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Introduction




Motivation of nucleon decay

U GUTs unify the strong, weak and electromagnetic interactions

APredict the instability of nucleon
Search the nucleon decay to test the GUTs

U Matter-antimatter is asymmetric in universe

A Sakharov conditions(to explain the asymmetry)
Baryon number violatior ||
C and CP violation
departure from thermal equilibrium

Baryon number violation
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Nucleon decay In theory

U GUB predict instability of nucleon
AProtons can decay into lighter subatomic particles(hypothesis)
AExamples

- g Z (NonSUSY GUTs)
=" o L (SUSY GUTs)

Alnvisible neutron decay: neutron decay intodetectedparticles (hypothesis)
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« 7/B(p — et n°)>5.5 X 1032 years (1990)
* No proton decay have been found

KamiokaNDE

« 7/B(p » et %> 2.6 X 103%2years (1989)
* No proton decay have been found

Super-Kamiokande (Super-K)

* 7/B(p » et %> 2.4 x 103*years (2020)
* 7/B(p » 7K*)>5.9 x 1033years (2014)
* No proton decay have been found

KamLAND
* 0.9 kton liquid scintillator detector

* 7/B(p » 7 K*)>5.4 x 1032years (2015)
* No proton decay have been found

* 3.3 kton water-Cherenkov detector, 2000 PMTs

* 0.88 kton water-Cherenkov detector, 948 PMTs

* 22.5 kton water-Cherenkov detector, 11146 PMTs

Past searches
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Current searches for invisible neutron decay

KamLAND

* 0.9 kton liquid scintillator detector

« 7/B(n - inv)> 5.8 X 10%°years (2006)

« 7/B(nn - inv)> 1.4 x 103%years (2006)

* Noinvisible neutron decay have been found

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

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

* Noinvisible neutron decay have been found
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(\

DUNE JUNO

NEUTRINO

. |Hyperk DUNE JUNO

Mass kton)
Target Nucleus
Technology
Advantages

Shortcomings

258 (186)
H20
Water Cherenkov

Large mass and cheap
Good particle Identification
Good direction resolution

Cerenkouhreshold

4*17 (4*10)
Ar40 12% H88% C12
LAITPC Liquid Scintillator

Excellent track reconstruction  Excellent energy resolution 3¢
Excellent particle Identification ExcellentEthreshold 0.7MeV
Goodenergy resolution

Complex FSI for Ar40 Direction information lost
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Juno JUNO experiment overview 2= &N
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JUNO experiment overview

U Jiangmen Underground Neutrino ObservatofJuUNO) amulti-
purposeneutrino experiment

~ 700 m underground

Top tracker

O(1000)/day ~ 10 - 20/day

P CD PMT

. & 4 Liquid scintillator in
acrylic spherical vessel

~ 1-2/day CCSN ®@10kpec : j:! 3 N Stainless steel
@(1000) /s i hsSerasr e M| structure
DSNB: few /year
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Backgrounds

U Most dominant background: Atmospheric neutrinos

IMeV  10MeV 100MeV 1GeV
I
- Proton Decay
Atmospheric neutrinos  ~30k in 10 years.
Cosmic Muon
Type Ratio (%) Ratio with Ey;; in Interaction Signal ’ LOW e nergy baC kg rOU nd |
yp 11100 MeV, 600 MeV (%) ‘ characteristics
NCES 20.2 15.8 ::;’; oo ’;} Single Pulse ARemoved by energy cut
CCQE 452 64.2 itpondt ;i Single Pulse IBD, sola#, geot, and
inoprl ‘ ‘ low energy atrmt
Pion Production 335 10.8 vi+p— [T+ p+nat |Approximate Single Pulse
' v+p—v+n+a | (Second pulse too low) ’COSIT]IC MUOn l
Kaon Production 1.1 0.2 E :j; : ';_ :j: I II; Double Pulse A R d b t :
' emove Yy muon veto
and FV cut
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Event selection

’Edep A

U Selection flow : u

\
proton \ /il i”R. . \
Basic - 200 MeV < E,;, < 600 MeV L ~~_% Michel
CICEHELEN . R <17.5m L - electron

Prompt Edep Center to Michel birth place.

Selection result
l Crriteri Survival rate of p — vK* (%) Survival count (fraction) of atmospheric v
_riteria - - —— . ~ ~ . - -

- « Ny=2 Sa 1E 2[Sample 3] Sample I | Sample 2 | Sample 3
Delayed basic selection — 94.6 51299 (32.1%)
signal T 3.7 17819 (29.9%)
« 1<N, <3 Db,"‘i’lgalf;ld 3. I 13796 (3.6%) 994 (0.6%)
. slgne KK 5403 (3.4%) 6857 (4.3%) =
AL, < 0.7m selection 3 — 1172 (2.87%) =
Time 15.6 , 3.8 4326 (2.7%) | 581 (0.4%) 716 (0.4%)
character 28.: 2.4 121 (0.07%) ] 18 (0.01%) 30 (0.02%)
selection . 27. 7. 2. 1 (0.0006%) 0 0
Total

- A 'Y dFiducial volume
ime * AT > 7ns v :

character * 30 MeV < E; <200 MeV A l\), ) tagged MIChe_l electron ngmber
selection 100 MeV < E, < 410 MeV A Y0 dcorrelated distance to Michel electron
A O diagged neutron number

A 30 dcorrelated distance to neutron

A'Y ;... ratio
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Signal characteristic of invisible neutron decay

U Bounded neutrons if°C: two invisible decay modes
A=O #a o A0 X Y
Ca . t T
A= 20 iu 0 A0 A @ i @

U De-excitation modes haveiple coincidence feature @) Doy /

[
08 0 ¢ o® (61 o8l D Ve
pet’ O ¢ i P (Ol cp ) 7%, 7R oC & O;'."""'.:'.::: ®,
P w__z O ¢ WH (61 (p& ) ) /i ; , [Prompt (1;}'). ....... ‘.]
PHOE v (B g8b) e |

: :‘ c 0
: Decay (3") YV 22 Mev)
YuriKamyshkoyvEdwin Kolbe PRD 67, 076007 (2003) - Delayed (2")
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Signal characteristic of signal prompt energy

Neutron processes Neutron processes

(Inelastic vs elastic) (Inelastic vs elastic)
— I L L I LI I :'I T 1 I LI L I T 1 ' T 1 1 I T 1 I T 1 = 6000_ IIIIIII:I UL | UL ”I L | LU I.I LI I LI I LI IIII |
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Prompt signal Neutron processes
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(Inelastic vs elastic)
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Signal characteristic of signdkecayenergy
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Backgrounds

u Six backgroundources  rTEEEEED T P

U Single il
ARadioactivity A Single + Single + Sing| bi : e S "
ALoninved isotopes A Correlated + Single Combination

U Correlated (PrompiDelayed
AIBD(Inverse Beta decay)
Al Ol ONC(atmospheric neutrino neutral currei).,
ALonglived isotopes (Li9/He8) from cosmic muons
AFast neutron

v/p+2C s v/v+n+p+PB,
v/p+2C = v/o+n+p+a+iLi,
v/v4+2C = v/v+n+2p+YBe,
v/v+2C s v/v+n+p+d+°Be.

AAlphan
U Triple (PromptDelayedDecay) v/7+“C = v/v+n+'C,
Al Oi ONC —_— V/0+2C = v/v+2n+0C,

v/o+2C — v/v+3p+n+°Li
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Event selection

U ConsiderlO yearsdata taking

A Signal rate
from the final sensitivity result
Selection criteria
Quantity n — inuv nn — inuv
Ri23 [m] < 16.7 < 16.7 ‘Q phchorepresents the
Ey [MeV] 0.7-12 0.7-30 Prompt, Delayed, Decay signal
E> [MeV] 1.9-2.5 1.9-2.5 . .
) : Notations of the interested parameters

Ls |MeV 1.5-3.5 3.0-16.0 E; (i =1,2,3): Reconstruct energy
ATis [1’118] <1 <1 R; (i = 1,2, 3) : Radial position
ATys [S] 0.002-100 0.002-3.0 AR;;(i,j = 1,2,3,i <j): Distance between
A —— 5|gnal pair (it", jt™)

F12 :m: <L < 1.5 T;;(i,) = 1,2,3,1 < j): Time interval between
ARy3 |m < 1.5 <15 Slgnalpalr(r,th oy
ARq3 Il’l < 1.0 < 1.0
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Neutron processes
(Inelastic vs elastic)
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Events
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Event selection

U Considerl O yearsdata taking

A Signal rate

from the final sensitivity result

Signal efficiencies

Selection Criterion n — 1nv nn — v

HOx 5n4+0C | UC* s n4+~y+0C | 9C* 5 n+2C | 9C* 5o n+p+3B
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 83.5 = 0.4 82.7 + 0.4 82.9 + 0.4 83.1 = 0.4
Event Selection 75.4 £ 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 + O(107%) 99.9 + O(10%)
Combined Selection 38.8 = 0.5 45.6 = 0.3 09.7 £ 0.4 54.3 £ 0.4
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Background suppression

U Two suppression method =R PR RS R T e e S A

E= signal ('C"—n + 4+ Q) l E= signal (M'C*— 0 + v + Q) Others

APulse ShapeDiscrimination 1o = w50
t I NIAOf SQa SYA

E

102 1 IBD+Single

|

AA2Y LK 2
time are different E h

L

T 'Imll<lllli

1[:'0:— “.'." .e,'l‘."';;';flﬁ- L
AMulti Variate Analysis : preeaay O - O 7 |
Combine multidimensional | = wiEowrt ] g A |
10_1 = J’%ﬂ&?ﬁ%& 7 ,r frfy.r :/ 4 /f,q/ /H?; res iR 4 A;ﬂ Z 11{/ )J;:/ ,u‘:
features 0.0 0.2 0.4 0.6 0.8 1.0 10” -08 -06 -04 —0.2 0.0 0.2 0.4 0.6
PSD value of prompt signal BDT value

||||||||||||I|||||||||I||||r|||||||||||:
Signal (1"C* — n + "C)

E=1 Signal (""C" = n+p+"B) 3
1 IBD+Single =

I Ll L T I 1 L T I L] Ll I |
Signal (*'C*— n + C)
E= signal (""C*= n + p + *B)

[ Background (IBD)
10' =

ABoth PSD and MVA have | IE .

goodperformance
Effectively suppress backgroun:d

& d i : :
o A T A o Al T A —
3 o s i . =

2 P T A
2 | B % ;
Bl o 7: P'u i Ak
: Z : %4’4%
W07 | BB ] A IR LI AT LTI SIS AITI I IS IS .41*
0.0 0.2 0.4 0.6 0.8 1.0 —100 -0.75 =0.50 -0.25 0.00 0.25 050 0.75 1.00
PSD value of prompt signal BDTG value
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Sensitivity

O 0 dlial alll Do JIQ 0
Backgrounds n — 1Mnu nn — 1Nv
(10 years) Basic selection | PSD + MVA | Basic selection | PSD + MVA
IBD + Single 1235 =50 2.72 + 0.10 3.01 + 0.09 0.0110 £ 0.0003
Atm-v NC 3.0+ 1.1 0.93 £ 0.67 4.3 £ 3.5 0.55 = 0.63
BC(an)®0 + Single 34+ 14 0.036 + 0.013 — —
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 - -
Total 1244 = 50 4.07 & 0.68 7.4 &£ 3.5 0.69 = 0.64
Signal efficiency n — inv nn — inv
(%) Basic selection | PSD + MVA | Basic selection PSD + MVA
Enrm)1 35.6 + 0.2 235 + 0.2 540 + 0.3 482 + 0.3
€n(nn)2 43.6 = 0.3 30.3 £ 0.3 49.2 = 0.3 36.3 = 0.3
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Partial Lifetime 7 [yr]

1034

10%

1032

1[]31
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10%
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—— JUNO Sensitivity (n — inv)

w

—— JUNO Sensitivity (nn — inv)

W

SNO+ Upper Limit (n — inv)

KamLAND Upper Limit (nn — inv)

7/B(n — inv) > 5.0 x 10%! years,
7/B(nn — inv) > 1.4 x 10%? years.

. .\(\’a‘*
E W Q(e\\((\ 3
] 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I |
2 1 § 8 10
Running time [yr]
10 years

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



Summary

U JUNO is a large LS detector
A20kton LS

P& v p T free protons,u® 1 p 1 bound protons/neutrons

U Competitive sensitivities for nucleon decay (some chan
ANucleon decayJUNO 1§ear sensitivity

W (e oLl ) 8 year at 90% C.L.
W((=© =)o 8 year at 90% C.L.
W|(= =0 iia)o 8 year at 90% C.L.

(i JUNO construction near completion, overcoming challenges
U JUNO has the potential to study nucleon decay and test new physics
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Thank you for your attention!
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U Muti-pulse Fitting
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(a) Hit time spectrum of a proton decay event
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(b) Hit time spectrum of an atmospheric v event




R B L
—— Atm-v NC Triple
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Calibration

z ol VETO system
; | Top Tracker
Water VETOwith 2400 2000 F
I Earth Magnetic Field shielding coils
Central detector
Steel structure (SSS)
Acrylic sphere(AS) +
20kt Liquid scintillator
17612 200

25600 3060
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U Search foms® © Lt in JUNO
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20 kton LS: Free proton:
Bound proton: 5.30 x 1033

Kinetic energy of K+

Free proton -2 105 MeV
Bound proton:

Norm. Count

10" F

102F | i

— Default GENIE with FSI

---- Default GENIE w/o FSI 7
Y —— Modified GENIE with FSI ]
B Modified GENIE w/o FSI ]

50

100 150 200 250 300
Kinetic energy of K~ (MeV)

1.45 x 1033

3. NN correlation

Nuclear Effects: O oroton
1. Binding Effect O

2. Fermi Motion

neutron
@ °

@ neutrino
fo Y 4. Final State

@ Interaction (FSI)
§ K*+n—K°®+p (1.7%)
« R

5. De-excitation of remaining nuclear:
could emit y/p/n.

» Modify GENIE generator
» Implement de-excitation with TALYS

H. Hu, W.L. Guo et al, PLB 831, 137183(2022) 34
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