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minimal SUSY SU(5) J Super-K (ruled out) .
T T SUSY SU(5) [CMSSM: c=0] ] 8 y
SUSY SU(5) [super GUT crO]
mini-split SUSY 30(10) from Super -K
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Future sensitivity [90% C.L.] Br.(%)
DUNE (10 yrs @ 40 kton)
== DUNE (20 yrs @ 40 kton) SU(5) 80(10)
m== THEIA (10 yrs @ 80 kton)
s THEIA (20 yrs @ 80 kton) References
= Hyper-K (10 yrs @ 190 kton) 4+ 0 . . . .
— Hyper-K (20 yrs @ 190 kton) p—e'm 33 37 9 35 30
p— etn® 12 7 3 15 13
=== DUNE (10 yrs @ 40 kton) p— et p 17 2 21 2 2
=== JUNO (10 yrs @ 20 kton) 40
DUNE (20 yrs @ 40 kton) p—€etw 22 18 56 17 14
=== Hyper-K (10 yrs @ 190 kton) . . .
e 38365 5 yrosi 0 Kb Others 17 35 11 31 31
THEIA (10 yrs @ 80 kton) )
= THEIA (20 yrs @ 80 kton) Tp/Tn 0.8 1.0 1.3

| Hyper-K (20 yrs @ 190 kton)

Hyper-K:1109.3262
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Proton 3-body Neutron 3-body Dinucleon decay

4-body decay:

Channel A(B-L) _N_lé'"w Channel AlB - L) TI(I;-I}I Channel AlB-L) _”_lcl;-ly
p—e +em +e” 0 793 [46] n—vte +e” 02 257 [46] nn — 7%+ 2
p—=e +eT +ut 1] 529 [46] n—v4e +ut 02 83 [46]
nn — 2n 2
p—=eT+eT +u 0 520* [46] n—v4eT +u 02 83* [46]
- + + - s - + ~ nn =+ o° 2
p—e +u +pu 1] 6 [73] (359* [46]) mo— T 02 79 [46]
p— et ot 0 350 [46] n— 3 0,24 0.58 [83] nn =1+ o 2
P T T T 0 675 [46] n—e +rt 4+ a2 2 20 [52] (52F [46]) 1 — R +1 2
p— et + 2 0,2 170 [81] n—e +at+y 2 nn —n+ K° 2
=T+ 2 0.2 220 [81] n—e +at+p° 2 nn —n+ K*° 2
p—e +2a" 2 30 [52] (82* [46]) n—=eT+a 4w 2 nn =+ 2
p—e +rx +p 2 rrAc‘Jrr!_JrKoo 2 nn—>?_p° 2
e - 4ot 2 5 e 4t 2
P c_+K + 2 75 [46] n—e +p +x nn—\r}0+m 2
p— et +2r 0 100 [82] (793* [46]) n—e + K-+ a° 2
- _ + N . _ - nn — ' + p° 2
poet+r 4+ 1] 82 [46] n—et +a+a" 0 52 [46] KO 4 5
p—=eT HpT AT ] n—eT +a 4+ 0 = + -
p—et +K +a 0 75* [46] n et fa o p® 0 nin — K04 o0 2 From PRD 101, 015005 (2020)
p—e +r 4+ pT 0 n—e" +a+w o nn = p" 4+ ¢ 2
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p et 210 [i] 147 [46] n— et +p +a° 0 nn — KT +p~ 2
p— e+t o n— et + K-+ 0 an — K* 4 p= 2
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= nn — ) ra
p—p KT+ 2 245 [46] W a4 a0 0 74 [46] T N
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p—=uT 4+ AT 0 133 [46] n— T b+ K® o nn = K* 4+ @ 2 H
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p—uT+aT + KT 0 245 [40) n— oyt 2y 02 219 [46) nn —n' + K° 2
p—=put 4200 ] 101 [46] oyt +at 02 nn — i + KO 2
p=ut+a"+y 0 n—v+p+x” 02 nn — K-+ K+ 2 170 [116]
ot o _ ot
P H“ + 7% + K 0 n v+ K- +m 02 nn — K+ 4+ K% 2
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nn — 2K° 2
p—=v+at+,° 0,2 n— v+ 2% 02 o 5
g
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o SOUDANL oo /—iﬁifﬁlﬁ‘f“
» . A
[ KGF [ 11980
[ NUSEX 111982 i
[ KGF2 11985 elE
(__FREJUS [.]1984 ‘E %
[ SOUDAN-2 [ 1993 A ©
[ HPW 77777 1983 o 2
[ KAMIOKANDE [77777] 1983 5 g
[ IMB F271 1982 y
[ SUPERKAMIOKANDE F773(1996)
; e 6150 500
Detector mass (metric tons)
I

1/B (yr) limit for 5-yr observation period (¢ = 0.5; p:n = 1:1)

2000 KamLAND SNO
BOREXINO DAMA

$F=18(2020s)[FEF=IT08

u
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Hyper -K (Water Cerenkov)
DUNE (LAr TPC)
JUNO (Liquid Scintillator)
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Experimental tests of proton decays before GUTs
In 1954, Reines, Cowan and Goldhaber give the first limit:

0
0

(g

| uv

Phys. Rev.96, 1157 (1954)

Before the discovery of 0[ in 1956.
Authors Experiment ( Decay Depth T {yrs)
\Egge {mwe ) min
Reines, Cowan, and 300 & liquid All 200 1022
Goldhaber 1954 [4] scint. (Ech > 100 MeV)
Reines, Cowan and As above, with 23
Kruse 1958'[49] delayed neutron All - 200 4 . 10
pulsel :
50 R liquid At least one
ggzge?ggoss et sl. Cerenkov, secondary of 2400 3 10%°
upward rel. sec., | > 250 MeV
Giamati and Reines 200 % liquid All
1962 [50] scint. 1760 | & . 10°7
Kropp and Reines
1965 [51] ~ 10%*°
Gurr et al. 1967 {52] Scint. hodoscope | A1l 8000 | 2z . 10°°

D.H Perkins, 1984 15
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In 1974, Georgi and Glashow give SU(5) GUT, C p lifetime x 8 8yrs
C Detector with about 1000 ton mass can test the SU(5) GUT
C The first generation of experiments are proposed and constructed

Fiducial . .
osouvhaNd /_Ti,tﬁf‘fm;’;ass PDG 1994 SOUDAN-2 Iron tracking claorimeter
e rs y Cathode pads
[ RGF 11980 } / | NIMA 376 (1996) 36
[ NUSEX [[] 1982 <«— Turn-on date é" 5
[ KGF2 [11985 S| g ) ,
[ FREJUS I 11984 *; _E ; Bandolier
[ SOUDAN-2 [ 1993 = ) \=}-< o Fe
[ _HPW Er722272277) 1983 = 3 {} I
e Ar, CO2
[ KAMIOKANDE 77277771 1983 S8 ’
[ IMB F772271 1982 p } !’7 Firs: mlrr#garhd
[ SUPERKAMIOKANDE [F77223(1996) sreetsnee
I 1 1 1 lli.L!_i L L 1 Illlii A1 1 lLLl]il i 1 1 IIIIII i 1 1 ]illli 1
1 10 100 1000 10 000 100 000
Detector mass (metric tons)
O T ST BN BTN R
1030 103! 1032 1033 1034

1/B (yr) limit for 5-yr observation period (€ = 0.5; p:n = 1:1)
They do not find the evidence for proton decay, excluding minimal SU(5)! 16
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= B FRELE (XA Super) )

‘ Super-Kamiokande:

SuperKamiokande => SuperKamioka Neutrino Detection Experiment
KamiokaNDE => Kamioka Nucleon Decay Experiment
Water Cerenkov, 50 kton A 22.5 kton

ﬁﬁ?ﬁﬂ“tﬂ{eﬂ*%*g?JUﬁ ﬁﬁi*ﬂ?ﬂg%ﬁ!. Gd concentration at SK-VI:

HERHEEMANSER 0.011% in weight. o Wan, Neutrino22
1996 2002 2006 2008 2018 2019 2020 2022 i ———
SK-11I SK-IV SK-V  SK-VI ol
‘ S gy
o P : o ST “SK-Gd”  Saf-ilnIA...
Qi gi_v..:., NI gh .
~ . =7 o §3U
20
..... ( Zm ;
ng 0.001 001 . 0*31'1

Gd concentration (%)

— ﬁ
Pure water Gd-loaded water
6,511 days live-time 583.3 days + the future... 17
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Super-K
20PRD, 98PRL , D9PRL,17PRD

20PRD 09PRL,17PRD

14PRL

i 38 decay modes:
N:31; NN:7
17 paper:

7PRL, 10 PRD
newg Most after 2012

- - ewll) I Cites:

Ce—— 05PRD
98PRL 208

PRD, 05PRD, 12PRD2 .
‘ 17PRD: 304
PRL, O5PRD, 14PRD

05PRD 20PRD: 80

14PRL
14PRL
14PRL

S PRI

1034 5PRE 1035 99PRL 201
/B (years) %ggglf)z 14PRD: 212 18
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Signal features:

U Momentumof g Al A is460 MeV Positron RPN
U  Kinetic energy :459 MeV and 344 MeV |/ Proton
Event selection:

Two or three rings

e-like rings

Invariant mass of “ (135MeV) : 85-185MeV
No Michel electron

E - (s250MeV) and 4 . , (8Q0-1050 MeV)

e SupetK searching fom g Z @

OO w>

Results:

450 kton years

Efficiency: ~20% ) W| (= gz ) 8 yrs " uN — N7

vN — vN'm(z
Background: ~0.6 PRD 102, 112011 (2020) 19



SuperK searching fouP ol @

0  Momentumof oAT A is 339 MeV (105 MeV)

o 5
U B decayatrest( 8 1 P O
(£}
L o H OH 38 =} L o Z Z ( 8 B, —> visible
Event selection: S—
. < e L o~ N -’ O L Y(48%)
.L o o - ‘ - 0 ’
1: H oy O 1 (¢& - A6 p) EOT I EABRAI o CCQE (25%),

2: L 0 H oy © MonoenergeticH (p=236MeV) |
CC1Z with H(38%),

3: L 07z 7z o tworingsfromZ (M, p)+Z (direction, Q) kaon production (37%),
NC multi-Z(11%)

Results:
260 kton years
Efficiency: ~8.4%,9% i W=l oL ) 8 yrs -

Background:~ 0.24, 0.45 PRD 90, 072005 (2014)
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Access Tunnel—»

Approach Tunnel

DUNE

/UNG\
Cal. House [} g D uL8
—_—
¥ P% S RN S
| =
! / - -
Cover _—1 14 bR LS
T <& B 1l
Chimney == = Acrylic Sphere
B l ————
Water H- SS Structure
f u ] % t~< CD PMTs
: > % )
ettt | VETO PMTs
B 1l .
- Connecting Bars
& d\ = o
i "y %/ || Supporting Legs
>
ol
> I
{

Mass (kton)

Target Nucleus
Technology

Start Time

258 (186)

H20

Water Cerenkov
2027

4*17 (4*10)

Ar40 12%H, 88%C12
LAr TPC Liquid Scintillator
2028/29 2025

23



Proton decay searches in Hyfer

/B [years]

/P [years]

Simi

L p—e™no
b === DUNE 40 kton, staged , 90% C.L.
36 et SK 22.5 kton , 90% C.L.
107 = HK 372 kton HD staged , 90% C.L.
[ =——e— HK 186 kton HD , 90% C.L.
C L ——
L / L —
10% /
10%3
0 5 10 15 20
Years
10°% ¢
p—=vK*
[ —— DUNE 40 kton, staged , 90% C.L.
| ==—e—— SK 22.5 kton, 90% C.L.
| HK 372 kton HD staged , 90% C.L.
——e— HK 186 kton HD , 90% C.L.
10%°
g onaessssanaes
~ e
L /%
10% /
E yayd
10%% | /
0 5 10 15 20

lar analysis methods with Sulier

Years

10 years sensitivity with 1 TANK: )

Mode Sensitivity (90% CL) [yvears||Current limit [years]
p—etn? 7.8 x10% 24 x 1034
p—= UKt 3.2 x10% 0.59 x10%
p— ptad 7.7x10% 0.77x10%4
p—ety? 4.3%x10% 1.0x 1034
p—puty’ 41.9x10* 0.47x10%
p—etp’ 0.63x 104 0.07x10*
p—putp” 0.22x10%4 0.06 % 1034
p—etw’ 0.86x 10 0.16x10*
p— ptw’ 1.3x10% 0.28x10%4
n—etn 2.0x103 0.53%10%4
n—ptrT 1.8x10% 0.35x10%

Hyper-Kamiokande Design Report: 1805.04163

24



Liquid Argon TPC: DUNE @

4x10 kton, LArTPC 87 K, 1475m, 1300 km A #_;, MH, B- wolatjil)(\gj

—
DEEP UNDERGROUND
NEUTRINO EXPERIMENT
South Dakota Santord S R R Chicago
Underground \

Research
Faclllty

Fermilab

SRR

vvvvvvvv
vvvvvvv

1009 0.10 DUNE:ProtoDUNE-SP Preliminary
T g 'M. Muether@Neutrino 2022 -

75 © 0.08 — { Proton (Data) h

g & [ ¢ Muon (Data) ]

50 8 8 ¢ Kaon (Data) B

o goof — MC j

. 25 5 s ’
cosmic/ Stoppinig % §0_04 - -
n‘"@»’ proton 0.0 o e [ ]
50 cm ProtoDUNE DATA | [ 0oz R
200 300 400 gy N .
Wire Number o 2 dé.-'d N ws | 8 10

X ev/cm
400 kton yrs =) W(|(ea’ @z ) 8 8 yrs (Esmearing)

W o) 8 yrs, (30%,0.4bkg) DUNE Physics 2002.03005 25



Liquid Argon TPC: DUNE @

4x10 kton, LArTPC 87 K, 1475m, 1300 km A #_;, MH, B- wolatjil)(\gj

—
DEEP UNDERGROUND
NEUTRINO EXPERIMENT
South Dakota Santord S R R Chicago
Underground \

Research
Faclllty

Fermilab

SRR

vvvvvvvv
vvvvvvv

1009 0.10 DUNE:ProtoDUNE-SP Preliminary
T g 'M. Muether@Neutrino 2022 -

75 © 0.08 — { Proton (Data) h

g & [ ¢ Muon (Data) ]

50 8 8 ¢ Kaon (Data) B

o goof — MC j

. 25 5 s ’
cosmic/ Stoppinig % §0_04 - -
n‘"@»’ proton 0.0 o e [ ]
50 cm ProtoDUNE DATA | [ 0oz R
200 300 400 gy N .
Wire Number o 2 dé.-'d N ws | 8 10

X ev/cm
400 kton yrs =) W(|(ea’ @z ) 8 8 yrs (Esmearing)

W o) 8 yrs, (30%,0.4bkg) DUNE Physics 2002.03005 26



Future sensitives of 10yrs on two favor channels

&

p—etr’

p—}fﬂiﬁ{]

predictions

p—etK°
p—>,t1.+K0
n — K"
p— KT

p— KT
predictions

Soudan Frejus IMB

Super-K

Hyper-K

¢ e—— ——
minimal SU(5) o . minimal SUSY SU(5)
IR IR : flipped SU(5)
~ SUSYSO(10) - |
 non-SUS 6D S0(10)

non-SUSY SO(10) Gz

:; W——amLAND

minimal SUSY SU(5)

 =sp DUNE

~non-minimal SUSY SU(5)

~ sUSY SO0(10)

iox o1 vl Lo o1 vl t o0 o1 vl AN R

31
10

32 33 34 35
10 10 10 10

/B (years)
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Comparison of Hyp&, DUNE and JUNO @

—__

Mass (kton) 258 (186) 4*17 (4*10)

Target Nucleus H20 Ar40 12%H, 88%C12

Technology Water Cerenkov LAr TPC Liquid Scintillator

Start Time 2027 2028/29 2025

Advantages Large mass and cheap Excellent track reconstruction Excellent energy resolution 3%
Good particle Identification Excellent particle Identification  Excellent Ethreshold 0.7MeV
Good direction resolution Good energy resolution

Shortcomings Cerenkov threshold Complex FSI for Ar40 Direction information lost

FREIKGF=IZLIE!

28
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JUNO Detector @

Calibration Room

Top Tracker

Pure water Room

LS-Filling Room

Earth Magnetic
Field shielding
coils

Central detector:

* 20kton LS

* Acrylic Sphere
» Steel structure

PMT:

« 17612 20” PMTs
* 25600 3” PMTs

* 78% Coverage

Pool Depth: 44m

WCD:
* 35 kton Pure water
* 2400 20” PMTs




IUNGEIE FREBH (s )

=K

1. Large mass (20 kton) A Freepd 8 Bounded p/nd, 8

2 Excellent GIF DT\/_W A Mono-energy products from free p decay
3 Low threshold (0.2 MeV) A Residual nucleus

4. Neutrontag (2.2 MeV) A Separate signals from BG

5

1GHz sampling rate A Waveform

TRe=:

1. Difficult to reconstruct direction A can’t use momentum conservation

2. Difficult to identify particles A can'’t effectively separate S/B

JUNOTTRRIMIEE:
1r 4 4 11X 1w
JUNO 31




dé Search fouws® o L in JUNO @

20 kton LS: Freeproton: p& v p T Nuclear Effects:

O proton
Bound proton: v& 1™ p T 1. Binding Effect O\\ t
. . ! N\ neutron
Kinetic energy of 0 2. Fermi Motion \ ® «
Free proton A 105 MeV 3. NNcorrelation Vd ® neutrino
Bound proton: > @
o R e o 4 FinalState
T ediecen e @ Interaction (FSI)
i :::.' odifie w/o ] § L . 0 L i 1.7%)
W i
3 107 ¢ E
z ; ] 5. De-excitation of remaining nuclear:
S g | could emit y/p/n.
: Sk U Modify GENIE generator
. U Implement de-excitation with TALYS
107 : :

I TR SR T N TR T S I TR SR T N TR T S P .
0 50 100 150 200 250 300

H. Hu, W.L. Guo et al, PLB 831, 137183(2022) 32
Kinetic energy of K" (MeV)



Signal characters @& o L in JUNO R

Triple coincident signals : First pulse: L kinetic energy of ~105 MeV, decay at rest
K —u+u 15 cm, 1.2ns
Decay Branching Kinetic energy Secs::: |—> u —e + v+ 5”
mode ratio (%) sum (MeV) P ) L
Pr 63552011 152 152 MeV (* ) or 354 MeV(* H' )
K+ = ntad 20.66 + 0.08 354 K > +x°
Kt —=rntntn 5.59 +0.04 75 s
K+ - dety, 5.07 4 0.04 265-493 e L. zri 8107 ns >2y
K+ - 2ty 3.353 +0.034 200-388 7o u,+u : g .
Kt — 2t a0 1761 + 0.022 354 g | Third pulse: Michel Q
u e t+utuo,
AN and PD candidates Evis Distribution
220%— B 7 : AN E,,. Distribution
200?_ u—+ 0.12 ; y'f; % PD E, Distribution
180— 0.1E _
160 w =
140 5 0.08- Z
3120 o f =
© 100 £ -
80 2
60 K*
40—
20—
0= Ll TR 0
1 10 102 103 10* 100 200 300 400 500 600 700 33

hit time (ns) CPC 47, 113002 (2023) E,/MeV



Backgrounds @

IMeV  10MeV 100MeV 1GeV
I

- Proton Decay

Atmospheric neutrinos  ~30k in 10 years.

Cosmic Muon

Type Ratio (%) Ratio with Ey in Interaction Signal
yP 11100 MeV, 600 MeV](%) Acte characteristics
NCES 20.2 15.8 Vo v Single Pulse
VAt p—oV+Dp &
4 .
CCQE 452 64.2 L Fpon+l3 Single Pulse

vitn— p+ 1

. e vi+p — 1~ + p+na" | Approximate Single Pulse
Pion Production 333 198 L+ p > v+n+a> (Second pulse too low)

vi+n—>1 +A+K"
vitp—o Il +p+ K

Kaon Production 1.1 0.2 Double Pulse

U If energetic neutrons do not lost most of the energy within ~10ns
U Kaon Production has a negligible contribution! 34



Event Selection

Primary  * 200 MeV <E <600 MeV 300F 350
Selection  + R< 1|7'5m - ih —4 sim. Data 20 05 — sim. Data
‘l' 250 | —— Best fit c — Best fit
- ' 250 " dep. puls
. ) . MTag=1 1 s00F- * K" dep. pulse E \ K" dep. pulse
econda ) r W+ R ) L s
Particlery " MlaeR=08m 1 * MTag=2 s - : W dep. pulsa < 200 & 1" dep. pulse
C ) L
Selection "’ . 15CTag<3 MTagR <0.8 m E 19011 1 AT = 118ns AT, .= 116ns g_J 150:
N K CTagR <0.7m SN E,= 1196 MeV E = 1463 MeV [\ A= 160 ATy, = 001
) 100 \ 2ndf = 167 01145 a E,=149.9MeV E=230.2MeV
1 l WA el = TBrHTE 100 y2indf = 262.1/146
Time * yratio>1.1 + ¥ ratio>2 + y’ratio> 1.0 50F R F
Character l C ,‘ \ N R 4 ok i
Selection « FitTime> 7 ns Qe [ANIRVRNANY | PRRTIRVAR RYRNAN ] IRV AR VRN st vl \l\ ‘ AR A R I e i e e
+ 30 MeV<EI<200MeV €= 0 20 40 60 80 100 120 140 40 60 80 100 120 140

TABLE I1. Detection efliciencies of p — ¥K* and the number of atmospheric v background after each selection criterion. The
total amount of atmospheric v background simulated is 160 k, which corresponds to an exposure of 890 kton-years.

ST Survival 1ate of p — ?K* (n/) Survival count (fraction) of atmospheric v EffIClenCy unce rtalntles
Criteria = : ——— =
Sample 1[S Sample 1 ‘ Sample 2 | Sample 3
basic selection | Evis 91.6 51299 (32.1%) Source Uncertainty
Jasle selechion gy 93.7 17310 (29.9%) Statistic 1.6%
Delaved Ny 71.41 1.4 20739 (13.0%) 1143 (0.7%) Position reconstruction 1.7%
sigl‘.l}al’ ALy 67.0 4.4 13796 (8.6%) 994 (0.6%) Nuclear model 6.8,
selection AAE 48.4 igg - 541 (3 A%) Zj?; ﬁiiﬁ‘% - Fnergy deposition model  11.1%
- - 4472 (2.8% - — T
< - Total 13.2%
Time R, 45.9 9.0 3.8 4326 (2.7%) | 581 (0.4%) 716 (0.4%) Sk %
character AT 28.3 7.7 2.4 121 (0.07%) ] 18 (0.01%) 30 (0.02%)
selection |Ej, Ey| 274 7.3 2.2 1 (0.0006%) 0 0 35

Total 36.9 1




Sensitivity tam? o L @

4

F 140 4501~ 1034 o T b

; ; 3.5 % E

: 120 4005— g -

e i >

: . e : = Lt S S S NS S S S S

- - 3000 25 B

C L 33 i

E a0 ; C 5 1 O [

. = 2 2501 , n E

. - e o C

i g0 W ool E

C . —{1.5 “2 N S R P A T s S A I

5 - =

: “ R

=

r ©
5[}: 20 0.5 o SRS SO S

E - - : H H H H i 1, %GO 1( e 7)””
C_‘ L | L ‘ L | L |-| IIH- o = o —J---I---l---‘---l--J---L--J---L--J---L--L-J---L--J---L--J---L--J--J---L--J...L..J---L--l- | ‘ loocboodoecboadocnlond ‘ .L--J---L-l |

0 50 100 150 200 250 0 50 100 150 200 250 0 2 4 6 8 10 12 14 16 18 20

E, (MeV) E, (MeV) Running Time (Year)
(a) p— vK* (b) atmospheric v

yrs

Background: 0.2/10years ]
W || (P o L 8
Efficiency :  36.9% = | P o )

n—u Kt, p—e'K*(892)°, n—-vK*(892)", and p— vK*(892)" 36




Neutron invisible decays in JUNO @

Bounded neutrons in 12C: —— 12 i

e e w e nZ 18.7 MeV

U=© a0 A0 A P o __i w

] = =0 g "AO N e .

u we o A A Psz 4n _@@‘%% 4.44 MV é :IPrompt(lst) E @

Invisible particle: 1 i S

neutrinos, NP particles 41.7£1 MeV @ . /\4’!4' /
Detect de-excitation products g,, 2,
of A'Hi "HA

Triple coincident signals :
Half-life Q value

PH O ¢ e (61 o8P [19.3s,3.65 MeV]
PO ¢ [ P® (81  caqP)  [19.3s, 3.65MeV]
PR O ¢ W (6 @8P)  [0.13s, 16.5 MeV]
PR O E v (8 @8 )  [0.77s, 18.0 MeV]

Y. Kamyshkov and E. Kolbe, PRD 67, 076007 (2003)




Background sources @

Five background sources:

1. Reactor neutrinos; 2. Natural radioactivity; 3. Long -lived isotopes;
4. Fast neutrons; 5. Atmospheric neutrinos

Background combinations:

i Single signal an
A Natural radioactivity ‘ . . :
A Longlived isotopes Single+Single+Single
U Double signal
A IBD from reactor neutrinos - . ™ Double+Single
= |
A He8/Li9 from londived isotopes
A Fast neutrons v[p+2C o v/ tn+p+OB,
A AlphaN from radioactivity v/v +E C o v/ptntps ° +9 L,
A Atmospheric neutrino NC v[p+7C = v[pt+n+2p+7 Be,

. ] ] v/o+2C s v/p+n+p+d+° Be.
u Triple signal
v/o +120 v/v+n +Hc

A Atmospheric neutrino NC V7 12C S w410 C ‘ Triple 38

v/o+12C = v/ +3p+n+8Li,



Signal vs backgrounds

&

Dominant BKGs of = = O

w1 gBD + Singles (3.0), Atm-n NC (4.3) per 10 years

3 Wttt o
Dominant BKGs of = O i = :o/BD + Singles (1235), Atm-h NC (3.0) per 10 years
12 L L WL AL L L | | L L L L L LN B N BN R BN LR R RN RN RN B
C B Signal (1C*— n + 1°0)
1 E Signal (11C*—= n + v + 1°C)
+ 4 B2 IBD4Single (1/100)
r 3 Atm-r NC
T - [ Others
s I ] Y
6 8 10 22 5150 1.75 2.00 2.25 2.50 2.75 3.00 3.25 3.50 Hbﬁﬁﬁ:
E1 [MeV] E; [MeV] E3 [MeV]
mE —  Quantity n— inv nn — inv
d Rigsm] | <167 < 16.7
1 By Mev] |o0.7-12 0.7-30
d Ex[Mev] | 1.925 1.9-2.5
1 By MeV] | 1.5-35 3.0-16.0
J ATy ms] | <1 <1
ATy [s] 0.002-100 0.002-3.0
1 ARy [m] < 1.5 < 1.5
AR93 [m] <15 <15
o =l - ARys [m] < 1.0 < 1.0
0-0%57""200 400 600 800 1000 1200 1400 O 200 400 600 800 1000 1200 1400 O 200 400 600 800 1000
Ri12 [mm] R23 [mm] Ri13 [mm]

39



Summary of Backgrounds and Signal efficiency

&

! I Slignlal (ImCI"aI nI+I9C;
E=1 Signal (°C*— n + p + °B)
[ Background (IBD)
10! E_ A ]
PSD Backgrounds n— inv nn — inv
10} 2 (10 years) Basic selection | PSD + MVA | Basic selection | PSD + MVA
IBD + Single 1235 £50 272+ 010 | 3.00 £ 0.09 |0.0110 £ 0.0003
= Atm-r NC 3.0+ 11 0.93 £ 0.67 43+ 35 0.55 £ 0.63
1071 : i = : ) : / /
e e BC(an)'%0 + Single | 34+ 1.4 | 0.036 £ 0.013 - -
PSD value of prompt signal =— “Li/*He + Single 155+ 0.39 | 029+ 017 | 0.13 + 0.13 0.13 + 0.13
B4 Sl (% m - 00) | T Accidental 146 + 0.05 | 0.095 + 0.004 - -
10° = Signal (°C > n+p+°B) Total 1244 £+ 50 4.07 £ 0.68 74£35 0.69 £+ 0.64
[ IBD+Single
£ Aun-v NC Signal efficiency n — inv nn — inv
(%) Basic selection | PSD 4+ MVA | Basic selection | PSD + MVA
En(nn)1 35.6 £ 0.2 23.5£0.2 540 £ 0.3 482+ 0.3
€n(nn)?2 43.6 £ 0.3 303 £0.3 492+ 03 36.3 £ 0.3
40

BDTG value




JUNO sensitivity

Partial Lifetime 7 [yr]

—_
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—_
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— — — — —
= f e A ”

T ||||||I'|

—
T
o

T 1 |||||I'|

]

= JUNO Sensitivity (n — inv)

v¢  SNO+ Upper Limit (n — inv)
= JUNO Sensitivity (nn — inv)

v KamLAND Upper Limit (nn — inv)

L1 IIIII|]

l

JUNO, arXiV:2405.l77S|92

4 6 8 10
Running time [yr]

o=
o b
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Search fois® gy 7 InJUNO

Entries 10¢(
Mean 80
Std Dev 13

160

Visible Energy

140

120

100

80

60

40

20

T[[II'TTiIIIWITII|IITI!II|ITI|I

T

IIIII‘I!II‘IIII'IIHL
500 600 700 800 900 1000

0 100 200 300 400

Charge exchange )
t production

Fraction

No interaction

Super-K, PRD 95, 012004 ,(2017) . . . .,

300 350 400 450 500 550 600
70 Initial Momentum (MeV/c)

Events per 10 years

Atmospheric v backgrounds:

T LN S I S B e S S e S e | T T T T T T T T

101...|...1...|...1..|..|..1 M P

00 02 04 06 08 10 1.2 14 16
£ (GeV)

10 years:
0.05-1GeVA 18114

(CC:11714; NC:6400)
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Sensitivity estimation fae® g Z @

Event Selection: 860 MeV < Evis < 940 MeV; no Michel; no neutron capture
m) Signal Efficiency : 50.9%; Background: 97.8/10years

W (e’ gz ) 8 yrs (L 8 yrs from Super-K)
How to estimate sensitivity? 14 Signal number
N . E dNucleon number = 8
<« W ¢ . Signal Efficiency  =50.9%

J J i i
Jﬂ J-I1r=¢“ ¢ ” ¢ ¢A| _O ” ] <" : Running Time =10 years
4 490% CL upper limit =17.7
4l ;' Expected BG number =97.8
| ™y
1. gV Py
J, 4y dy |00 | 20|20 (50| 10| 20 | 50 | 200 | 200 | 1000
dl 2.3 3.3 3.9 5.2 6.6 8.8 13.0 | 17.8 | 24.6 | 53.3

90% CL upper limit -
- d A4y Jogy 1, J -
1d. 4/ MD%"A w10 o wnp

4

BKG number is the key quantity!!! A How to suppress BKG? 43



How to suppress BKG4? Momentum information @

vdirectional information reflects in each PMT waveform  Cerenkov-like Ring: [
3 i 4 oa— First 4ns PEs/total PEs | [°*

““““““ “od 0.18]
N 0.18f
It N 0.14F — 00, 36) 0.20
o NN 0.12F —0E[36,72)
AN AN ‘ 9 oif —oe[72,108)
TR R T 0.08 01108, 144) 0.15
[ 0.08[- i 0.[144, 180)
e 0.04 k 5
g 02 e 7
P 0.02f | e _ 0.10
e % 100 150 200 250 300 350 1
__________ Time of PEs (ns) p 6
Al o 1 Distribution of the number of photoelectrons (PEs) over 0ag 0.05
. . . . . -10000 -20000
At |1 —npcosf| time for PMTs with different angles 6 to the particle track el L x(n?m)
3GeV <E< 4GeV 25 —— 25 _
0.12 V_u/Vp 4 EfficientNet-V2 Ve/Ve 4 EfficientNet-V2
—_— P 003 ¥ DeepSphere ¥ DeepSphere
ag: 881
oo miean: -0.18 201 —9— # PointNet++ 20 y # PointNet++
W mms: 1158 g —
0,08 :-- 15 —~ 15
" ~ —e— - ——
g 0.06 S - &
o B 10 - B 10 %
—_ = M —— -
004
——py— =.=EE
=% —a——
5 - 5
o2 H
J.X. Liu et al@NuFact 2023
o 0
000 50 -50 [] 50 100 1 3 3 7 9 1 3 5 7 2 44
8y, roc - By, true () Ev (GeV) E, (GeV)



Simply estimate JUNO sensitivities to other channels (@

Antilepton+ Meson

Channels ny, ngy | €(%) | 110(10%yrs) | m3(10%yrs) | 7eep, (107yrs) TECN Rank
P —ern0 97.8 17.7 | 50.9 1.9 1 24 SKAM(20 ) E
n— et~ 1943.0 73.9 | 83.44 0.578 0.312 5.3 SKAM(17D) E
p— ptal 152.6 21.7 | 54.68 1.6 0.9 16 SKAM(20) E
n—pta~ 2101.3 76.8 | 85.14 0.568 0.306 3.5 SKAM(17D) E
p—vnt 7172.09,3405.55 162.8 | 91.24 0.366 0.199 0.39 SKAM(14E) D
n — on? 2668.9 86.3 | 59.06 0.351 0.189 1:1 SKAM(14E) E
p—etny 97.8 17.7 | 30.62 1:3 0.56 10 SKAM(17D) E
p—uty 134.1 204 | 30.62 1 0.5 4.7 SKAM(17D) | E
n—vn 336.1 37.8 | 31.42 0.528 0.2657 0.158 IMB3(99) B
p—etp® 4398.9 1104 | 91.11 | 0.5384 0.2918 0.72 SKAM(17D) | D
n—etp 2067.5 76.1 | 83.75 0.564 0.304 0.217 IMB3(99) B
p— putp° 3067.4 92.4 | 93.48 0.6600 0.3566 0.57 SKAM(17D) | C
n—utp” 2323.6 80.6 | 87.71 0.557 0.301 0.228 IMB3(99) B
p— vp* 1657.6,1394.7,102.8 81.8 | 70.17 0.559 0.300 0.162 IMB3(99) B
n — vp° 214.1 25.5 41 0.8237 0.432 0.019 IMB(88) A
p—etw 1:1024.2,97.8 2:4398.9 | 106.1 | 30.61 0.1947 0.1052 1.6 SKAM(17D) E
p— ptw | 1:116.2, 118.7 2:3067.4 | 45.5 | 30.44 0.4425 0.2303 2.8 SKAM(17D) | E
n—vw 1: 640 2:4398.9 92.2 | 28.23 0.1623 0.087 0.108 IMB3(99) C

Three and more leptons

1D Channels nekg | noo | €(%) | 110(10%yrs) | m3(10%yrs) | Texp(10yrs) TECN Rank
49 | p—etete” 97.8 | 17.7 | 77.78 2.9 1.5 34 SKAM(20) E
50 | poetptpu 245 9.6 | 79.24 5.38 2.58 9.2 SKAM(20) D
51 p— et 2460.1 83 90.83 0.714 0.386 0.17 SKAM(14) B
52 n—ete U 1255.7 | 59.7 | 88.39 0.758 0.408 0.257 IMB3(99) B
53 n—ute v 1256.7 | 59.7 | 90.75 0.779 0.419 0.083 IMB3(99) A
54 | n—sutu v 115.4 | 19.1 | 89.37 2.397 1.237 0.079 IMB3(99) A
55 | n— ptete™ 1339 | 204 | 83.3 2:1 1.1 23 SKAM(20) E
5 | n— pututu~ 0.0 24 | 83.15 177 5.3 10 SKAM(20) A
57 p— puiov 983.1 | 52.9 | 82.33 1.015 0.544 0.22 SKAM(20) B
58 | p— e putut | 231 |9.29|68.43 48 2.3 11 SKAM(20) | D

Y.J. Niu et al

Only use:

1. Energy

2. Michel Q
3. ncapture
4. Assumption

VS Super-K?
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Simply estimate JUNO sensitivities to other channels (@

Antilepton+Mesons
1D Channels Nprg ng0 [ e(%) [ 110(10%yrs) | 73(10%yrs) | 704, (10%yrs) TECN Rank
B | poetntn 1398.9 1104 | 9L11 | 05384 0.2018 0.082 IMB3(99) | A
24 | p—etaln® 214.1 25.5 41 1.049 0.550 0.147 IMB3(99) A
25 | n— etnn0 2067.5 76.1 | 83.75 0.564 0.304 0.052 IMB3(99) | A
26 | p—optata— 3067.4 92.4 | 93.48 0.6600 0.3566 0.133 IMB3(99) B
27 | p— ptaon® 3591.5 99.9 | 93.84 0.613 0.332 0.101 IMB3(99) A
28 | n— utn—a° 2323.6 80.6 | 87.71 0.557 0.301 0.074 IMB3(99) A
29 | noetn K° 2932.3,460.2 96 96.71 0.516 0.279 0.018 IMB3(91) A
Lepton-+Meson
ID Channels Nbkg ngo | €(%) | mo(10Fyrs) [ m(10%yrs) | 7e2p(10%yrs) TECN Rank
30 n—emw 1070.4,818.8,163.2 66 80.13 0.622 0.333 0.065 FREJ(88) A
31 n—puwt 1308.9,118,219 40 79.98 1.024 0.534 0.049 IMB(88) A
32 n—e pt 1657.6,1394.7,102.8 81.8 | 70.17 0.439 0.236 0.062 IMB(88) A
33| noppt |1809.5,192.398,197.6 | 42.6 | 74.56 0.897 0.472 0.007 IMB(88) A
34 n—pu Kt 257.7,132.0 33 59.54 0.924 0.583 0.032 FREJ(91B) A
35 n—pu Kt 42.6,27.7 14.5 | 58.95 2.083 1.053 0.057 FREJ(91B) A
Lepton+Mesons
1D Channels bk ngo | €(%) | mo(10%yrs) | 73(107yrs) | Tewp(10%yrs) TECN Rank
36 | poentat 534.7,46.6,76.6 27.2 | 41.06 0.985 0.502 0.03 FREJ(91B) A
37T | noenta® 1657.6,1394.7,102.8 81.8 | 70.17 0.439 0.236 0.029 FREJ(91B) A
38 | po p-ntat 79.4,0.6,53.6 75 | 54.06 4702 1.763 0.017 FREJ(91B) | A
39 | n— pwta® | 1899.5,192.398,197.6 | 42.6 | 74.56 0.897 0.472 0.034 FREJ(91B) A
40 | po e ntKt 32.9,314.8,581.3 19.2 | 57.54 1.955 0.963 0.075 IMB3(99) A
41 | posp ntK* 0.1,89.3,0.5 3.2 63.48 12.942 4.284 0.245 IMB3(99) A
Antilepton+Photon(s)
1D Channels Nbkg ngo | (%) | mo(10Fyrs) [ m(10%yrs) | 72, (10%8yrs) TECN Rank
42 p—oety 97.8 17.7 | 75.88 28 1.442 0.67 IMB3(99) A
43| po pty 100.1 17.9 | 77.83 |  2.8366 1.4647 0.478 IMB3(99) | A
44 n— vy 1011.0 53.7 | 86.69 0.827 0.444 0.55 SKAM(15) C
45| posetyy 978 17.7 | 76.04 2.8 1.44 0.1 FREJ(91) | A
46 n — vyy 1552.3 66.2 | 88.83 0.987 0.370 0.219 IMB3(99) B

A: Its result is much better than the best limit so far, if we get 3 years’ events, we can come out on top.In this rank, 73 is at

least 3 times bigger than 7.,,.
B: In this rank, 73 is bigger than 7.,,.And this channel is worthwhile studying more.
C: We have a better result than before for 10 years’ data, but m3<7.,,.
D: 719<Texp, The disparity between our outcome and theirs is a litte big. We can do more but may do in vain.
E:There is a big tap comparing to current limit 7.,,, we would better give up it.
OPEN:There is a better method to take event selection or the result is not very reliable.
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e 4.1 GUT magnetic monopole @
K — BTSRRI ‘

U GUT monopoles can be produced in the very early Universe

radiation

U Mass: 0 x pmmt p 1 GeV; Velocity: Jx ;Charge: 'Q €°Q
WEW¥§LJUNOAFEW*§'% FRE=ME (SQM) ﬂaF"'E*MH?M" 5
o Agstrgpartlcle Physics 10 (1999) 339 109 111111111
R e 15:;5
§102 1,-9;.A.Nen-Torle % 1;:-
4 2 I
s 10 > or
3 £ 2 0r
1 Black—body Y :2:

10°
{ost muon

i X
;- 10"} p 1
7/’%[ R T (SRR ORI KT 108 St s ol ot ik

https://blog.sciencenet.cn/blog-296183-1027650.html mass (Gev)

#

Continuous trigger events in a line with the same energy for long time in JUNO LS!!!

U SQM is a hypothetical strongly interacting matter composed of roughly equal numbers of u,
d, s quarks and a small amount of electrons; Absolutely stable; z 8 g/A |
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4.2 Proton decays catalyzed by GUT monopoles @
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4.2 Proton decays catalyzed by GUT monopoles @
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U Rubakov-Callen effect, GUT model dependent
U Catalysis, isthe order of strong interaction
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Discrete trigger events in a line with the
A % ! same energy for long time in JUNO LS!!!
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4.3« = oscillation¥| W4 ) )

(free neutron or inside nucleus)
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= = oscillation searches: « 4 annihilation A ~ 2 GeV
‘ ID ‘ Channel H 1D ‘ Channel ‘
U free neutrons i p+n—ar 0 9 n+ n — 270
neutron sources p+n— 7t 427 10| ntn—rttr +a
. p+n— 7t + 370 11 n+n—=at+7 +27°
U bound neutrons pta—=2rt+r+a% || 12| n+a—=7at+7 + 370
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pH+n =2t 47" +2w || 14 | n+n—=2nt 427 + 70
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n+n—nt 4+ 16 | n+7n — 27t + 27~ 4+ 270

Signal is similar with two nucleon decay case ol
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