Overview of Proton Decay

Search Experiments
Akira Takenaka
(Tsung-Dao Lee Institute, Shanghai Jiao
Tong University)
Workshop on Grand Unified Theories:

Phenomenology and Cosmology
Oth/Apr./2024




Introauction

This presentation will overview the proton decay search experiments:
. general detection principle/experimental challenges,
. current limits on the proton lifetime,

. future sensitivities.

The speaker is an experimentalist, was working on Super-
Kam|okande/Hyper—Kam|okande and now Worklng on JUNO.

Work inside the Super-K detector



Proton Decay Search
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The discovery of the proton decay would be strong evidence for
Grand Unified Theories.

Many experiments have searched for proton decay signals.
No positive observations so far-

This presentation will describe the general characteristics of the
proton decay experiments and introduce a few specific experiments.


https://iopscience.iop.org/article/10.1088/1361-6471/ad1658/meta

Proton Decay Search Principles

. S

Generally predicted proton lifetime ranges from 10-30 years.

It is iImpossible to discover its decay by monitoring a small number of
protons.

. It would take 10~30 years to observe one proton decay.

A gigantic detector is necessary to contain a huge number of
protons as a detector material.

. ex. Super-K contains ~1034 protons in its water molecules.

The proton decay search (discovery) potential basically depends on
the size of the detector (humber of protons) and background level.



Challenges in Proton Decay Search
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- Practical challenge: As a larger detector is reqwred to enhance the
proton decay search sensitivity, the financial and time costs for the
experiment are increasing.

- Hyper-K, JUNO, and DUNE: ~Billion RMB and several to ten years
scale for the detector construction.

. Scientific challenge: Neutrinos produced in the atmosphere
(atmospheric neutrinos) are the unavoidable backgrounds.

- Atmospheric neutrinos interact with the detector material and the
produced particles in the interaction mimic proton decay events



Current Proton Decay Search Status

p—etnY MC event display
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The current lifetime limit for most of the proton decay modes is set
by the Super-K experiment (~27 kton water mass).

. A large water Cherenkov detector located in Kamioka, Japan.
- ~11,000 photosensors are mounted on the detector wall.
Lifetime limits for the two representative modes:

T /B(p—e+tm 0) > 2.4*1034 years (90% C.L.), phys.Rev.D 102 112011.

T /B(p— v K+) > 5.9*1033 years (90% C.L.), phys Rev. D 90. 072005.


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.112011
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.072005

Water Cherenkov Detector (1)
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Charged particles traveling faster than the speed of light in water
emit Cherenkov light.

By identifying the characteristic Cherenkov ring image obtained
through the photosensors, the particle information is measured.

. Particle type (either e or u), direction, momentum/energy.
Hyper-K (~200 kton water mass) is expected to launch in 2027.

. The sensitivity will reach ~1035 years for the p—e+m7 0 mode.
h ://arxiv.or 1 041


https://arxiv.org/abs/1805.04163

Water Cherenkov Detector

Atmospheric v Simulation
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. Clear signal and background separation for p—e+mO.
- Remaining backgrounds.
- ex. ven — e 9% (p is below Cherenkov threshold, undetectable)

.- It is relatively hard for water Cherenkov detectors to search for
p— v K+,

. The charged Kaon (K+) is below the Cherenkov threshold and
undetectable, resulting in a low signal efficiency of ~20%.



Liquid Scintillator Detector (1)
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from Chinese Phys. C 47, 113002

. Ligquid scintillator detectors do not have the issue regarding the

Cherenkov threshold.

- All of the charged particles inside emit scintillation light.

. Good at searching for p— v K+ by requiring the triple coincidence.

. JUNO (~20 kton liquid scintillator) is under construction in Jiangmen,
China, expected to start the physics run next year.

- Will reach the sensitivity of ~1034 years for p— v K+.


https://iopscience.iop.org/article/10.1088/1674-1137/ace9c6

Liquid Scintillator Detector (2)
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. Background events for the p— v K+ search are also caused by

atmospheric neutrinos.

- Vun — up (pcould mmic Kt)

-  With the triple coincidence technique, It is expected to be well

suppressed.

10*
from Chinese Phys. C 47, 113002
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https://iopscience.iop.org/article/10.1088/1674-1137/ace9c6

Liquid Scintillator Detector (3)
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Scintillation Light

. In contrast to Cherenkov light, scintillation light is emitted
Isotropically from the particle.

. It is generically hard to estimate the particle direction in scintillator
detectors and discern multiple particles appearing at the same time.

. Therefore, the sensitivity for p—e+m 0 is not very prospective in
pure-scintillator detectors.

- In water-based liquid scintillator detectors, such as THEIA, both
Cherenkov and scintillation light are observable. Eur, Phys. J. C 80. 416
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https://link.springer.com/article/10.1140/epjc/s10052-020-7977-8
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Liguid Argon Time Projection Chamber (1)
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- Ligquid Argon Time Projection Chamber (LArTPC) is another major
detector technique for neutrino and proton decay search detectors.

. Electrons produced by the ionizations of the charged particles drift
the sensitive wire planes and leave signals.

. By combining the information from multiple wire planes, a 3D
particle track can be estimated.

. DUNE (~40 kton liquid argon) in the U.S. employs this technigue and
will be online around 2030.



Liguid Argon Time Projection Chamber (2)
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from Eur. Phys. J. C 81, 322

- The particle type of each track can be identified by the deposited
energy over its track length (dE/dx).

- Here again, atmospheric neutrinos are the main background source.

- Machine-learning tools (CNN, BDT) are fully exploited to separate
signals & backgrounds.

- The search sensitivity for p— v K+ will reach ~1034 years.
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https://link.springer.com/article/10.1140/epjc/s10052-021-09007-w

Next after Next Proton
Decay Search Detector?

Photosensor unit

Considering the predicted proton lifetime ranges beyond 103° years,
It may be nice to start to think of further future detectors.

Neutrino telescopes (ex. KM3NeT) deploy photosensor units in the

sea for quite high-energy neutrino observations (a few GeV or more).

. Water Cherenkov detector in the sea.

The target detector volume is extendable by deploying more and
more photosensors with no rigid physical boundaries in the sea.
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Next after Next Proton
Decay Search Detector?

Photosensor unit

By arranging photosensor units close enough, there may be chances
to access the proton decay energy scale, ~1 GeV.

A study to seek out the feasibility of this kind of proton decay search
detector i1s ongoing.

. Optimal photosensor units for proton decay search.

- How well atmospheric neutrino backgrounds can be controlled.

. Hardware feasibillities.

15



Summary

Overviewed the current and near-future proton decay search

detectors.
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Both the detector size and background control are crucia

proton decay search study.

Efforts in different directions are ongoing.

In the

- Improve the analysis in the existing and near-future detectors.

. Study for further future gigantic detectors.
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Positron

p—et+ 7 O Signal

—e+1 0 MC event displa
X biay Protons in H20

All secondary particles (et, ) can be reconstructed.

From unique (back-to-back) event topology, signal and
atmospheric v background can be clearly discriminated.

Free protons (H) are available in Super-K.

Free from the Fermi motion and various nuclear effects.

18
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Background & Reduction Techniaue

Atmospheric v Neutron Multiplicity
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Number of Neutrons

Atmospheric v events can mimic p-decay signal.

~60% of them are produced via charged current pion production
Interaction and often accompanied with neutrons.

Since SK-IV (2008~2018), faint signature of neutrons (rs) can be
recorded thanks to electronics upgrade. (n+p—d+7r (2.2 MeV))

Neutron tagging efficiency ~25%.
Requiring no tagged neutrons reduces ATM v BG by ~50%.



Search Method p—et+m 0 -

p—e+ 0 signal selection

Fully contained and vertex in
fiducial mass region.

Cherenkov ring = 2 or 3
Particle identification

all shower-like rings

No Michel-electron.

for 3-ring events, ™ 0 mass cut
85 <Mro < 185 MeV/c2

Total Mass cut

800 < Mwt< 1050 MeV/c?
Total Momentum Cut

Box1: O < Pwt< 100 MeV/c
(Free proton rich & Low v BQG)
Box2: 100 < Piot < 250 MeV/c

For data since 2008, no tagged
neutrons.

Typical free p—e+m0event (MC)
Event display (et, m0->27)
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Search Performance p—e*m ©

p—et 0 signal selection

Fully contained and vertex in
fiducial mass region.

Cherenkov ring =2 or 3
Particle identification

all shower-like rings

No Michel-electron.

for 3-ring events, ™ 0 mass cut
85 <Mro < 185 MeV/c2

Total Mass cut

800 < Mttt < 1050 MeV/c?
Total Momentum Cut

Box1: 0 < Pwot< 100 MeV/c
(Free proton rich & Low v BQG)
Box2: 100 < Piwot < 250 MeV/c

For data since 2008, no tagged
neutrons.
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/8 kton*years
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Signal Efficiency BOX2 20.3+/-3.3%

15.5+/-2.6%

39.8%+/-3.7%
0.01+/-0.01 ev

25.8+/-3.0%
0.01+/-0.01 ev

Expected BG 0.48+/-0.21 ev

0.09+/-0.05 ev

[/livetime]

0.49+/-0.21 ev

0.10+/-0.05 ev

Enlarging fiducial mass increases p-decay search sensitivity by ~12%.
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Data Result p—etm©
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Number of events
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Data Result p—e*m ©
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Search Performance p— U+ TT O

p— ut 7m0 signal selection

Fully contained and vertex in
fiducial mass region.

Cherenkov ring = 2 or 3
Particle identification

1 non-shower ring.

1 Michel-electron.

for 3-ring events, ™ 0 mass cut
85 <Mro < 185 MeV/c2

Total Mass cut

800 < Mwt< 1050 MeV/c?
Total Momentum Cut

Box1: O < Piot< 100 MeV/c
(Free proton rich & Low v BQG)
Box2: 100 < Piot < 250 MeV/c

For data since 2008, no tagged
neutrons.
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500200
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0.04+/-0.03 ev
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0.01+/-0.01 ev

Expected BG

0.70+/-0.24 ev

0.19+/-0.08 ev

[/livetime]

0.74+/-0.24 ev

0.19+/-0.08 ev

Enlarging fiducial mass increases p-decay search sensitivity by ~12%.



Data Result g)k%,u 7T O

Data SK-l to -IV 45
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1 candidate in BOX2. Same event reported in the last paper.

. L . PRD 95, 012004 (2017
No new candidates incl. in enlarged region. D 95, 012004 (2017)
No significant data excess compared to expected BG, 0.94.

L ower lifetime limit @90%C.L.
T/Bp—>u+7t0 > 1.6%1034 years

(published: 7.7*1033 years)

Most stringent constraint. ~2 times longer than published.
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Data Result p=u+m©
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Data Is consistent with ATM v MC prediction.



Other Decay Modes
(Conventional
Fiducial Mass

Analysis Results)
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K+—u+v: Leptonic decay channel
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(b) Tag De-excitation 6.3 MeV r and Michel-e Number of PMT hits by 7

Require r, u, and Michel-e triple coincidence.
e ~9%. No candidates:-- PRD 90, 072005 (2014)
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Favored in SUSY.
K+—m+m 0: Hadronic decay channel
BRK+—>7Z'+7TO ~ 20%

Search for p—> vV K?

& p—VK+MC
" (Kt—>m+m0)

g, - .
MR N 7
- e

y 205 MeV/c

(c) Search for m+m0 back-to-back signal

e ~9%. No candidates ---
PRD 90, 072005 (2014)

Ngmber of events

Combining three search methods with
SKI~IV data (365 kton*years)
T /Bp-vk+ > 8.2¥1033 years (90%C.L.) |

[Super-K Preliminary]
Studying feasiblility of enlarging fiducial
mass for this search.

Number of events

Deposit energy by n+ [MeV]
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Nucleon Decay Search summary

p—e'n Systematic [et,u+*] x [n, o, w, 7] searches
p—p'm Updated
S PRD 96, 012003 (2017) Lifetime Limit
p—u Eff  Background Candidate Probability (x10°3 years)
p—etp’ Modes (%) (events) (events) (%) at 90% CL
—u*o?
D e p—etn 160 078+030 0 o 10.
p—ut0’ > poutn 233 0.85+0.23 2 20.9 4.7
n—e*nw p— e+p0 3.8 0.64 +0.17 2 13.5 0.72
=i p-outp® 19 1304033 1 72.7 0.57
n—e*p’
ooy poetw 48  135+043 1 74.1 1.6
o poutew 79 1.09+0.52 0 o 2.8
n—vr’ n—etxz- 126 0.414+0.13 0 e 53
p—etee n—outn 134  0.77+0.20 1 53.7 3.5
purete n—-etp~ 15  0.87+0.26 4 1.2 0.03
I'L g:fﬁ n—outp~ 12 0964028 1 61.7 0.06
p—eutu* total 8.6 12 15.7
P—=uturw
p—evv Three charged leptons searches
p—utvy
p—e*y PRD 101, 052011 (2020) Lifetime limit
F::X;YY Eff Background Candidate Probability (x103* years)
NN—ee Modes (%) (events) (events) (%) at 90% CL
NN p—etete 635 058+008 0 - 3.4
nn—yy p—utete” 479 0.50+0.06 0 - 2.3
o : : p—uetet 408 050+£006 0 . 1.9
np—tty ool il el p—eptym 326 027+0.04 1 18.4 0.92
p—e uut 386 027+0.04 1 18.4 1.1
10° 10% 10% 10%° R
p—ututu 326 0.4040.07 1 25.8 1.0

Lifetime Limit [years]

No evidence of N-decay so far ---. There is still room for statistic
iImprovement (livetime & enlarging the fiducial mass) for these modes.
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Future Prospect (SK-Gd)

To Increase the search sensitivity, atmospheric v background
rejection and larger exposure are crucial.

We have loaded Gd into Super-K (SK-Gd), Gd2(S04)3 0.02%.

8 MeV r emitted from Gd-n capture is much easier to be detected.
— |ncrease the neutron tagging efficiency.

— We can significantly improve the atmospheric v rejection
power.

Relation between Neutron tagging efficiency and ATM v BG rejection power

Neutron Tagging ~25% ~50% ~90%

efficiency (H capture) Gd2(S04)3 0.02% (Gd2(S04)3 0.2%)
ATM v BG

Rejection by Ntag

~50% ~65% ~80%

—_ O

e

\S v
= Z
“ ,8MeV

-
AT~20us
Vertices within 50cm




DUNE arXiv:1601.05471
HK arXiv:1805.04163v]1
JUNO arXiv:1507.05613

Further Step Forward

Different types of gigantic detectors are being constructed and will
start operation in this decade.

p—e’ 1'rO 30 dlscovery p—VvK* 30 dlscovery

- p—-VK'

p - e* n°
DUNE 40 kton, staged , 30
SK 22.5 kton , 3¢

-:—.— HK 186 kton HD 3(1V Hyper-K )

. DUNE 40 kton, staged , 30
b et JUNO 20 kton , 30
SK 22.5 kton , 30
~——a— HK 186 kton HD , 30

e ~ DUNE 40ktor

I ITIHI

/B [years]

o

W

&)
rnm H[

JUNO -

10% |-

o

W

B

T T TTTI]

Proton lifetime [years]
3
I

2020 ll 2&)3.0- o 21021-0‘ ll ;620 — 2030 - 2oi4o ‘
yeaI’S Year

. 30 discovery potential is expected to reach 103° years for
p—et+m0 and 1034 years for p— v K+.

32



33

Signatures of K : need for large liquid scintillator

3 220F
p—>Kt+ v 2005 ut oor
180 +
Prompt pulse 160E + 2/7
— KT 2wt 120E-
T =112.4ns L N N _ 1002_
- __
Delayed pulse H e’ VetV 285_
— Kt >t + 70 40F
L 8.4X10™ ns2 28;_ o F
T =|26ns 14 1 10 107 10°

@ K is below Cherenkov threshold in water, invisible. So is u* from 7.
» Searching for 4™ or 7™ + 2~ alone has background.

@ Liquid scintillator is ideal for identifying K.
» Scintillation photons from mesons and muons with low kinetic energy.

@ Investigated by Undagoitia et al. 2005 and realized by KamLAND 2015.

Benda Xu (THU-HEP) Sensitivity Study of Nucleon Decay Search at JUNO CoSSURF 2022-05-12 3/13
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JUNO: the large liquid scintillator to be online

. 100;_ —— Inverted ordering Overburden i 7
2 605‘ sin® 260, . .
S wf _ sin 201 LT e il @ Major target: neutrino
; T Kaiping, oo i b i _ _
NN *”AT Jiang-Men city, S Lofait i T B © TEe massing orderlng.
F ettt Iy S0 ,hhdrlve " Shen Zhen '
S S R S Sy S S S Guangdong Province/ = =& s &) T
S | e b Ny Dl @ Need unprecedented
B PMT array 8 T L ep b @#‘* %] liquid-scintillator energy
O N / ACY ~“Hong Kong

resolution of 3% at
1 MeV.

I\
)

LA

@ 17612 20-inch PMTs and 25600 3-inch PMTs cover 78% of the liquid-scintillator sphere.
» 3-inch PMTs dynamic range is larger without saturation, suitable for KT ~0.5 GeV.

Benda Xu (THU-HEP) Sensitivity Study of Nucleon Decay Search at JUNO CoSSURF 2022-05-12 4/13
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Fitting of multiple pulses on 3-inch PMT hits

450

' - —— SPMTTi
@ \ertex reconstruction, subtract photon - S ime Output
. . 400 Double Pulse Fit
time-of-flights. -
_ 30 n | Rec. First Pulse
© At the residual time histogram, find the s0 0| Rec. Second Pulse
rising edge. e F
_ g & _ €250
© Fit with K-7 , K-u and single-peak So00E.
atmospheric v templates. :
» Require a minimal separation between 1501
two peaks to avoid degeneracy. 10057 A
@ Discriminate among hypotheses by y? S0 A
. F . . O N |--|-.|--|-T'T'T'T"r'r'F-F:I:--:.:-,;,.: V...
ratios ( F-statistic ). 0 20 40 60 80 100 120 140 160 180 200
Time (ns)
Caveat

@ u's form lines, time-of-flight subtraction is not perfect.

4

Benda Xu (THU-HEP) Sensitivity Study of Nucleon Decay Search at JUNO CoSSURF 2022-05-12 5/13
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Individual peak energies

@ Scatter individual peak energies on a plot.

. edepR<17500 Qedep[200,600] nCap(,3] michelR(170( J U N O simu |at|0n Qedepl[200,600] nCap(,3] michelR(17000] entries:8773

500 work in progress 50
. o
0 H-30 a00{ . - 40
g 300 @ E 300 - 30
* 200 1 - 15 " 200 - 20
10
100 - 100 10
5
0 0
E1Norm
KT atmospheric v

)
© K" — u" + v, , missing energy carried by v,,.
@ mostly only one peak for background.

Benda Xu (THU-HEP) Sensitivity Study of Nucleon Decay Search at JUNO CoSSURF 2022-05-12 6/13
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Background example: quasi-elastic scattering of atmospheric v

evtid146891
12 =, 11 i
v,+ C—=opHu HC chi2/chi2:1.17; Pl
250 A — KT
@ Prompt p peak minicing K. Possible 1 simulation data

200 A

improvement: p fitted as K

‘ Eq1:135.47;E,:144.56

» p-K discrimination
X2/ndf:459.5/294

150 A

Entries

@ "Delayed” y~ peak is simultaneous as p but . n
starting time is mis-identified. Possible 100 M p fitted as delayed 4
improvements: JUNO simulation

50 1

» line-shaped energy deposition model for 1. work in progress

> = discrimination. .

250 300 350 400 450 500
hitTime/ns

Benda Xu (THU-HEP) Sensitivity Study of Nucleon Decay Search at JUNO CoSSURF 2022-05-12 9/13



DUNE Far Detector

Deep underground cavern (1.5 km)
at SURF

Four 17-kiloton Liquid argon TPC
(LArTPC) modules (70-kiloton total

mass) \

- Each cryostat is 65.8 m long, 18.9 5
m wide and 17.8 m tall -

Photon Detection System system
to provide t, for non-beam physics/

Expect FD to turn on in late 2020’s

Successful operation of large-scale S
DUNE prototypes at CERN . 2 S
(ProtoDUNE) P

UNIVERSITY of

3 July 8, 2022 L. Koerner | Nucleon Decay Search with DUNE HOUSTON D\J(\E



Nucleon Decay

* Observation of baryon number violating processes such as nucleon decay
and neutron-antineutron oscillation would provide evidence of physics
beyond the Standard Model

- Benchmark proton decay modes from grand unified theories:

p - e*nd

p—> K™

« Large mass, deep underground location, and excellent imaging and
particle ID capabilities in LArTPCs make the DUNE FD ideal for nucleon

decay searches

* The most stringent limits in most decay channels are set by the Super-
Kamiokande experiment (water Cherenkov detector, 50 kiloton total mass,
In operation for more than 25 years)

- Improvements on these limits will require long exposure times coupled with
larger sensitive mass and/or improved efficiency and background rejection

* Two other large detectors will be operatln%m the DUNE era: Hyper-
Kamiokande (water Cherenkov) and JUNO (liquid scintillator)

- Highly complementary searches

UNIVERSITY of

4 July 8, 2022 L. Koerner | Nucleon Decay Search with DUNE HOUSTON Du'(\jE



p—2>K+v

« DUNE's initial focus is on proton decay modes
producing charged kaons

Kaon is typically below threshold in a water
Cherenkov detector, but can be identified by
dE/dx and decay in a LArTPC

« Signature: single kaon with origin in the fiducial
volume followed by decay products

- 64% branching fraction for decay to muon

« Background due to cosmic-ray muons can be
controlled by requiring no activity close to the

edges of the TPCs

« Atmospheric neutrinos make up the dominant
background
- Most significant background is not neutrino-

iInduced kaon production, but charged-current
quasi-elastic events where the proton is misiD-

ed as a kaon
- Look for kaon Bragg peak near muon vertex

Arbitrary Units

Analysis:
e At least two tracks (kaon + decay

product, usual muon), longest
track <100 cm (removes
background from high-energy nus)

 Boosted Decision Tree identifier
with 14 input variables

5 July 8, 2022 L. Koerner | Nucleon Decay Search with DUNE



p—2>K*v Event Displays

A high scoring atmospheric MC event

120 140 160 180 200
2000 — s = = 400 410 420 430 440 450 460 470 480
= E 1700 -
2800 - =
= = 1650
2700E- E 1600
2600 = 1550 -
2500 F- = 1500
2400~ = 1450
- L L 3 ) 1 N = 1400 1 L . 2 L 4 N N
380 400 420 440 460 480 330 _340_350 360 370 380 390 400 410 420
2900F- ' ' ' ' ' = @ 1700F =
D 2800F- = & 1650 5
E 2700~ = = 1600 E
2600 = & 1990
et = = — 1500 =
‘— 2500F = 3 E
= E \ E (O 1450F E
O 2400 U™ = e VYV — 1400 - =
;ggg 1 I L] 1 U 1 I_—: 1700
1650
2800 E 1600
2700 - 1550
2600 = 1500
2400 K + = 1400,
2300 E 690 700 710 720 730 740 750 760 770 780
500 510 520 530 540 550 560 Wire Segment
Wire Segment https://link.springer.com/article/10.1140/epjc/s10052-021-09007-w
UNIVERSITY of
6 July 8, 2022 L. Koerner | Nucleon Decay Search with DUNE HOUSTON Du'(\jE



Effect of Final State Interactions

 Limiting factor in kaon identification is the kaon tracking efficiency

« Kaons from proton decay are ~100 MeV and strongly affected by final state
interactions (FSI)

- After FSI, ~25% of kaons have kinetic energy <50 MeV

- FSl can also cause nucleons to be emitted; presence of these nucleons can
also affect kaon reco

800
9
700 - Prima K+ 9 _. ..................................................................................................................... —
Final ;{ate x| € [ Tracking threshold 4
LU -
600 o 0.8f t-
< _
Q 500 § _
& 400 = 0.6~
>
- i
300 0.4
200 i
0.2
100 i
0 O,;.,.‘.p-."'...l...|...|...|...|...|...|...|...T
0 50 100 150 200 250 300 0O 20 40 60 80 100 120 140 160 180 200
Kaon Kinetic Energy (MeV) Kaon Kinetic Energy (MeV)

UNIVERSITY of

7 July 8, 2022 L. Koerner | Nucleon Decay Search with DUNE HOUSTON LDuVeE



p2>K*v Sensitivity

» Assumed a 30% signal efficiency (including expected tracking
improvements)

Applied same cuts to atmospheric neutrino events to get an
expected background of one event per megaton-year (3x10°
background suppression)

Systematics: 2% on signal (FSI uncertainty); 20% on background
(flux and cross section uncertainty)

DUNE sensitivity (90% CL lower limit on proton lifetime in this
channel):

- 1.3x1034 years (400 kiloton-year exposure)

- Current published limit from Super-K: 5.9x1033 years (260 kiloton-
year exposure)

8

UNIVERSITY of

July 8, 2022 L. Koerner | Nucleon Decay Search with DUNE HOUSTON D\J(\E



Other Nucleon Decay Channels

* n-o>e K7 e p—etnd
« Applied similar analysis * Preliminary analysis based on
techniques asp - K*v Monte Carlo truth variables
analysis, with requirement of (approximated reconstruction)
electron shower in addition to  « Must identify 3
kaon ID electromagnetic showers
» Signal efficiency: 47% * DUNE sensitivity:
+ DUNE sensitivity: - 8.7x1033 — 1.1x1034 years
depending on reconstruction
- 1.1x1034 years (400 kiloton- performance (400 kiloton-year
year exposure) exposure)
- Current published limit (Frejus - Current published limit from
experiment): 3.2x103! years Super-K: 2.4x10° years (450

kiloton-year exposure)

UNIVERSITY of

¢ July 8, 2022 L. Koerner | Nucleon Decay Search with DUNE HOUSTON D\J(\E
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FIG. 3. Reconstructed momentum for 172.8 kt - yr of SK-I +
IT + IIT data (black dots), best fit result of atmospheric neutrino
plus nucleon decay MC simulation (solid line), and the 90% C.L.
allowed amount of nucleon decay (hatched histogram) for
n — va® (top) and p — va™ (bottom). The dashed line shows
how a positive signal of nucleon decay would look, correspond-
ing to five times the limit we set on the decay partial lifetimes.
The p — vx™ nucleon decay contribution in the bottom figure
is reconstructed at lower momentum than the expected value
(458.8 MeV/c) because a muon hypothesis is assumed in the
reconstruction.



Dinucleon Decay
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FIG. 1 (color online). (Top) Reconstructed momentum distribution for 273.4 kton yr of combined SK data (black dots) and the best-fit
result for the atmospheric neutrino background Monte Carlo simulations (solid line). The corresponding residuals are shown below, after
fitted background subtraction from data. (Bottom) The 90% confidence level allowed nucleon decay signal (hatched histograms), from the
signal and background MC fit to data. All modes are shown (overlaid), with e-like channels on the left and u-like channels on the right.
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FIG. 4 (color online).

are kept.
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BDT output for pp - z"zt signal MC (solid), atmospheric neutrino background MC (dashed), and
data (crosses). The vertical green line indicates the BDT cut value, and the arrow indicates that only events to the right of the cut
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Dinucleon Decay
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FIG. 10 (color online). BDT output for pn — zn* 7" signal MC (solid), atmospheric neutrino background MC (dashed), and data
(crosses). The green vertical line indicates the BDT cut value, and the arrow indicates that only events to the right of the cut are kept. One
candidate event can be seen in the SK-I data distribution, just to the right of the cut at 0.19.



