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Introduction




Motivation of nucleon decay

» Matter-antimatter is asymmetric in universe
* Sakharov conditions

 Baryon number violation AB = 0

 Cand CP violation
* departure from thermal equilibrium

Asymmetry

Baryon number violation Basic ingredients
+

Pisma Zh. Eksp. Teor. Fiz. Ser. 5, 32 (1967)
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Nucleon decay in theory

» GUTs predict instability of nucleon
* Protons can decay into lighter subatomic particles(hypothesis) Phys. Rept. 441, 191-317 (2007)

—————
Vv

* Examples
> p - e+ (Non-SUSY GUTs)
» p >V + K* (SUSY GUTs)

W

5
——

It

Invisible neutron decay: neutron decay into undetected particles (hypothesis)

°
Soudan Frejus IMB Super-K Hyper-K

* Examples p—reta ¢ 01 _P_ypt
. i o minimal SU(5) minimal SUSY SU(5) tén
> n — neutrino, n = dark fermions ... bt fppea U
SUSY S0(10) fu
~ Phys. Rev. D 67, 075015 (2003). T T e E
~ Phys. Lett. B 662, 259 (2008). poe — :
> Phys. Rev. D 98, 035049 (2018). ORI B B s SR o B B R KL ML 1SRB o =
- Hyper-K —
p— K . non-minimal SUSY SU(5) * Cj
predictio SUSY S0(10) ?
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Current searches for proton decay

Past searches

—Fiducial mass
SOU?AN 1 ] 1981 /—Total mass
yd

* 3.3 kton water-Cherenkov detector, 2000 PMTs

B
g

|
* 7/B(p — et 1°)>5.5 x 1032years (1990) : :{GJrZEX - ;:;%8802 o
H 5 = 3
* No proton decay have been found Phys. Rev. D 42, 2974 [ KGF-2 11985 EE
( FREJUS 11984 b= £
- [ SOUDAN-2 [] 1993 =i
KamiokaNDE Capw T 1983 | B
—— 3 g
* 0.88 kton water-Cherenkov detector, 948 PMTs R [ KAMIOKANDE LS 1383 =| &
= [ IMB 7777 1982 y
+ 0 32 L}
* 7/B(p » " 1°)> 2.6 X 10°“years (1989) [ SUPERKAMIOKANDE [731(1996)
* No proton decay have been found Phys. Lett. B 220 (1989) 308-316 | ' I1 “Liio — ..4.1.(1)0 - L“l,éloo - "i(')lloool ; Hlif)'dlood
Detector mass (metric tons)

Su per- Kamiokande (Su per- K) t/B (yr) limit for 5-yr observation period (¢ = 0.5; p:n = 1:1)

» 22.5 kton water-Cherenkov detector, 11146 PMTs

« 7/B(p » et 1°)> 2.4 x 103*years (2020)

. 19 + 33 S, el %
7/B(p - 7 K™)>5.9 X 10°°years (2014) Phys. Rev. D 102, 112011

* No proton decay have been found Phys. Rev. D 90, 072005
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Current searches for invisible neutron decay

KamLAND
* 0.5 kton liquid scintillator detector
« 7/B(n - inv)> 5.8 x 10%°years (2006)
« 7/B(nn - inv)> 1.4 X 103%years (2006)
* No invisible neutron decay have been found

Phys .Rev. Lett. 96 (2006) 101802

0.9 kton liquid scintillator detcor
« 7/B(n - inv)>9.0 x 10*°years (2022)

« 7/B(nn - inv)> 1.5 X 10%%years (2022)

* Noinvisible neutron decay have been found

Phys. Rev. D 105 (2022) 11, 112012
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Hyper-K DUNE JUNO

(\ NEUTRINO
e

___

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

Target Nucleus H20 Ard0 12% H, 88% C12

Technology Water Cerenkov LAr TPC Liquid Scintillator

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
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JUNO experiment




‘w JUNO experiment overview
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JUNO experiment overview

»Jiangmen Underground Neutrino Observatory (JUNO), a multi-
purpose neutrino experiment

~ 700 m underground

Top tracker

©(1000) /day ~ 10 - 20/day

CD PMT

New Physics
( Liquid scintillator in
) acrylic spherical vessel
~ 1-2/day CCSN @10kpe Stainless steel
@(1000) /s | structure

DSNB: few /year

F. An et al. [JUNO] J. Phys. G 43, no.3, 030401 (2016)
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Nucleon decay: p > v+ K*




Branching
ratio (%)

Kinetic energy
sum (MeV)

63.55 £0.11
20.66 + 0.08
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5.59 + 0.04
5.07 £ 0.04
3.353 £0.034
1.761 + 0.022

75

265493
200-388

354

10 10°

hit time (ns)

10°

104

Two most
dominant
channels

po>K*+ 7V

Prompt pulse

— r =|12.4ns

Delayed pulse

- Kt >y, + 7

pr-et+v, +v,

— Kt >t + 10

n’ —— 2y

L 8.4x10 %ns
0 2
T =|26ns N N
oV, tu

AN and PD candidates Evis Distribution

=—— AN E, Distribution
% PD E,, Distribution

AN: Atmospheric neutrinos
PD: Proton decay

100 200 300 400 500 600 700

E,/MeV




Backgrounds

»Most dominant background: Atmospheric neutrinos

IMeV  10MeV

100MeV

1GeV
|
- Proton Decay
Atmospheric neutrinos  ~30k in 10 years.
Cosmic Muon
, . Ratio with E,;, in . Signal ’ LOW ener ba Ck roun d ‘
Type Ratio (%)| 1160 MeV. 600 MeV](%) Interaction characteristics gY 8
NCES 20.2 15.8 vy Single Pulse * Removed by energy cut
V+p—=Vv+p
= + > = -
CCQE 45.2 64.2 it p ot Single Pulse IBD, solar-v, geo-v, and
vtn—ptl low energy atm-v
Pion Production 135 10.8 vi+ p— [T+ p+ x| Approximate Single Pulse
T ' v+p—ov+n+ma | (Second pulse too low) ’ C J
- ; osmic Muon
Kaon Production 1.1 0.2 Vit n = I_ A K+ Double Pulse !
nrpof rpr R * Removed by muon veto
and FV cut
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Event selection

- Edep _ A

> Selection flow " cnter_ f-m

\
proton \ /il i”R . . \“
Basic - 200 MeV < E,;, < 600 MeV s ~~_% Michel
selection EEE-JPEY R -2 . -- electron

Prompt Edep Center to Michel birth place.

Selection result
l Criteri Survival rate of p — vK* (%) Survival count (fraction) of atmospheric v
Criteria . ~ e o — - : i :

- e Nu =2 : IE 2[Sample 3] Sample I [ Sample 2 | Sample 3
Delayed M e el p 94.6 51200 (32.1%)
signal Jasie seleetion 37 17819 (20.9%) |
selection ] , 4. . 20739 (13.0%) 1143 (0.7%)
« 1<N,<3 Djlg?f;ld , 6T, . 13796 (3.6%) 991 (0.6%)
0 — = ,— . 9 A0 == (1 20
* AL, < 0.7m selection ol (_ 4%) gij; Eigpﬁ) —
Time . 3.8 |4326 (2.7%)] 581 (0.4%) 716 (0.4%)
character 28 2. 121 (0.07%)| 18 (0.01%) 30 (0.02%)
selection R 7. 7. 1 (0.0006%) 0 0
. Total
. R)( > 2 R){ >1 ota
* R,: Fiducial volume
Time * AT > 7ns .
. .
i . 30 MeV < E, <200 MeV Ny,: tagged Mlche_l electron nqmber
selection 100 MeV < E, < 410 MeV e AL,;: correlated distance to Michel electron

* N, :tagged neutron number
* AL, : correlated distance to neutron
* R,: x* ratio
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Sensitivitytop > v+ K™

«fSurvived events I =isurvived events I

4001
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100 N
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L
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0 50 100 150 200 250 0 50 100 150
E, (MeV) E, (MeV)

(a) p— vK* (b) atmospheric v

Background rate: 0.2/10 yrs
Signal efficiency : 36.9%
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Partial Lifetime Sensitivity (Year)
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Running Time (Year)

t/B(p > VK") > 9.6 x 1033 yrs/10 yrs
Best limit: 5.9 X 1033 yrs from Super-K



ucleon decay: invisible neutron decay



Signal characteristic of invisible neutron decay

> Bounded neutrons in 2C : two invisible decay modes
* n - inv (12C — 11C*) In-elastic scattering

* nn — inv (12C - 10C%) o—0O— - y (4.4 MeV)
. . . . . P t(1st 12
> De-excitation modes have triple coincidence feature romPt (1) ¢

¢’v
12c*

/

12¢

(Bryp1 = 3.0%) v ¥ .
(B, = 2.8%)

(BT = 6.2%)

(BT = 6.0%)

Elastic scattering

~-~-_
N

Yuri Kamyshkov, Edwin Kolbe PRD 67, 076007 (2003) L
AT,3: daughter -
nuclei’s decay time

'\/\’AT12: 220 us

Neemes o v(2.2 MeV)
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Event number

Neutron processes
(Inelastic vs elastic)

H 71T I L Ill T I T T I 1T I 71T I T 71T I T T H
5000 !F v(4.4 MeV) | [ Elastic (proton recoil)
E i ; Inelastic (4.4 MeV y)
- P 3 all ]
4000 i r 3
3 {110 ] C
C S CT o> n+ 10C g
3000 : llc* ->n+ y + 106 g
- | . ] e
2000 | - Spectrum will be shifted ¢
000 ght by 3.3 MeV duge to y
0 6 8 10 12 14
Eyis [MeV]
?OD_ I T 1T 1T 1T I T 1 1 1 I LI A B '[ T 1T 1 T I T T 17T '| T 1T 11T I ]
- - 10Cc510B[718]+e* +v. 98.7% .
600 s 19CS19B[1740]+e% +v, 1.3% E
500:_: Total E
sk ]

o o ]

£ a00- 3

3 r .

= » -

2500F (S E

[ o ]

> L .

L L -
200 -
1003— —f

D._ _.

Ew's [MeV]
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Prompt signal

2000

1750

1500

1250
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750

Event number

Neutron processes
(Inelastic vs elastic)

— All
Elastic
Inelastic
I n+12C - a+X

T rrrrprrrr ey ey
| | | | | | | |

=]
™
3
IIIIIIIIIIIE;TIIIIIIIIIIIIIIIIIIII|IIIIIr

10 15
Eyis [MeV]

20 25 30

Decay signal

]r||I|11]||||"|—I—T—'|—I||-|rr||||1lr|||
B °C-°B+et+v, 56.3%

mm °C-°B[2345]+e*+v. 31.6%
9C—°B[2780]+e* +v, 5.6%

i ?C-7B[12160]+e +v. 6.3%

[ Total

600

9
=]
=

°C

-9
[=]
=]

RN FEENE SRR NNENE FER NS SRR RN F NN

8 10
Ew's [MeV]

12 14 16

Event number

10°

[}
o
S

I lIlImq IIIHHq_

Event number

Delayed signal

T T Trm
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T
o
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2.5

[Ty s v rrprrrrprrrrprorororprs

I °B-%Be[3030]+e*+v. 87.1%
8B—-®Be[16626]+e*+v. 12.5%

[ Total

5.0

5B

7.5 10.0
Ew's [MeV]

12.5

15.0

17.5




Backgrounds

» Six background sources

> Single —l
([ Rad |Oa CtIVIty ° Single + Single + Sing|e 500?D Y 5000 n
° Long-lived isotopes * Correlated + Single

» Correlated (Prompt-Delayed)
* |BD (Inverse Beta decay)
* Atm-v NC (atmospheric neutrino neutral current)
* Long-lived isotopes (Li9/He8) from cosmic muons
* Fast neutron

v/p+2C s v/p+n+p+PB,
v/io+2C s v/o+n+p+a+Pli,
v/p+2C s v/v+n+2p+”Be,
v/v+2C s v/o+n+p+d+°Be.

e Alpha-n
>Triple (Prompt-Delayed-Decay) v/v+7*C —v/v+n+'C,
« Atm-v NC — v/0+2C = v+ 20 +0C,

v/ 4+ C — v/v+3p+n+°Li
2025/1/12




Event selection

» Consider 10 years data taking

* Signal rate
> from the final sensitivity result

. . . i 4 3 J . 2.2 7 B | 2.4 2.5;-1.5 2.0 25 3.0 3.5<
Selection criteria E; [MeV] E; [MeV] E; [MeV]

Quantity n_>znv nn _>an 0.8:,....,....1.,..]...,,....,...., ,....l....‘..,.,.,..,....I.,..,—:_I I : . . ,—
R1’2,3 [m < 16.7 < 16.7 mo.s: _:_ B
El [MeV: 07‘12 0.7-30 %0'4: .... .

e —

Es [MeV] | 1.9-2.5 1.9-2.5

E3 [MeV] 1.5-3.5 3.0-16.0 | | —
- 0.0 250 500 750 1000 1250 1500 250 500 750 1000 1250 15000 200 400 600 800 1000
ATlg [ms] <1 <1 ARz [mm] AR23 [mm] ARy3 [mm]
1.0 I'””"”'l”":_l‘H"”’”'l”'l”'ljJUNOSimuIationIOyears
ATos [s] 0.002-100 | 0.002-3.0 % - signal ("C* 1 + 1)
ARq9 [m] < 1.5 < 1.5 2 . JE Signal ("'C*— n + v + Q)
g 06 JC—J IBD+Single (1/100)
ARy3 [m] < 1.5 < 1.5 @ o4 | 1 Atm-v NC
ARq3 [Il’l] < 1.0 < 1.0 02 [ [:] Others

n - inv
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Event selection

» Consider 10 years data taking

* Signal rate
> from the final sensitivity result

Signal efficiencies

0.14f
0.12F
o 0.10F
&« ;
& 0.08F
> ;
W 0.06f
0.04F
0.02F

| B SRS BN LA e AN B N e

T
Delayed

0.00t
E; [MeV]

L B AL B B SN BLELE S BLALELELE B

o . -

S =

S R
E; [MeV]

75 10.0 125 150 175
E3 [MeV]

5.0

iRAAAS RARES RASAS RARRE RARAN RARLE B M RS

Selection Criterion n — inv nn — inv
UG 5 n+19C [ HC 5 n4+94+0C | BC* 5 n+7C | OC* 5 n+p+°B
All triple signals 100 100 100 100
Muon Veto 65.7 £ 0.2 65.5 £ 0.2 80.8 £ 0.2 78.3+0.2
Fiducial Volume 835 +04 82.7+04 829+04 83.1+04
Event Selection 754+ 0.9 89.7 £ 0.3 89.2 + 0.3 83.5 +£ 0.3
Multiplicity Cut 93.8 + 0.1 93.8 £ 0.1 99.9+ 0(107%) | 999+ O(107%)
Combined Selection 388+ 05 45.6 £0.3 59.74+ 04 54.3 +£ 0.4

500
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ARy; [mm]

T % D) [ VX 20 A SO S v R T J0F AR [IEL LS W

~800

LN B

JUNO Simulation 10 years

{ EE Signal (°C*— n + °C)

1 Signal ("'C*—= n + p + "B)
1 1 IBD+Single

1 Atm-r NC

nn - inv
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Background suppression

e I T T T T l T T T T T T T T r 5T 31 FrTrrTrOroOroo -- T T -- T T T T T T T T li ---------- E
B Signal (11C*— n 1+ 19C) - JUNO Simulation 10 years : ]
»Two suppression methods | =seacconiro 0] 10°] - o i ey e e T
. . . . 1l [ Background (IBD! | 2 E= Signal (*'C*— n+~ +1C) | Others 1
* Pulse Shape Discrimination 10°¢ N EM?_,, 0 g 18 5 180 single 5
> Particle’s emission photon ; =) Badground €1 1T, :
. . 3 B | cut value - (ICJ 10° cut value: g
time are different © | & | 5
109 . = 10-1 :
* Multi Variate Analysis ; — Z ]
Combine multidimensional : i"";. L N i I 1073 7 ]
features , 06 08 “910 107 ™06 04 =07 00 032 04 0%
PSD value of prompt signal BDT value
B I T T T T T T T I 1 T T ] T T T . _ :l rrri I LI I rrrT I rrrT l L I |;| LIl I LI ] LB |:
B Signal (1°C*—= n + Q) . - JUNO Simulation 10 years | .
- E=J Signal (1'C*— n + p + °B) i 10° E Signal (1C* = n +°C) | E
10 [ Background (Atm-v NC) I - E=J Signal (''C* - ni+p + RBI) ]
1 Background (IBD) ] 3 - 1 IBD+Single i L B
X 4 E 1 Atm-v NC rcut value--— g -
* Both PSD and MVA have : - : : A
= B » —— .
> ,
good performance 100 e 13
. : ﬁ --.7.'. s :
» Effectively suppress background} nn-_nv.__  z: ]
i S 3
10_1 :_ Tros '{rz s f; . = /3/ f; = A:' 1// = ‘f/' //,l > % A | E-
0.0 002075 =050 —0.25 006 025 050 075 100

PSD value of prompt signal BDTG value

23
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Sensitivity

2025/1/12

103
0 0 PNal and DACKEro 0
Backgrounds n — inv nn — inv 1033
(10 years) Basic selection | PSD + MVA | Basic selection | PSD + MVA -
IBD + Single 1235 £50 272+ 0.10 | 3.01+ 0.09 | 00110+ 0.0003 | >
Atm-v NC 3.0+ 1.1 0.93 + 0.67 13 + 3.5 0.55 + 0.63 .
BC(a,n)%0 + Single | 34+ 1.4 | 0.036 + 0.013 - - = 10%2
9Li/®He + Single 1.55 £ 0.39 0.29 + 0.17 0.13 £ 0.13 0.13 £ 0.13 =
Accidental 1.46 = 0.05 | 0.095 + 0.004 N - 2
Total 1244 + 50 | 4.07 + 0.68 74+ 35 0.69 + 0.64 = 103
Signal efficiency n — inuv nn — inuv E
(%) Basic selection | PSD + MVA | Basic selection PSD + MVA G'fh'f
€n(nm)1 35.6 = 0.2 23.5 + 0.2 54.0 £ 0.3 482 + 0.3 |
En(nm)2 436+ 0.3 303 + 0.3 192 £ 03 363 + 0.3 10%
10%
7/B(n — inv) > 5.0 x 10! years,
, 39 10 years
7/B(nn — inv) > 1.4 x 10°“ years.

| T T 'I T | T

——— JUNO Sensitivity (n — inv)

w

—— JUNO Sensitivity (nn — inv)
v¢  KamLAND Upper Limit (nn — inv)

I T T T I T

SNO+ Upper Limit (n — inv)

I T T T 'I

S

1.4x10%y

i
i
9.0 x10%° y
from SNO+

from KamLAND

I L 1 1 I 1

2

]

4 §
Running time [yr]

Eur. Phys. J. C 85, 5 (2025).

An order of magnitude improvement to the current best limits in 2 years data taking




Summary

» JUNO is a large LS detector

e 20 kton LS
» 1.45 x 1033 free protons, 5.30 x 1033 bound protons/neutrons

» Competitive sensitivities for nucleon decay (some channels

* Nucleon decay (JUNO 10-year sensitivity)
» T/B(p > " K*) > 9.6 x 1033 year at 90% C.L.
» /B(n - inv) > 5.0 x 103! year at 90% C.L.
» T/B(nn - inv) > 1.4 x 1032 year at 90% C.L.

» JUNO is during filling stage, overcoming challenges
» JUNO has the potential to study nucleon decay and test new physics
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