.0 MeV/c
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p » vK' at SK

K" - u*tv, BR=65%

M+
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Future Detectors: JUNO

* Large statistics:

e 20 kton liquid scintillator
e High efficiency:

* MeV thresholds

0'016:_ — Hit time of single hit SPMT
0.0141 —— Waveform of all LPMT
- 0.012;— ——— Waveform of DYN LPMT
< o0 + — Waveform of MCP LPMT
a -
g -
g 0.008
€ 0.006 Michel
= . 0
S ~40%
0,004 electron o
K Goo2 eff|C|ency
0 g | ] | _I
0 50 100 150 200 250 300
Time (ns) Chinese Phys. C 47 113002 (2023)
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Future Detectors: DUNE

* Large statistics:
* 40 kton liquid argon
e High efficiency:
* Topologically visible kaons in LArTPCs
* Potential enhancement from
de-excitation light

K+
Q@

28 et
MicroBooNE Public Note - 1071
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| D ANEL
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V ’LA:I’_TPC il ]
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19m 66 m (10 kton active volume)

v, Ar > u"K*A’npp
na’—yy

+ =~ +
VB 2 y1,e
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B enc h mar k M O d e: p — VK+ 2024 J. Phys. G: Nucl. Part. Phys. 51 033001

Lifetime limits [years]
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B enc h mar k M O d e n-- ﬁ 2024 J. Phys. G: Nucl. Part. Phys. 51 033001

Lifetime limits [years]
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Free Neutron Osclillation: ESS

* Proposed Two Stage Experiment at the European Spallation Source
* Phase 1 - HIBEAM: Search forn —» n’

e Phase 2 - NNBAR: Searchforn - n

e 1000 times better sensitivity than the latest free neutron search at ILL
Z.Phys.C 63 (1994) 409-416

Setup ofthe experiment 4 E EEEEEEEEEEEEEEEEEEEEREDNE
]
nnbar beamline . nnbar detector area o
|
W -
- |
Source - "
--------------- .
: Cold Neutron = .
i Moderator . "
"""""""" ' Reflector . n

:J :Beam

Tra
Magnetic Shielding and Vacuum Tube '.........................: .

Sze Chun Yiu, CoSSURF 2022
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Bound Neutron Oscillation

w * Suppressed by nuclear potential
i, )% * Multiple meson production from the
N s ol annihilation after n — 7 oscillation,
- mostly pions.

5/15/2024

Linyan Wan, Fermilab
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Neutron Oscillation at SK

Super-Kamiokande IV
Run 999999 Sub 0 Event 231

-10-16:04:36:
Inner: 2169 hits, 4505 pe
uter: 5 hits, 5 pe

Super-Kamiokande IV
Run 988999 Sub 11 Event 628
16-03-10:18:49:58
.
> ¢ -

r: 3682 hits, 10223 pe

Outer: 1 hits, 0 pe

Trigger: 0x02
i : 0
D wall: 508.0 com Trigger: 0x07

D wall: 300.0 cm

Charge (pe)

Ch.
rs o arge (pe)

>26.7

pre——— Phys.Rev.D 103 (2021) 1, 012008

1500 2000 500

1000 1500 2000

Times (ns) Times (ns)

A simulated nip annihilation producing 6 pions. A simulated atmospheric neutrino event.
5 rings were reconstructed. Neutral current deep inelastic scattering.



Quantified Features
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Phys.Rev.D 103 (2021) 1, 012008

maximum decay-e distance [cm]

Linyan Wan, Fermilab

Signals have more rings and are
more isotropic.

Backgrounds have a wider range
of kinetics, and fewer rings.

These features are quantified as
variables concerning:

« Kinematics

* Number of rings
* |sotropy
 PID

30



Quantified Features

TABLE V. Overall efficiency and systematic uncertainty.

Efticigpcy Event rate Systematics
Signal $
.56 / year

Background

Limitations:
 Low energy pions below the threshold
e Large uncertainty from final state interaction

Phys.Rev.D 103 (2021) 1, 012008
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Future Detectors: DUNE

* Large statistics:
* 40 kton liquid argon
e High efficiency:
* Low threshold for pions
e Challenge:
 Smeared kinematics from Fermi
motion & final state interaction

5/15/2024 Linyan Wan, Fermilab

DUNE/
40|kton': ;

#1 LATTIPC f0/17

D W 17 kton module
19 m 66 m (10 kton active volume)
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Summary

* Baryon Number Violation searches are highly motivated.

* There are active searches in many modes, especially the
benchmark modesp = e*n®, p - vK*,andn - 7.
No observation yet.

* Future searches with next-generation large neutrino
detectors are promising.
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