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THE MOON AS THE SEARCHING GROUND FOR PROTON DECAY*
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The distinct advantage which a lunar detector would have over a terrestrial one in searching
for proton decays corresponding to rather long nucleon lifetimes > 6 x 1032 yrs is noted.
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Kamioka Nucleon Decay Experiment

Iniual plans of a water Cherenkov detector

o |D filled
O ; OD) with ultra-
uter €t€CtOI’ Counter A
& db (25x25x0.1m*) purc water.
—// tron Absorber ® Detector
— 125x25%0.25m*) lined with

5 Phototube photon

ol L C' Counter B d
455 : etectors.
[nner detector (ID) : (20x20x5m* )
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https://arxiv.org/search/hep-ex?searchtype=author&query=Suzuki,+A
https://arxiv.org/abs/2203.10457

Cherenkov radiation

Maria reactor. (2023, January 27). In Wikipedia.
https://en.wikipedia.org/wiki/Maria_reactor
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Detecting charged particles

® Cherenkov radiation is produced for Oc
charged particle travelling faster
than the speed of light in a dielectric
material.

* Forrefractive index, n,

Cherenkov angle, 6, = —.

np

MAITRAYEE MANDAL
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Working of a water Cherenkov detector

Particle identfication

({ KAMIOKANDE )7
- EXPLODED VIEW -

RUN $: 188
EYENT ¢ : 13338
TINE : 17/ 39/83

8.52.24

Candidate for

Well defined muon ring. D= ut+nO
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Working of a water Cherenkov detector

Particle identfication

({ KAMIOKANDE )7
- EXPLODED YIEW -

RUN $ 188
EYENT L 13338
TINE : 17/ 3/83

8.52.24
TOTAL P.E. = 2859
MAX PE = e

THRES P.E. = 2.7

A . o }
ae .
o.: 3 . Ox 0
Fuzzy “electron ring’. Candidate for

p—ut+n’
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Background to the proton decays: Interactions of atmospheric neutrinos

e A e
4.7-68 10"  protons only MSU 7
12 30 Hr NORTH =—1—=+ SOUTH N -~ KASCADE n -
\ " KASCADE-Grande e« - ¢ COsmIC rays
) y—— IceTop73 . . .
e o NG ez | nteract with the
SCINTILLATORS | %5&"} exo SCINTILLATORS "_m electrons ) &%%922313 o
\ & gl w | — L | A2tmMo sphere and
\ . °:‘E pogitrons .
§ \ 5 o[\, the secondaries
\ \ S .
N 2N § &y ° ™\ Galactic produced lead to
E _ N._TRACK 0+ N\ x 2 W | " .
HENESE B \ R atmospheric
% o . ----...__ =% ORIGIN o .
NTThIE NI\ neutrinos.
\: TO ézhnu 8 L
§ 75 lom § . Ot Sam 10 Fixed targgtA \
N § H \ _ A TEVATRON % |
§§ éﬁai ss ’ LHC .\\
o) Qem § @ @ k 10 1" Y. A f N .o

SCALE BOTTOM _ 10
\\ v 10° 10° 10* 10° 10° 10'° 10'¢
N

E (GeV/ particle)
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Background to the proton decays: Interactions of atmospheric neutrinos

3

10

107 T
E :
® Mostly muon neutrino and electron neutrinos. 2o
Q
(7))
+ + X
ﬁ
g //t + y/’” mé10
W
+ — + -
p - v, rr,te . o
T U+,
B % B i/ / — This Work
H _>U”+De+e ' R -~ - HKKMO4

i | - | lllllll | - | lllllll | - | lllllll 1 1L LU
102 10°
EV(GeV) |
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Interactions of atmospheric neutrinos

Weak interactions

® Ncutral Current (NC) Interactions:
*+N—->y+X

® Charged Current (CC) Interactions:
*y+N->["+X
* U+ N->I"+X

wherel € {e, u}.

e Flavor of a neutrino 1dentified from
the charged lepton created.

MAITRAYEE MANDAL 14 March 2024
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Neutrio-nucleon mteractions

Weak interactions Ouasi-inelastic (OF)

Uy,

® Neutral Current (NC) Interactions:

01/”+N—>1/M+X

® Charged Current (CC) Interactions: P
*v,+ N->u +X
° 17/4 + N - Iu"" 4+ X

® |norder to produce a charged
lepton, the neutrino must have
sufficient energy - threshold i

cnergy. Resonant pion production (RES)

MAITRAYEE MANDAL 14 March 2024
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Neutrio-nucleon mteractions

Weak interactions

V)

31.4

cm?/
—
N

—

%(10'3"

v Cross section/
© © ©
SO N A OO ©

- ‘
E, (GeV) E, (GeV)
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Generatons of experiments in the Kamioka Mine

Kamiokande Super-Kamiokande Hyper-Kamiokande

1983-1996 1996-present 2026 onwards
4.5 kton 20 kton 258 kton

76000
/ / e ———
LAB{DOME T e
" § Access Tunnel § g
=]
FWL T N
/ A Cn v 4: | C | Z
. B i }
7 = L Pt f BT | [''B 873
3 A% S g (1. 67800 BE: g3
N / Ay o | = 1500 (Fiducal Volume) 1500 -
. ol | 8
/ PMT:S / - Tirad | e
UT b % il ¢
] / frx % Outer Detector |/ Inner Detector
' e - -? . ~ (PMT 20cm) | \J (PMT 50cm)
7 | 19 o — 3 : {5 ,.:.
: K. o :- . y 8 —o A ¥ 3 g‘r | ¢ A 8
0 a e Do s 8 Bedrock "l & Inner Water Tank = &
< / 2 2 N 2 . - 14 M 8
= .?':‘ 1 i oncrete 1
/ " by 3 s ~ Lining 5mm DETALES T ET
% gy e
= R
; Pl 23 e i
7 A4 i 3
- ‘n:‘ :
v N - ’_ ::é,}. 8 = -: 5
/ " " .. . “n ‘ \ “" ; g g E B ' | 7‘:.; DETAIL D \ é':: | ! B 8 2
guccgees ) ' o i - ) “ A'; | o
/ " Y, v c\.'.. 1 1 1 e 1 :"{.v:-:.x:‘--_--:':.'.»."':.-::'-.'-':~~'.'~:"-.-'_"-‘.'-'.“-‘.-:"—_-'_“:.'-»:':_-:."-'.'-':-:.'-:"-'.~':'-'.'-v.‘~:.'.:"-.-':-'.'-v.‘-:_-:"-.'-':v:.'.:"-'.-'_":.'-'.‘-:.'.:"-_~'_"-'.'--.‘':.-:"-.‘-'4"-‘.-'!:'“—I é*
ut t ™
/ st Plug Manhole " 500 R 70800 1000
156 m 600 600
_ (Dead Area) 74000 (Dead Area)

Hyper-Kamiokande design report
arXiv:1805.04163, 2018

arxiv:2203.10457
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Su o er—Kamlc)kande b h()tomultl vlier tubes

/\
1

OD: 50 cm PMT's
ID: 8 inch PMTs
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A discovery for the atmospheric neutrinos

Deficit of upward going muon neutrinos Upil going

100

0 !
c 80 [ / 20 1 5
eys”l Lt
3 W 6o |- NOb@l
Atmosphere d o —*x—-@ Vm :
'..‘\}, gD(;)i\r/]vgward g 40 m U]) 0 q 3 +0.13 PTIZ@
. g MC. - =) ]
y neutrino § 20 | +MC stat DOUOV\ —0.12 From 18th
Super-K » Z i S International
o : Conference on
" . 2 1 . | A 1 ! 1
Earth "' 6 i Neutrino
' 9 Physics and
<l Astrophysics
T (Neutrino ’98)
o L by the Super-
. Kamiokande
. Upward 9100 collaboration
. going = (edited)
. neutrino é 50

o
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Neutrino oscillatons

Muon neutrinos oscillate to tau neutrinos

Oscillation probabilities 0.9
for the appearance of tau ) o
neutrinos from muon E 0.7
‘ - 0.6
neutrinos, <
G -"=0.5
assuming normal 2 0.4
° (/)] J
ordering. 8 { o3
—10.2
1 —10.1
-0

Energy [GeV]
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Can SK detect tau neutrinos?

Detecting oscillated tau neutrinos is an unambiguous proof of neutrino oscillations

—
o
w

® [ixpected at SK at the rate of 1
tau neutrino CC interaction per
kt fiducial volume (active mass of
the detector) per livetime year.

—v_ flux

—
o
N
B B O = = = =

—v, flux

Neutrino Flux (GeV /m?/s)
. O

IIIII| IIIIIIII| IIIlIIII| Illllllll III[IIIIl IIIIIIII| IIIIIIIIl Illlllll| L1l

10";— :
* Notexplicitly designed for tau 102k ;
neutrinos. 10°E s
10 %— i
-5 :_:_I_I_I_I_I_I_I_I_l_l_l_l_lj
10 20 40 60
Eth ~ 3 SGeV Neutrino Energy (GeV)

10.1103/PhysRevD.98.052006
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Can SK detect tau neutrinos?

Challenges due to the short lifetime and large mass of the tau lepton

Tau (mass1.8GeV, B.R.
lifetime 10-13s) decay %
mode
v~ — h™n'y, 26.0
T — e_DeyT 17.8
T — //t_DeVr 17.4
T > hTu, 11.5
T~ - h_h+h_I/T 9.8
T > h_ﬂ'OJZ'OI/T 9.5
Other hadronic modes | 3.0

MAITRAYEE MANDAL

Event rate

e Background to v, GCinteraction events: v, GG, v,
CC and NC 1interactions of all flavors

—
-
N

10xv, CC

v, CC
—v, CC
—NC

T

N
-
(@)

4
Visible energ1)9, Evis, in MeV as log E..

10 VIS
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Can SK detect tau neutrinos?

Background-like events in the signal
TYPICAL HADRONIC TAU DECAYS BACKGBQUND

cons (Y - | |
Baow . @ Showering events present in both

i
2.2- 3.3 ) 15 202 % o
B ! ! : * +3T L. ¥ Hit + "
ooLE- 2.7 HeR L Lt ] 4t + 0.7- 1.3 WAL 3k b ity i
s = R 0 n
« 0,7-1.3 ¥ - + 3 ¥ + 0,2- 0,7 b3 3800080002, 84322444 3
o020 0.7 i i i3 $R:3 3 5 . <02 vf B SN 32 40 8 Reiiing ;i1
« ez B dy St FEe oL T Sy °
4 L, : 4y S ) 2500
3 2100 R Ao S
ca L St St 200
1680 | e 4, T A0 MG e toe S e
» - 1260 |- R R

- e
SSSSSS

Times (ns)

1L 3- 2, I R R B I T g R
.................
nnnnn

1.3- 2.2
........
), 2- 0
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Can SK detect tau neutrinos?

Non-showering background-like events in the signal
v, CC BACKGROUND

7,CCDIS 8 B v CCOE s B * No Siﬂgl€
- . _ANeN IITCALLEFTONIC variable that
f : v, TAU DECAY

= o o a1 E,Otff{lplﬂflyt
T~ == . 0 .. e * HICTENuatcs

S - - @, .

k /L y the signal from

- .  the background.

« 1,3 2.2
0,7-

600
400
200

10xv, CC RN, ,
..................... # |
« 0,2- 0,7 n 4504 5ets
B < 0,2 3 E it B4
e L 590 -
M g = % oo || 1 decay

% L sz
CC 2l
Ve 276 |-
‘ 138 -
NC [ ]| P L
— o 500 2000

Event rate

050 0 50
PID of the most energetic ring (MER)
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Can SK detect tau neutrinos?

Yes.
FULLY CONTAINED (FC) »0% MORE EXPOSURK
EVENT (Livetime x FV)
NEW DATA
o We use Last analysis N e
. . on tau ew livetime
multi-variate appearance usgld in the
( 201 8) dNalysS1s
methods of
. . l [~above Cherenko Expansion of
classification. threshold g the FV in the
°  last dataset

4

I

0 2 4 6 3 1012 14 16 18 20

Livetime, in years
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Neural network to detect tau neutrinos

10°
EVENT RATES FOR “’zf \
NN OUTPUT
NNINPUT — wof | N _ 5 ® Nearly 20

DISTRIBUTIONS 10 O awl B400- 10xv, ©C .
EJ 3005 — Background UIIIGS morc
: Taulike background
200F b .
: = picked out as
100} "
5 : | compared to
O_ . . . . ; . . . .lL-__L . . . . .
° >0 Neural Letwork output UT CC SlgT]al’
no cut made
e (Cut at the threshold of on the NN
0.54 results in a 5% pure output.

tau neutrino sample.
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Extended likelihood fit

Data = aSignal + Background + X ¢ (Fluctuations in the nominal distributions due to +/-16 change in systematic uncertainties)

Background
B Tau CC signal 10
16000 S 0.
12000 Y06
®)
3
8000 g 0.4
4000 202 = -
0.0

0 — ~1.0 -05 0.0 0.5 1.0
Cosine of zenith angle
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Extended likelihood fit

Data = aSignal + Background + X ¢ (Fluctuations in the nominal distributions due to +/-16 change in systematic uncertainties)

v_ normalisation

Super-K (2018) CC ; i ﬁ
Phys. Rev. D 98, 052006 M

OPERA (2018) CC

Number Of I/T Cvents ObSCWCd Phys. Rev. Lett. 120, 211801

a IceCube (2019)

Number of v events expected under the Analysis A, NC+CC

Analysis B, NC+CC —_—

standard 3-flavor oscillation formalism Analysis A, CC

Analysis B, CC _
Phys. Rev. D 99, 032007

0.0 0.5 1.0 1.5 2.0
Tau neutrino normalisation
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T'au neutrmo appearance

£ : 2 + | Tau CC signal
% 4OO: % L e Background
S 300t + 5 1000F —4— Data
SK 2023 results on data from 1996 £ Jool Fhoal T L e
r 500
to 2020 (exposure of 485 KT'y) " Tau-like "l Upward-
| | going

® Ofited=1.36+/-0.29 005 0 05 1 Y

Neural network output

under normal ordering. 2 - s
& 800r 44 >
5 | +F | 3|
o 428+/-92 observed v, CC o 600- ¥ o™+ Downward-
€V€IltS. 2 : . 2 500 ——
200 Non tau-like - e,
I S a—

MAITRAYEE MANDAL

Neural network output
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T'au neutrmo appearance

SK 2023 results on data from 1996
to 2020 (exposure of 485 kT.y)

® Olfitted™ 1 36"’/—029

under normal ordering.

o 428+/-92 observed v, CC

cvents.
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Super-K (2018) CC
Phys. Rev. D 98, 052006

OPERA (2018) CC
Phys. Rev. Lett. 120, 211801

IceCube (2019)
Analysis A, NC+CC

Analysis B, NC+CC

Analysis A, CC

Analysis B, CC _

Phys. Rev. D 99, 032007

Super-K (2023) CC

0.0

0.5 1.0 1.5 2.0

Tau neutrino normalisation
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S 400" 10xv, CC * On-going eflorts to remove mis-classitied
2 300- v CC background by introduction of neutron
200" G capture information (for NC) from the Sk-Gd
— NC

100f\ upgrade.

0 0.5 1 * Upgrading the neural network by the usage of
Neural network output . .
better classification methods.

* Hyper-Kamiokande.

% of v, CC v, CC NC
background
misclassified| ~ 13% 37% 70%
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What next?

Three flavor neutrino oscillation

Us U Uy ® lira of precision measurements.
W, U, Usl|n
% UTI UT2 U7:3 Y3

=
1

® 3 open questions remain.

1 0 0 Ci3 0 513€_i5CP Cio» Si1» 0
UPMNS =0 C23 523 0 | 1 0 —S1o Cop 0
0 —S73 (€3 _513615CP 0 Ci3 0 0 1
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Neutrino mass ordering

OSCILLATION PROBABILITIES OF v, — v, UNDER
0.8 1E f g
g VAL INVERTED 06, NORMALORDERING | - INVERTED ORDERING o5 -
2 0.4 E B : ' %
m-|§ I Vs V2 N 0.2F 3 F o5
T A 2 - 1 F = o}
ATn’sol 1E E A
1 ' ~0.4 é_’
103 €
A, 4402 &
Ams3; > 0 . e . N AT | b o
", atm ' E (GeV) 1o "B Gy
5 = Ami, =m;—m; <0
B Vs 100y
EVENT RATES FORAN oo
! v, SAMPLE 0 ordering
7 -
V3 | [ ] AT SUPER-K 3
v -like events that produce o gl'%g?ﬁg
multple Cherenkov rings 40
and visible energy 39 M. cc
Fi>1.33GeV 7]
selected bya BDT
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Three flavor neutrimo oscillaton

BT

SK 2023 paper P

Parameter Min. Max. Points L
SK, sin” 013 Constrained 8
sin® 023 0.3 0.7 35 [ 9 =
Am3, (107°eV?) 1.0 4.9 40 -

5cp (rad) —TT T 37 T -1

sin? 013 0.0220 + 0.0007 1
-2

21800 points for each ordering

Sin2(923) . 0.60

0.65 70 1.0

30



Present data fit

Fit result Ordering x? Axio.-nN.0.
Normal
SK, sin? #,3 Constrained 102206 5.69
Inverted 1027.75
Ordering sin? @23
Normal 0.4570°09
Inverted 0.4579-0%
Ordering |Am3s 3
(103 eV?)
Normal 2.4079-97
Inverted 2.4070-99
Ordering dcp
(=m, m)
Normal  —1.75797¢
Inverted —1.7579-5)

e Best fit to data

200 1 t
- Bgszt fit to data
> sin“(653): 0.45
><N
100 |Am:_2,3|: 0.0024
50 R 800
o 1
1 0.4 0.3
23/(10~3eV2) 5 0.7 g\
70
° - Normal ordering
604 e Best fit to data
\ s
50 -
s}
401
S =)
< 30 - o
=)
20 - \ :
o o
10 | n
o =]
o C.
0 ..'000'...".
0.3 0.4 0.5 0.6 0.7

150 +
125 A
100 ~
75 -
50 -
25 A o

o
0- Teeeer

——— Normal ordering
e Best fit to data

P

| !

1 2

——— Normal ordering
e Best fit to data

0 1 2 3
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Taken from slide by Ed Kearns
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Normal ordering, 90% C.L.

_]lllllllllIlllllllIlllIIllIl

% - - - lceCube
# —— NOvVA
- - T2K

¥ —— SK

Long-baseline
experiments

IllllIlllllllllllllllllllll

1 I L1 1 1l I L1 1 1 I L1l 11l I L1 1 1l I L1 11l I L1 11 I LI

035 04 045 05 055 06 0.65

14th International Neutrino Summer School 2023 at Fermilab NPC

35

f a2
sin“0,,

14 March 2024


mailto:maitrayee.Mandal@ncbj.gov.pl

