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4-body decay:
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Experimental tests of proton decays before GUTs
> In 1954, Reines, Cowan and Goldhaber give the first limit: t(p) > 1022 yrs

»  Before the discovery of 7, in 1956. Phys. Rev.96, 1157 (1954)
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, = p lifetime ~4.5 x 1029*17yrs

=» Detector with about 1000 ton mass can test the SU(5) GUT
=> The first generation of experiments are proposed and constructed
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They do not find the evidence for proton decay, excluding minimal SU(5)! 16
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‘ Super-Kamiokande:

Super-Kamiokande => Super-Kamioka Neutrino Detection Experiment
KamiokaNDE => Kamioka Nucleon Decay Experiment

Water Cerenkov, 50 kton > 22.5 kton
ﬁﬁ?ﬁﬂ“tﬂ{eﬂ*%*g?JUﬁ ﬁﬁi*ﬂ?ﬂg%ﬁ!. Gd concentration at SK-VI:

HEZHGESNAREFEE 0.011% in weight. N LY. V\{an, NelutrinoI22
1996 2002 2006 2008 2018 2019 2020 2022 i ———
SK-I SK-IV SK-V  SK-VI ol
‘ =)
- 3 e # — ST “SK-Gd” ésn ...............
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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Y Super-K searching for p — e*m® @

\ Signal features:

> Momentum of etand ° is 460 MeV positron | | .

» Kinetic energy :459 MeV and 344 MeV | Proton
Event selection:

A. Two or three rings

B. e-like rings

C. Invariant mass of % (135MeV): 85-185MeV

D. No Michel electron

E P,, (<250MeV) and M, 4-(800-1050 MeV)

Results:

450 kton years

Efficiency: ~20% ™ 7/B(p — e*n®) > 2.4 x 103* yrs
Background: ~0.6

- vN — {N'7Y
vN — vN'm(7
PRD 102, 112011 (2020) 19



= Super-K searching forp - vK* @

\ Signal features:

> Momentum of v and K*is 339 MeV (105 MeV) X
> 89% K* decay at rest (12.38ns): O
(£}
K* - p*v,(63.43%), K* - n*n°(21.13%), — i
. - = » invisible
Event selection:

vp - v KA (48%),

e N 0 16 + : +
L K" = vy = y(6.3MeV, 41%) from 20 + ™ + Michel €™ | ), c0qp (550)

2: K™ - p"v, — Monoenergetic u™ (p = 236MeV)
o o o CC 1m° with u (38%),
3: K" > m'n” - two rings from 7° (Miny, p )+ " (direction, e™) || on oroduction (37%)

NC multi-rt(11%)

Results:
260 kton years
Efficiency:  ~8.4%,9%  m) T/B(p >V K") > 5.9 x 1033 yrs
Background:~ 0.24, 0.45 PRD 90, 072005 (2014) 20
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Proton decay searches in Hyper-K

Simi

/B [years]

/P [years]

lar analysis methods with Super-K:

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 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 10 15 20

Years

10 years sensitivity with 1 TANK:

Mode Sensitivity (90% CL) [yvears||Current limit [years]
p—etn? 7.8 x10% 9.4 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
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Liquid Argon TPC: DUNE @

4x10 kton, LArTPC 87 K, 1475m, 1300 km > &¢p, MH, B- wolatjil)(\ﬂj

B
’ DEEP UNDERGROUND
NEUTRINO EXPERIMENT

South Dakota :
Sanford Chicago
Underground
Research

Faclllty

Fermilab

vvvvvvvvv
vvvvvvv

1009 0.10 DUNE:ProtoDUNE-SP Preliminary

T g 'M. Muether@Neutrino 2022 -

75 © 0.08 — { Proton (Data) h

E & [ ¢ Muon (Data) ]

50 © & o { Kaon (Data) B

S g — MC ]

. ] 28 o e [ ]
cosmic/ Stoppilig % §0_04 — .
n‘"@»’ proton 0.0 o e [ ]
50/cm ProtoDUNE DATA | [ 0oz R
200 300 400 e N )
Wire Number o 2 4 6 8 10

dE/dx [MeV/cm]

7/B(p » e*n®) > 0.87 — 1.1 x 103* yrs (E smearing)

400 kton yrs
g t/B(p >V K*") >1.3x103* yrs, (30%, 0.4bkg) DUNE Physics 2002.03005 25



Liquid Argon TPC: DUNE @

4x10 kton, LArTPC 87 K, 1475m, 1300 km > &¢p, MH, B- wolatjil)(\ﬂj

B
’ DEEP UNDERGROUND
NEUTRINO EXPERIMENT

South Dakota :
Sanford Chicago
Underground
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Faclllty

Fermilab

vvvvvvvvv
vvvvvvv

1009 0.10 DUNE:ProtoDUNE-SP Preliminary

T g 'M. Muether@Neutrino 2022 -

75 © 0.08 — { Proton (Data) h

E & [ ¢ Muon (Data) ]

50 © & o { Kaon (Data) B

S g — MC ]

. ] 28 o e [ ]
cosmic/ Stoppilig % §0_04 — .
n‘"@»’ proton 0.0 o e [ ]
50/cm ProtoDUNE DATA | [ 0oz R
200 300 400 e N )
Wire Number o 2 4 6 8 10

dE/dx [MeV/cm]

7/B(p » e*n®) > 0.87 — 1.1 x 103* yrs (E smearing)

400 kton yrs
g t/B(p >V K*") >1.3x103* 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
Y G—
minimal SU®) .  minimalSUSYSU(S)
S R PR EiiE ; - flipped SU(5)
~ SUSYSO(10) - |
© non-SUSY SO(10) Geesn o0 50110

:; 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

35

33 34
10 10 10

/B (years)

32
10
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Comparison of Hyper-K, 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 E threshold 0.7MeV
Good direction resolution Good energy resolution

Shortcomings Cerenkov threshold Complex FSI for Ar40 Direction information lost

ARAK3KRF=IEEE!

28



(3) JUNO FHt/FFRZHIETT
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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




JUNO % F- R H (i )

=K

1. Large mass (20 kton) = Free p: 1.43 x 1033; Bounded p/n: 5.30 x 1033
2 Excellent o = 3%/\/E - Mono-energy products from free p decay

3 Low threshold (0.2 MeV) - Residual nucleus

4. Neutrontag (2.2 MeV) -> Separate signals from BG

5

1GHz sampling rate - Waveform

TRe=:

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

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

JUNORJ IR S:
faE, E. N, BB, KERETH, P TFH. ZeH

WL 75 R B B SR AR K B JUNORHMR 258 T 281 B URR B ! 31



- Search forp — ¥ K*in JUNO @.)
‘ 20 kton LS: Free proton: 1.45 x 1033 Nuclear Effects: |

O proton
Bound proton: 5.30 x 1033 1. Binding Effect O O o
Kinetic energy of K+ 2. Fermi Motion @ ® «
Free proton > 105 MeV 3. NN correlation 7 4 ® neutrino
Bound proton: |, @
I A =T~ Syl e s 4 Final State

Modified GENIE with FSI ] @ Interaction (FS|)
P Modified GENIE wio FSI ]
: ] § K*+n- K®+p(1.7%)
107 | .
; 5. De-excitation of remaining nuclear:
could emit y/p/n.

Norm. Count

10° L .

» Modify GENIE generator
» Implement de-excitation with TALYS

H. Hu, W.L. Guo et al, PLB 831, 137183(2022) 32

104....|....|....|....|....|.. ”
0 50 100 150 200 250 300

Kinetic energy of K" (MeV)



[ ] — + L] @
Signal characters of p — v K™ in JUNO
Trlple comadent Sig nals : First pulse: K™ kinetic energy of ~105 MeV, decay at rest
K v, +u 15cm, 1.2ns
Decay Branching Kinetic energy Secs::: |—> u —e + v,+ 5”
mode ratio (%) sum (MeV) P + + 0
Pr 355 1011 15 152 MeV (u™ ) or 354 MeV(r ™, ")
K+ = ntad 20.66 =+ 0.08 354 K >a+x°
Kt =ntntn 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 . o "
K* = 2t a0 1761 + 0.022 354 . | Third pulse: Michel e
u e t+utuo,
AN and PD candidates Evis Distribution
220%— B 7 : AN E,,. Distribution
200E- [The 012~ /"i ZZ% PD E,,, Distribution
180F- 0.1~ _
160~ o T _
E Z  aal o
£ 140% g 0.08 %
3120— w o =
© 100 £ -
80/ 2
60 K*
40—
20
0= L0 n ol TR 0
1 10 102 10° 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

» If energetic neutrons do not lost most of the energy within ~10ns
» 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 Eff|C|ency unce rta | ntIeS‘
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 top - v K* @

4

u 140 450F 34

z I z I 107 E

E 120 4005— g -

= 3501 T > =

: = : o S e e

B - 3000 25 B

C C 33

C 80 ; L 5 1 O ; 777777

. = 2 2501 , n E

. - e o C

i o Y 200f- E

C . —{1.5 “2 N S R P A T s S A I

£ ) 3

: “ R

=

» ©
5[}: 20 0.5 QT SRS SO S

5 Lo : e CPC A7, 113002 (2023)
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-‘ ‘ ‘-L--J---L-l-‘ 4 ‘.L--J---L-l Lo-]

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

Background: 0.2/10years = 7/B(p > VK*) > 0.96 x 103* yrs

Efficiency: 36.9%

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




Neutron invisible decays in JUNO

Bounded neutrons in 12C :
»n - inv (12C - 11CY)
» nn - inv (12C - 10CY)

P

P:x 4n
Invisible particle:

neutrinos, NP particles

Detect de-excitation products g,, 2,
of 11C* and 1°C*

Triple coincident signals :

HC" 5> n+ y+19C (Bry, = 2.8%)
10C* > n + °C (Bryn = 6.2%)

VC*>n+p+ 8B (Bry,, = 6.0%)

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

Half-life Q value

[19.3 s, 3.65 MeV]
[19.3 s, 3.65 MeV]
[0.13 s, 16.5 MeV]
[0.77 s, 18.0 MeV]

6 }
18.7 MeV
1 = 2 2 2 mﬁevi
41.7+1

AY
:I Prompt (1) i
' ]

MeV

0.'
L

T
.....
.
.

---------
“

*e
o
0
03
0
.0
-

Y (22MeV)
Delayed (2"9)

@
Decay (3")
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Background sources @')

Five background sources:

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

Background combinations:

. = —
» Single signal
* Natural radioactivity ‘ . . .
.y + +
+  Long-lived isotopes Single+Single+Single
» Double signal
S— ;
* IBD from reactor neutrinos V.+p-oet+n Double+SmgIe
* He8/Li9 from long-lived isotopes
* Fast neutrons v/ +1? C—ov/i+n+p+°B,
* Alpha-N from radioactivity v/p+2C 5 v/p+n+p+ ° +5Li,
= 12 ~ . ¢
* Atmospheric neutrino NC v[7+7C o p/Pnt2p+iBe, |

. ] v/o+2C s v/p+n+p+d+° Be.
» Triple signal
v/o +120 = v/v+n +1

* Atmospheric neutrino NC v/p+2C s v/p+2n4+10C, ‘ T”ple 38

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



Signal vs backgrounds

&

Dominant BKGs of n — inv: /BD + Singles (1235), Atm-v NC

6
Eq1 [MeV]

200 400 600 800 1000 1200 1400
R1z2 [mm]

Dominant BKGs of nn — inv: /BD + Singles (3.0), Atm-v NC (4.3) per 10 years

(3.0) per 10 years
ALY LA B BRI B B I L RARLE T | RS RARAE LR LRALE 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 ] 1 Others
| I ] s
2.2 5150 1.75 2.00 2.25 2.50 2.75 3.00 3.25 3.50 HKJ&%FF
E; [MeV] E3 [MeV]
— Quantity n— inv nn — inv
4 Rjas [111] < 16.7 < 16.7
{1 E; [MeV] 0.7-12 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
ARys [m] < 1.0 < 1.0
200 400 600 800 1000 1200 1400 0O 200 400 600 1000
Ry3 [Mmm] R13 [mm]
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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]

—_

—_

—_

—_

—_

—_

— — — — —
= f e A ”

T ||||||I'|

—
T
o

T 1 |||||I'|

&, 1.4 1030y i
o E
9.0 x 10*%y ]

= JUNO Sensitivity (n — inv)

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

v KamLAND Upper Limit (nn — inv)

JUNO, arXiV:2405.177|92

2 4 6 8 10
Running time [yr]

1.4x 1032 y
5.0x 1031y
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Search forp — e* + n® in JUNO @

Entries 10¢(
Mean 80

Visible Energy StaDev_ 13

160

140

120

100

80

60

40

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

20

T

IIIII‘I!II‘IIII'IIHL
0 100 200 300 400 500 600 700 800 900 1000

Charge exchange

t production

Fraction

No interaction

uper:K, PRD 95, 012004 (2017) , . . ., . . .
300 350 400 450 500 550 600
70 Initial Momentum (MeV/c)

Atmospheric v backgrounds:

A B T A e o e B e e
10°

<&

@

(3]

>

o

—

@

o 10"}

§2)

c

(]

>

L
101 PPN EPEPEE EPEPEP BT PP BT EPEPEPE PP PR R
00 02 04 06 08 10 12 14 16 1.8 20

£ (GeV)

10 years:
0.05-1GeV—> 18114

(CC:11714; NC:6400)
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Sensitivity estimation forp — e + n°

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

t/B(p —» e*n®) > 0.19 x 10%* yrs (< 2.4 X 103* yrs from Super-K)

&

no neutron capture

Ng,: Signal number

No: Nucleon number =6.75 x 1033
€; : Signal Efficiency =50.9%

t : Running Time =10 years
Nggp: 90% CL upper limit =17.7
Np: Expected BG number =97.8

How to estimate sensitivity?

t T NO'Ei
Ns; = Ndaecay " Bi - € = B; - €;-No = 5= = Nog t
l

90% CL upper limit N,:

N
(Ns + Ng)Nov Jo " L(Ngps, Ns)dN

L(Nyps,Ng) = e~ WstNe) 5 900y = 2
bor S Nops ! [ L(N ops, N5)dNg
Nyo=Ng | 00 | 2.0 | 20 | 50 | 20 | 20 | 50 | 200 | 200 | 1000
Ngg 2.3 3.3 3.9 5.2 6.6 8.8 13.0 | 17.8 | 24.6 | 53.3

BKG number is the key quantity!!!

- How to suppress BKG?




How to suppress BKG ? = Momentum information

vdirectional information reflects in each PMT waveform  Cerenkov-like Ring: [
3 T .
4 0z First 4ns PEs/total PEs | [°®
"""""" Cd 0.18) 20004
T ) 0.16F
e 0.14F- —0E[0, 36) G20
Y wo.12f —0E[36,72)
‘16 AN ‘\ ‘ Eu;if_ —oe[72, 108)
Po Al P ’.‘/’ IJ.OB:- BE[108, 144) 0.15
i 0.06F 1 0€[144, 180)
.-}':/ 0-04;' k %
// 0.02F { = o 0.10
___________ 7 8 o0 1301'1%'a OafolgEs (;_ls'z;so 7300 350 1 GeV 'Ll_
Al 1 Distribution of the number of photoelectrons (PEs) over 0.05

At 11— nBcosd|

3GeV <E< 4GeV

P -0.03
og: B.81
0.10 mean: -0.18
W pMs: 11.58
0.08
o .06
o
0.04
0.02
000 oo -50 [ 50

Bu.m'a’v.tru!(:}

100

time for PMTs with different angles 0 to the particle track

25 25

00200000 10000 0 —10000-20000

x(mm)

Vp/Vy 4 EfficientNet-V2 Ve/Ve 4 EfficientNet-v2
¥ DeepSphere ¥ DeepSphere
201 —o9— # PointNet++ 20 —%— # PointNet++
— —
~ 15 ~ 15
- —— - ——
3 —— & &
b 10 - b 10 = . o
——py— . =.=EE
5 s S - 5 —a——N=
J.X. Liu et al@NuFact 2023
o7 3 5 7 9 o1 3 5 7 9
E, (GeV) E, (GeV)
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Simply estimate JUNO sensitivities to other channels (1) @

Antilepton+ Meson .

ID Channels ny, ngy | €(%) | 110(10%yrs) | m3(10%yrs) | 7eep, (107yrs) TECN Rank Y.J. Niu et al
1 | poern® 97.8 17.7 | 50.9 1.9 1 24 SKAM(20 ) E

i | n— et~ 1943.0 73.9 | 83.44 0.578 0.312 5.3 SKAM(17D E .

2 p— ptal 152.6 21.7 | 54.68 1.6 0.9 16 SKAI\E(?O)) E Only use:

*2 n— pta 2101.3 76.8 | 85.14 0.568 0.306 3.5 SKAM(17D E

3 P —>Il777+ 7172.09,3405.55 162.8 | 91.24 0.366 0.199 0.39 SKAM( 14E; D 1 . E ne rgy

*3 n — on? 2668.9 86.3 | 59.06 0.351 0.189 1:1 SKAM(14E E .

4 p—etny 97.8 17.7 | 30.62 1:3 0.56 10 SKAMgl?D; E 2 . M ICheI e i
5 | pouty 134.1 204 | 30.62 1 0.5 4.7 SKAM(17D) | E

6 | n—owm 336.1 37.8 | 31.42 0.528 0.2657 0.158 IMB3(99) 5 |3. nca pture

7 | poetp® 4398.9 110.4 | 91.11 0.5384 0.2918 0.72 SKAM(17D) | D .
*7 | nosetp 2067.5 76.1 | 83.75 0.564 0.304 0.217 IMB3(99) g |4. Assum ptlon
8 | pouts® 3067.4 92.4 | 93.48 0.6600 0.3566 0.57 SKAM(17D) | C

*8 n—utp” 2323.6 80.6 | 87.71 0.557 0.301 0.228 IMB3(99) B

9 p— vp* 1657.6,1394.7,102.8 81.8 | 70.17 0.559 0.300 0.162 IMB3(99) B

*9 n — vp° 214.1 25.5 41 0.8237 0.432 0.019 IMB(88) A

10 p—etw 1:1024.2,97.8 2:4398.9 | 106.1 | 30.61 0.1947 0.1052 1.6 SKAM(17D) E

11 | poptw | 1:116.2, 118.7 2:3067.4 | 45.5 | 30.44 0.4425 0.2303 2.8 SKAM(17D) | E

12 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 | T0-78 2.9 1.5 34 SKAM(20) E VS Su per_K?
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— putp 7 | 1154 | 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

56 | n—ututu~| 00 | 24 |83.15 17.7 5.3 10 SKAM(20) | A

57 p— puiov 983.1 | 52.9 | 82.33 1.015 0.544 0.22 SKAM(20) B 45
58 | poeptpt | 231 | 929 | 6843 48 2.3 11 SKAM(20) | D




Simply estimate JUNO sensitivities to other channels (2)

&)

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— eta0n® 214.1 255 | 41 1.049 0.550 0.147 IMB3(99) | A
25 n— et 70 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 Npkg 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—o p wta® | 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 p—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.

46



(4) FFCRMIEXHIFTTHIE

47



e 4.1 GUT magnetic monopole @

Kp—IRCTSH IR FRIFE:

» GUT monopoles can be produced in the very early Universe
> Mass: M;~10® — 1018 GeV; Velocity: f~1073; Charge: g =n gp
ﬁiﬁ*&?ﬁLJUNOAFEW%‘F% FRSRUE (SQM) BEFEREIRISS:

104

Astroparticle Physics 10 (1999) 339 10° V. L Guo et aI PRD 95 01501
w03l Do o c 10°f
& F
2o g oI
E - 5 10°f
‘E* 102 :. _*q_m”__rw 3 105!-
£ s F
5 10 ~ 10 r
S _{3‘ 10°F
1 ’ Black—body wor
radiation 1o° =r
107" ; E
N | 107
1 i e = 4+ —_ Fpo« Neval J B4 . o vl o vl sl el avid 4 s
167 L ?j/-‘f.n@m.a.n_s. T e T T (=R oKy AF 1010 10" 10" 10" 10® 107 10™ 10™ 10® 10*' 10% 10™ 10

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!!!

» 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; py = 3.6 X 1014g/cm3
> A>107 Nuclearites (B #1% %), typical B~1073 (galaxy velocity)



4.2 Proton decays catalyzed by GUT monopoles @
T Ty em— BRI ERT:

» Rubakov-Callen effect, GUT model dependent

> Catalysis o is the order of strong intera*ction & E~1073
HESR— TR F5F
A
ZJUNOEF=EMHA
HFRES?
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4.2 Proton decays catalyzed by GUT monopoles

P ———————

» Rubakov-Callen effect, GUT model dependent
» Catalysis oy is the order of strong interaction

I‘ﬁlﬁﬁiﬂﬂﬁﬁﬁ’r&?'
F A P A A T AL KA B kAR E,

klﬁ?ﬂi#ﬁ?’kﬂ‘m“}’/ﬁ: oo, AR FRET
9 'TV,(i]‘yﬂ?ib ’ /\ VT 1//(-—@] ki@fjd

M+p->M+ut+K° K°+p->Kt+n,
K* - u* +v,(236 MeV)
H.Hu, W.L. Guo et al, JCAP 06 (2022) 003

=t At
ww Like play ducks and drakes

Discrete trigger events in a line with the
same energy for long time in JUNO LS!!!
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4.3 n — n oscillation (AB = 2, AL = 0) @

nnbar oscillation
(free neutron or inside nucleus)

dinucleon decay n Ovpp _ p
d d % > > @ i} \
\r/’/ " - l’ - (‘? S
+X2 d >-4-< X
(7 "J-._“. i d X2 \ €
- ~ XN _ _
- X] X] = u . : d /
> < rp) o o 42 e > D
d d AB = 0,AL = 2
n — n oscillation searches: n + N annihilation 2 ~ 2 GeV
‘ ID ‘ Channel H ID ‘ Channel ‘
» free neutrons 1 p+a—at +a 9 n+n— 210
neutron sources 2| pkmomra2ns ) 10 ndkn oAt
3 p+n— 7t + 370 11 n+n—=at+7 +27°
» bound neutrons 4 | pras2rt+a 47 || 12| n+an—oat+7 + 320
v experiments 5 | p+an—=2nt+7a-+270 || 13 n+4n— 2rt 4 27~
6 | pran—o2nt+7 42w || 14| n+n—=2nt 427 +7°
7T | p+an—=3nt+2r+7° | 15 n+n—rt+1 tw
8 n+n—nt 4+ 16 | n+7n — 27t + 27~ 4+ 270

Signal is similar with two nucleon decay case 31



V-2 ()

IFHZRFREEXEKX: FHYR-RYEARNIFR,. HSIEGUTs
BEREFEEZZLIEUNO, Hyepr-K, DUNE)E/LEFRGHAEIETT
AR SELF=EREINIRBFIS SRR
JUNOTET—EERTEERMBN, ESMANAR

3NLRBERFANEH: FREFMEAR, AREEEZ(C12,016,Ar40)
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