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Scientific Perspective of Nucleon Decay

Tests a fundamental, but unexplained conservation law:
baryon number.

Grand Unified Theories make specific predictions:
decay modes, lifetimes, branching ratios.

Probes scales forever inaccessible to accelerators.
New force carrying particles.

Deep connections with other fields:
cosmology, inflation, BAU, neutrino mass.
Even if no signal, limits are very constraining on theory.



Theoretical Outlook from Experimental Perspective

** Numerous and various models exist.

N¢

+ Lifetime predictions are not precise —
typically uncertain by 2-3 orders of magnitude.

*** There are two favored and benchmark decay modes:
e*n? (gauge mediated) and vK*(SUSY D=5)
good for water good for LAr and Liq. Scint.

» There are other modes and processes:

w0 (flipped), uK® (SUSY), invisible modes, dinucleon decay,
three-body modes, leptonic modes, B+L conserving modes ...
Ideally, we wish to cover all possibilities

*** Some theories suppress or exclude nucleon decay.
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rariele  Intensity Frontier Workshop
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by Super-K before next Starting time? Guess 1 decade from now.
generation experiments Adjust starting time as you wish.
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Before we look ahead, let’s take a quick look at recent work from Super-K

38 15|20 21 |22 2324 [25 |26 |27 |28 [ 20 |30 31 [a2 [ 33 [ a8 [ 35 [36 |97 [ 38 [ 99 [ a0

Hyper-K including T2HK

250 persons
11 countries
2751 person-shifts

- Bigjob for

Super-K

- collaboration

in 2018:

~ Fix leak

Clean structure
‘Replace PMTs

‘Upgrade water system
‘Work fast: no T2K beam

20720



Improvements to SK analysis

Nonstop effort since 2013: i - A L oamaskay
Neutron capture on hydrogen (25% eff.) %ﬂ] | — ATMvMC
: . : 600 q:L
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Two box search (free proton) 400E- + L .
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o e 22.5 kton
£500 £ 500 .
Super-K = inner FV
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Signal Efficiency (%) SK-I SK-1I SK-II SK-IVw.ncap.  New 4.7 kton FV (SK I-IV)
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100 < p,.., < 200 MeV/c 14406 22+0.8 0.10 £ 0.05
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Low background achieved
with decent efficiency

p...< 100 MeV/c 0.17+0.14

background reduction with
neutron capture on hydrogen



Studying suitability for p » vK* and others

Conventlonal Reglon 372 kton*years ~ Enlarged Region 78 kton*years
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T/B(e_l_ﬂ'o) > 2.4 X 1034 years  Published =1.6e34
also ... T/B(,u_l_ﬂ'()) > 1.0 X ]_034 years Published = 0.8e34

(1 candidate near upper box edge remains)
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Nuclear Modeling is Important

- Effective mass in 160

* Correlation with other nucleons

* Fermi motion - by shell

* Initial position (Woods-Saxon)

* Nuclear de-excitation y

* pion-nuclear interactions

- Elastic Scattering
- Charge Exchange
- Absorption
* Similar issues cause
uncertainty in atm. BKg.

Trouble for decay in the nucleus

H. Ejiri Phys. Rev. C48 (1993)
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Exotic Nucleon and Dinucleon Decay Modes

SK preliminary (paper in progress)
B MBI SK

7.9x1032

p—etete 3.4x103%
. 5.3x1032
p—utete 2.3x10%
p—ureter 1.9x103%
Citreny 3.6x1032
P—eTu*TU 9.2x1033
No result in IMB
SILIIE
Poe Ul 1.1x10%
R 6.8x1032
PU U 1.0x1034

1032 1033 1034
Proton life time limit [year]

https://arxiv.org/abs/1811.12430
Frejus IMB SK (0.36 Mton yrs, preliminary)
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100 1098 102 10% 10%

7/B (yecars)

2015: see also https://arxiv.org/abs/1504.01041 for dinucleon decay to pions

and https://arxiv.org/abs/1409.1947 and https://arxiv.org/abs/1508.05530
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New: SK 1 (old) + 2/3/4 (new)
Refined analysis (multivariate)
Updated intranuclear absorption (more).
Affects signal and background

Bkgd. | Cand.

Tnucl.(logz)

Exposure
[yr]
1.9
1>24x108s

3.6
t>4.7%x108%s

[n years]
SK-I
91 ktony

SK I-IV
70 kton y

12% 241 24

9.3
+2.6

4.1% 11

+1.4%

Unfortunately, search is very much
background limited.

Ed Kearns Boston
University
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* Neutron-antineutron oscillation is an important candidate for baryon number violating
process, with AB = 2 while conserving lepton number. It provides a unique probe into
physics beyond the Standard Model.

The search can be performed on free neutrons [1] or bound neutrons [2]. This analysis
uses bound neutrons in oxygen nucleus. The observed life-time T,,; is translated into
transition time 7,5 by 77 = +/Tpin/R. Where suppression factor R=0.517 X 1023 /s
for oxygen [3].

Motivation

Signal & Background

1. A bound neutron in oxygen nucleus oscillates to anti-neutron.
2. The anti-neutron then annihilates with proton/neutron,
producing multiple pions.

Atmospheric neutrinos interacting with nucle: are the main
background, especially via deep inelastic scattering and multi-pion
production processes.

Analysis

. Apply pre-selection cuts to reduce sample size, removing events with
impossible kinematics or fewer than 2 rings.

. Develop and apply a multi-variate analysis (MVA) to discriminate
signal over background.

f 1] = ] = Variables used can be

categorized by

describing kinematics,

isotropy, number of

rings, or PID.

Signal events tend to

have more rings and are

more isotropic.

CMERNERE mEsNEEREE

(SERRE]

Signal/Background

Neutrino 2020 @ Chicago, USA

Reference: [1] Phys. C63, 409 (1994) [2] Phys. Rev. D91, 072006 (2015) [3] Phys. Rev. D78, 016002 (2008)

Neutron-Antineutron Oscillation Search at Super-Kamiokande
'WAN, Linyan on behalf of Super-Kamiokande collaboration

Super-Kamiokande

Large water-Cherenkov detector w/ 22.5 kiloton
fiducial volume.

ID ~11.000 PMTs, collecting light for a reconstruction
of energy, direction, PID, etc.

OD ~1,700 PMTs, vetoing cosmic ray muons.

This analysis uses SK-I/IVTIIIV data set, corresponding

An nnbar signal MC
to 6050.3 days live-time. 1.e., 0.37 megatonXyears. -

Performance

The analysis cut is optimized towards best
sensitivity. Below shows the corresponding
performance at SK.

4.1% + 1.4%
0.025 + 0.007

Signal efficiency
Background rate
(/ kiloton / year )

02 04 06 0

:MVA
Background-like | Signal-like

Main systematic sources: final state and DIS

Result

The observation limit is set at 3.6 X 1032 years at 90% C.L..
Due to its large exposure and improved analysis method, SK
obtained the strongest constraints for n — 72 oscillation among
all experiments so far.

/v

Fo 037 megatonxyears

a3

.,
: g
f Signal MC L
{ Background MC

Number of Events
- °©
N |

Tn (103 voars) 7, (108 5)

3

Data =
150

SK-I-IV (this study) 3.6 1.7 I

Cava 0
" | & i Free neutre
Background-like | Signal-like D ELEOR.

of

02 04 06

O riv
©

SK-1 B (2015) 1.9 3.4
Grenoble [ (1994) \ 0.9

Presented by
)

Contact: wanly@bu.edu

We observed 11 events in data, consistent with the
expectation of 9.3 events from background.
No excess has been observed.

Supported by

P& Office of
.go Zd Science

Linyan Wan, Neutrino 2020, https://nusoft.fnal.gov/nova/nu2020postersession/pdf/posterPDF-43.pdf

and upcoming AB=2 workshop:
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https://nusoft.fnal.gov/nova/nu2020postersession/pdf/posterPDF-43.pdf
https://www.physics.umass.edu/acfi/seminars-and-workshops/theoretical-innovations-for-future-experiments-regarding-baryon-number

Water Cherenkov
Super-Kamiokande
Hyper-Kamiokande

1111111111
1111111111
----------
1111111111
----------

>>>>>

Times (ns)

most massive — superior for e*r®
broad search capabilities

free proton advantage

kaons below Cherenkov threshold

&E Ed Kearns Boston

2020 University
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42 Liquid Scintillator
<= JUNO

Number of PE

FP= K +v ,“"”V“ et + Vu + Ve
12ns
2.2 pus
©
10 102 100 10¢
Hit Time [ns]

clean timing signature

specialize in charged kaon
(also invisible mode)

New experiments that can have an impact

p—v Kt

Liquid Argon TPC
DUNE

: K+

e

fine grained detail
visible kaon track
heavy nucleus, no free protons
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Large Liquid Scintillator Detectors

e
-@u,

2535

KamLAND (1 kt) S
JUNO (20 kt)

xxxxxx

70m E: )

18m

THEIA25

| LENA (50 kt)
(17 kT, WbLS) i
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p — vK™ in Liquid Scintillator

Timing Response
(single events)

Energy Response

o B B B L L < =
§ 450 + TE/M decay e § ‘o0l Plots from LENA
o — = -
2 0 " kaon T=2.2us : F
= A = 8o Kr—utv
%_ 2 F U
= S ool
5 z or other kaon decay modes
E —
z sof- Kr—m*r0
20— >
00 20 40 60 80 100 120 140 160 180 200 ~ <1
Time in ns PR PO AT

19000 20000 30000 - 40000 50000 60000 70000
L BN B B Number of Photoelectrons

2
._E 200 photoelectrons/MeV in LSc
g 90 photoelectrons/MeV in WbLSc
g (water-based liquid scintillator)
Z v,
%"v 5 Cherenkov p.e./MeV in SK
B

§£ Time in ns
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Proof of principle:
KamLAND

Efficiency = 0.44 £ 0.05
Background = 0.9 £ 0.02 events
Events =0

2>54x1032y
B

N.B. Efficiency is near required level
but background rate must be reduced

Search for the Proton Decay Mode
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!

|

E—

—~
oL
=

L
L1 |
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‘ | E,=99 MeV
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AL o s

| E, =112 MeV
! E, =160 MeV
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200

oL
=/
o
[«

Residual (o)

p-e./ns

p — 7K with KamLAND

PRD92, 052006 (2015)

4 1
2 I
0F — =
2r )
A e
L (¢ qtmospheric neutrino MC
1500~ | CE =213 Mev
1000 §
500 !
L L i I I L I L L
0 0 100 200
T (ns)

FIG. 4: Typical waveform shape (shaded) expected from: (a) and (b) p — DK™ MC example events and (c) an atmospheric
neutrino MC event, together with the best-fit curves from the multi-pulse fit (solid thick line) and from the single-pulse fit
(solid thin line). In the upper panel, the residuals from the best-fit are shown to identify multi-pulse events. The fitted energies
and, for the multi-pulse fits, time differences between the first pulse from the K+ (red dashed line) and the second pulse from
the u" decay daughter of the K* (blue dashed line) are also shown. The shape parameters (see text) for each fit are (a)
log(Lshape) = 0.06 and (b) log(Lshape) = 0.02.
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arXiv:1508.07166v2
J U N O Jiangmen Underground Neutrino Observatory

TN NTTTT

Top Tracker

Water Pool: 20
kton pure water

6 kton buffer

17,000 20” PMTs:
coverage “75%

1,500 20” veto
PMTs Cavern excavation in progress through 2020

Detector ready in 2022

Target mass [tons] 8x20 ~300 ~1,000 20,000

Photo electron collection [p.e./MeV] ~160 ~500 ~250 ~1200
Energy resolution ~8.5% ~5% ~6% ~3%
Photocathode coverage 12% 34% 34% 75%
Energy calibration uncertainty 0.5% 1% 2% <1%

§£ Ed Kearns Boston

20120 University
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J U N O Primary physic goal is determination of neutrino mass
ordering using reactor neutrino oscillation.
Also geo, supernova, solar, ...

Proton decay . B
«  Competitive sensitivityto - | Fhypart 100108
proton decay searches | A

. .. ) Should enter new territory
Triple coincidence signal

before DUNE/HK turn on

/" DUNE 10

p—K+v Mt + vy

y et + Vy + Ve
12ns >

22ps

~
o
2
o
S
>
=
2
5~
(2]
C
Q
1]
()
E
£
2
-

Number of PE

llllllllllllll

e ut 152 MeV e+ 107 :

2015 2020 2025

Hit Time [ns] Year

2030

2035 2040

10 102 103 104

6.75 x 1033 protons
85% kaon decay modes x 65% signal efficiency
Background 0.5 events in 10 years

T
— > 1.9 x 103*
B

§£ Ed Kearns Boston

20120 University



THEIA: an advanced optical

https://doi.org/10.1140/epjc/s10052-020-7977-8

Candidate for
4th “DUNE”
module at SURF
25 / 17 kton

https://www.bnl.gov/dmo02019/

§£ Ed Kearns Boston

20120 University

THEIA25

20m

Broad program:

Beam neutrinos at SURF

Solar, reactor, geo, supernova neutrinos
Neutrinoless double beta decay

For p » K*v assume same efficiency
and backround rate as JUNO.

Aspirational 100 kt detector may
cover many modes like SK/HK

Partial Lifetime Sensitivity (years)

neutrino detector

Most impressive capability
For nucleon decay: ”invisible mode”

n — 3v
l]lllllllllll'll'llllll

1()33

9L, T e
10 B - - Theia (17 kt)
il —— Theia (80 kt)
S KamLAND (running)
103! —— KamLAND (2005 Limit)
i
]
I
R~
an |l cossvsesees o o o e o o
10-5() :— i
- i
| | | | | I :l | | | I | | | | | | I | | | | | | I | | | | | I | | | | |
o 10 o 10 =] 1 .
N N (ap) ™ < < L0
o o S S o S S
N N N N N N N

Date (year)

Enabled due to great depth if at SURF
(reduced cosmic ray spallation)

Triple coincidence: **C - 1€ - °C +y (1 =19 5)

19


https://doi.org/10.1140/epjc/s10052-020-7977-8
https://www.bnl.gov/dmo2019/

DUNE (Deep Underground Neutrino Experiment)

One 17-kt
\’ Module

Liquid Argon Time
Projection Chamber
(LArTPC)

DUNE simulation

1.5 km deep in SURF (South Dakota)
modular ... up to 40 kt total fiducial mass
Single and dual phase modules

4th module under open study

ProtoDUNE surface data

§£ Ed Kearns Boston

2020 University



LArTPC Shines for Many Modes

**» Modes with charged kaon in final state (SUSY)
** Modes with displaced vertices
“* Multi-prong modes with no neutrino
** nnbar background rejection
* No recoil proton allowed

*  No CC electron (or muon)

*** Lepton + light meson likely no better than water
due to nuclear absorption of the light meson.

Eé"%arns — Boston University — BLV2017

Drift Coordinate

1.1m

p—>p+K0

muon

Two pions
froma K

1.0m

Wire Coordinate

21



p — vK¥in Liquid Argon Time Projection Chamber (LArTPC)

cathode 6
g
g
kaon decay w144
A muon decay &
(<) f128 -
£ l g
e o =)
/_‘: V112 —
i i 96 —: pI'O[Ol]S
wire no. 0.5m :
» F
cathode "
64
J muon decay 48
Q ~ :
- kaon decay 32
= ]
16 -
A ]
- IR .*::‘ 0 ] T T T T T T T T T T T T T T T T T T T T T
wire no. 0.5m | P
- ' Kinetic energy (MeV)
Figure 4.3: Event display for a decaying kaon candidate K — pvu p — eveyy in the ICARUS T600
d or observed in the CNGS data (K: 90cm, 325 MeV; p : 54cm, 147 MeV; e : 13cm, 27 MeV). . R . .
Tt:eecttop figure shov::stthe signal ontthe collection plane, and I:he bottom ﬁgureeshows thecsignal on the Circa 2013' Ha nd sCannli ng SuggeSted efﬂC'ency Of 97%
d induction plane [102]. . .
ST 3 mm pitch With background rate of 1 evt/Mty was achievable
;[g; hep-ph/0701101 (Bueno et al.)

20°20
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Progress in Event Reconstruction

150 o v - e el e oo L0 10 0 20 240 b 20 a0

3 (2]
e — L =
00— o 5
la — o

: > |
oo 150 ©

= - S
] w0 =

- 2
bt - - i ey " N " M " 1
:.w_ T 0 2ol ? ? i'I')' 9 <
nmf_ —E 10— = -
xof— = f- 3
umf-— —f 1900 F— =
:m'_‘_ —': =0 E_ —‘-:. -
"WE— —E = =
1600 2 o~ " N i IS
B i I S S S S S — anne T T v T T T T
:mn:_ b 20 - p
!ll!E— o o Rt
uwf_ - 1900
oo - 180

- » i I ' e 2 A
™o — o

[

At this time, DUNE is taking the efficiency hit of 30%, with a background rate of 1/Mty
(fully automated analysis, 10y, 40 kt fiducial mass)

7/B(Ktv) > 1.3 x 10°* years

~

arns — Boston University — BLV2017 23



Hyper — Kamiokande

High QE Box&Line PMT Precision
X2 photon detection  measurement
X2 timing resolution >
%
Recent update:
* Lower dark rate (similar level to SK)
* Lower radioactive contamination
Cavern Tank o
-------------------------------------------------- ’ i > > D555 555583500800 il F
_ Super-K | //
v : 7 S Water depth: : IS J
New detector design 75 XY - 71 P High statistics
(cost reduction) T 1T ' 0 Fiducial volume: neutrino data
— T - 188 kt , .
/ ( V AT f i | | New detector design
: =2 ol i 'f | by synergy of
O, e : PYI) Ai : L = At At g e L g g g P = i - 8
R&D for large cavern >V U different technologies
®: 69m " T |
13\!; - Kearns Boston M. Ishitsuka, Neutrino 2020

2020 University



p— etV

Proton decay signal (at SK limit)

p— KTv
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J. Klein, Neutrino 2020

KNO

Korean
Neutrino
Observatory

k\ | 181 2.5 deg. off axis

1~3 deg. off-axis ¥35==""Tokai to(2) HK to
G 2
The J-PARC v beam comes to Korea.

4""‘1‘5
F g A |
Josh Klein, University of By'K'Hagiwara, N. okamura K, Senda
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When ?? Everyone wants to know.

JUNO DUNE Hyper-K
2022 2026 2027

* Detector ready for

) data taking i .
2019-2021 DUNE - Timeline

* Electronics production v/
25 F72026 FY2027 FY202
starts 'Start installing first far detector module O 6 8
*  Civil construction and Start installing second far detector
lab preparation module PMT
completed DUNE physics data talking starts: installa
* Detector construction Atmospheric neutrinos i
on
'Beam operational at 1.2MW
DUNE physics data with beam starts!
- Fiducial mass of 20kt
Third far detector module added (30kt
fiducial mass)
Add fourth far detector module (40kt
fiducial mass) : Operation
Upgrade to 2.4MW beam
25 18/122019 Nicola McConkey | DUNE
=
g " Ed Kearns Boston . .
|
% University But these estimated dates are subject to ... change, of course!



Lifetime Sensitivity (90% C.L.)

20720

from the published design reports or recent talks ...

v p— Kt
o v oo L
10* L —— Super-K ' p— JIJN()
P —— Theia (S0 kt)  ----- Theia (17 kt)
» 1030 =" Hyper-K —— Theia (17 kt) + Dune (30 kt) -
F —— DUNE 3

10"

1035

10"

Partial Lifetime Sensitivity (years)

Ed Kearns Boston
University

Year

We probably should capture some neutral, correct, and up-to-date curves

A M | | Ml |
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] (=] = ] o fe]
N [aN] (a8 ] (a8 (&N N (&l
Date (year)
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Soudan Frejus Kamiokande IMB Super-K Hyper-K

p — e+7r0 77ﬂ__f"“

., O‘ minimaliSLGY SR mummaISUSYSU(S)
p—em S - flippe
predictions P bbb P fllpped SU(S)

- susvsono
. o S0(10)

non-SUSY 30(10) G224D” mais

po et KO g ————k
péu—i_KO . . ’77 N . e N N oo : "
n— pKO| @u——. aiAND . JUNO. DUNE<4°kt>
p%ﬂKjL r : ‘ = - ' g 5

“ " minimal SUSY SU(5) R '

p— KT R nonmlmmaISUSYSU(S)

prediotions | T T T S S o o o RS TN
‘ S R A : SUSYSO(10) —

32 33 34 35
10 10 10 10 10

/B (years)

Likewise, this figure or others like it could be updated

&g Ed Kearns Boston
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Messages to Snowmass

**» Testing Baryon Number Violation remains an essential
and valued objective of particle physics.

** Proton decay experiments have been negative so far,

and severely constraining of theory. But the ongoing

searches are in potentially fruitful territory.

The next generation nucleon decay experiments

are tied into large neutrino detectors and together

with neutrino physics establish a broad science program.

** The next generation experiments are approved and
being constructed.
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Data Result E)—>u 7T O

Data SKI~IV 450 kton*years.

Conventlonal Reglon 372 kton years Enlarged Reglon 78 kton years
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1 candidate in BOX2. Same event reported in the last paper.
PRD 95, 012004 (2017)

Reasonable reconstruction result.
No new candidates incl. in enlarged region.
No significant data excess compared to expected BG (0.89 in BOX2).
Lower lifetime limit @90%C.L.
BI careams oo . T/Bp-u+no> 1.6*10%* years  (published: 7.7*10°3 years)

20120 University

Most stringent constraint. ~2 times longer than published.



