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1. Status of nucleon decay searches
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3. Neutron invisible decays in JUNO
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<y Motivation @

Experimental side: cosmological matter-antimatter asymmetry

Sakharov’s three ingredients: JeTr Letters 5,24 (1967)

1. Baryon Number Violation

Lightest Baryon:
2. Cand CP Violation

3. Non-Equilibrium Conditions Pr O;;O_l'? ,
B conservation from accidental global symmetry in SM Stability:
Theoretical side: Grand Unified Theories (GUTS) phys. Rept. 441, 191 (2007)
ful n p—etn’ p-oTK?
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7Y o Non-SUSY GUTs SUSY GUTs

Searching for nucleon decays plays a key role to understand baryon asymmetry and test GUTs 2



Search history of nucleon decays

&

In 1974, Georgi and Glashow propose the minimal SU(5) GUT = 1, = 10%8 — 103 yrs
=>» Detectors with about 1000 ton mass can test the SU(5) GUT

The first generation of experiments (80s):

Fiducial mass

| SOUII)AN-I 7] 1981 Total mass PDG 1994

[ KGF 11980 4

[ NUSEX [[] 1982 «— Turn-on date ool o

[ KGr2 [71985 =l

[ FREJUS [ 11984 g .,.E

[ SOUDAN-2 [] 1993 =]

[ HPW 7777 1983 5 %

[ KAMIOKANDE 7227723 1983 = 2

[ IMB FF77]11982  ¢©

[ SUPERKAMIOKANDE [77221(1996)

o e e e el

1 10 100 1000 10 000 100 000
Detector mass (metric tons)

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

PRL 32,438 (1974)
Snowmass: 2203.08771

The second generation (90s):

Gd concentration at SK-VI:

0.011% in weight.

2018 2019 2020 2022
SK-V  SK-vI

Super-Kamiokande

1996 2002 2006 2008
SK-Ill SK-IV

“SK-Gd”
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Pure water Gd-loaded water

6,511 days live-time 583.3 days + the future...

After 2000, some neutrino experiments,
Such as KamLAND, SNO and BOREXINO,
have also searched for nucleon decays.

All these experiments don’t find the evidence for nucleon decay, excluded minimal SU(5) 3



Current limits on nucleon decays ‘)

Maode
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> 5300 (n)[> 24000 (p] ] Super-K
~ 3500 (n), > 16000 (p)
~ 1100 (n), > 390 (p)

~ 10000

> 4700

- 158

> 217 (n), > 720 ()

~ 298 (n), > 570 (p)

= 19 (n), = 162 (p)

~ 1600

~ 2800

> 108

~ 17 (n), > 1000 (p)

= 26 (n), = 4500 (p)

> 86 (n)[Z5900 1] Super-K
> 260

> 84

> 78 (n), > 51 (p)

Other modes include:

Antilepton + mesons

Lepton + meson

Lepton + mesons

Antilepton + photon(s)
Antilepton + single massless
Three (or more) leptons
Inclusive modes

AB= 2 dinucleon modes
https://pdglive.lbl.gov/Particle.action?init=0&node=5016&home=BXXX005#decays

AN N N N N NN

Final state particles:

Mesons: ¥, % Kt K° n, p, w, K*(892);
Leptons: eX,ut, v; Photon: y

Total measured modes: 82
Super-K analyzed 38 modes!


https://pdglive.lbl.gov/Particle.action?init=0&node=S016&home=BXXX005#decays
https://pdglive.lbl.gov/Particle.action?init=0&node=S016&home=BXXX005#decays

Future nucleon decay experiments

Mass (kton)

Target Nucleus
Technology
Start Time

Advantages

Shortcomings

258 (186)

H20

Water Cerenkov
2027

Large mass and cheap
Good particle Identification
Good direction resolution

Cerenkov threshold

4*17 (4*10)
Ar40

LAr TPC
2028/29

Excellent track reconstruction
Excellent particle Identification
Good energy resolution

Complex FSI for Ar40

/\
Cal. House [ g @ T
— —
28 b N N
f — =
Ch?ow’er e - ;}L‘L 14{( 3 LS
~umney —= ) Acrylic Sphere
. X Rt L) i
Water {1 y \< N SS Structure
75 ¢ & N
1 Il i Yol copmts
1 fe B
doto 4 H VETO PMTs

Connecting Bars

Supporting Legs
|| ST

12% H, 88% C12
Liquid Scintillator
2025

Excellent energy resolution 3%
Excellent E threshold 0.7MeV

Direction information lost 5



Future sensitives on two favored decay modes

16 162 10> 16 10%° 107 10°*
@ Eupeish tr“'ed out) H | 2 4 X 1034‘y Future sensitivity [90% C.L.]
minimally extended SU(5) Super-K « DUNE (10 yrs @ 40 kton)

minial SUSY SU(5) === DUNE (20 yrs @ 40 kton)

SUSY flipped SU(5) me= THEIA (10 yrs @ 80 kton)

e e SO10): Mini= G210 e THEIA (20 yrs @ 80 kton)
minimal SO(10): Mint= Gazop -_] — Hyper—K (10 yrs @ 190 kton)

e oito] H K (20 190 kt
SUSY SO(10) in 6D yper-K (20 yrs @ on)

Eo: Mini= Gazo1p
Ee: Mint= Gazz —> Gapo1

p -> e* n° predictions

20 minimal SUSY s it 5.9 x 10%%y ||[= DUNE (1015 @ 40 kton)
% o SUSY SU(5) [CMSSM: ch]___ from Super-K | |= JUNO (10 yrs @ 20 kton) 9.6 x10%3y
8 SUSY SU(5) [super—GUT: c*0] === DUNE (20 yrs @ 40 kton)
@ B e
Q mini-split SUSY SO(10) === Hyper-K (10 yrs @ 190 kton)
x extended SUSYE(T O)-[_ty.r-):—l seesaw] == JUNO (20 yrs @ 20 kton)
Ii extended SUSY SO(10) [type-Il seesaw] .II]IE THEIA (10 yrs @ 80 kton)
c',_ o n — SUSYSO(0l-al | o N == THEIA (20 yrs @ 80 kton)
10 10%2 1033 1034 10%° e 10%7 | === Hyper-K (20 yrs @ 190 kton)
T, (years)

Snowmass: 2203.08771



(2) JUNO sensitivityonp - v K*
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Top Tracker

Pure water Room

Earth Magnetic
Field shielding
coils

Central detector:
e 20kton LS

* Acrylic Sphere

* Steel structure

S

ly - - f il

PMT:

* 17612 20" PMTs
* 25600 3” PMTs

* 78% Coverage

Pool Depth: 44m

WCD:

* 35 kton Pure water

* 2400 20” PMTs

'« " Water Pool: @ 43 |
R R T (I F T (A

# Plenary talk from
Andrea Serafini

Calibration Room

LS-Filling Room




p — ¥ K™ in free and bound protons @
‘ 20 kton LS: Free proton: 1.45 x 1033 Nuclear Effects: ‘

Bound proton: 5.30 x 1033 O © proten
ound proton: . 1. Binding Effect O neutron
Kinetic energy of K* 2. Fermi Motion ®
Free proton = 105 MeV 3. NN correlation p ® neutrino
Bound proton: @
i B e e e B e L y .
ol S Conk SN WS e o 4 Final State

Modified GENIE with FSI ] @ Interaction (FS|)
P Modified GENIE w/o FSI ]
: ] § K" +n- K°+p (1.7%)

5. De-excitation of remaining nuclei
could emity, p, n,

Norm. Count

» Modify GENIE generator
> Implement de-excitation with TALYS

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

H. Hu, W.L. Guo et al, PLB 831, 137183(2022) 8
Kinetic energy of K" (MeV)



[ ] — + L] @
Signal characters of p — v K™ in JUNO
Trip|e coincident Signa|5 - First pulse: K™ kinetic energy of ~105 MeV, decay at rest
+ +
K —uv,+u 15 cm, 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(rt™, ")
K* = zon0 20.66 + 0.08 354 K > +x°
Kt > rntntn 5.59+0.04 75 .
K+ - dety, 5.07 4 0.04 265-493 e L, po_soare > 2y
Kt = auty 3.353 4 0.034 200-388 7o, tu : : +
K+ -zt a0 1761 + 0.022 354 8 | Third pulse: Michel e
u e t+utuo,
AN and PD candidates Evis Distribution
220 i - —— ANE,, Distribution
2005 [The 012~ /}, Z£Z PD E,, Distribution
E r Z
180— 0.1 ‘;”;
160— o F =z
E Z 0 nal .
—140= S 0.08- 7
§1zo§— T :
© 100 £ 0.06 =
80 2 - Z
= + 0.04 Bz
60 - K ,j;"f
40C 2
Sor fr'ﬂw 0.02
OE Ll Ll 0
1 10 10? 10° 10* 100 200 300 400 500 600 700 9

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 ~10 ns
» Kaon Production has a negligible contribution! 10



Event Selection

Three chains based on delayed signals: L
Y . P *’Eaép/ iiiiiiiii ‘\:\‘ ? — proton decay
Michel electrons - MTag ~ center o P o'
proton \ = : — Atmos. v
+\ L
v' Captured neutrons-> CTag / M .e N
AN T : e €102
~_ ! ________ - % E
Primary  * 200 MeV <E ;<600 MeV ] 0_3;
Selection * R<17.5m g
l ’\\\\\\\\\\\\l\\\\\\lwwwwlwwww
0 1 2 3 4 5 6
v N
* Mhag=1 l 10" ton decay total
Seconda S — proton decay tota
Particlery * MIagR<0.8m ], * MTag=2 T proton decayv u*
ic . . [ proton decayn'n®
Selection "' * 1<CTag<3 MTagR <0.8 m = oyl [ proton decayn'n'n’
+ Clag=0 CTagR < 0.7m 3 — Atmos. v
5 .
SR, 1 Vl \ / 107
Time : * pratio>1.1 <+ yratio>2 * yratio>1.0 !
ECharact.er : L ,‘, o
.............. : . 30 MeV < E] <200 My €= 0 200 250 300 860 400 4B0 500

« 100 MeV< E2 <410 MeV ALyfem 11



Multi-pulse fitting

300 350
N *H — sim. Data 300: — sim Data
250 —— Best fit E —— Best fit
B K dep. pulse 2501 K dep. pulse
200 { - X
a E = 1 dep. pulse a 200F %u* dep. pulse
w 15011 { £ AT..= 11805 AT, = 11605 : M
w150 1 AT, " : w g PETTTTTTTORPS STTTTIIeIS
FH P E=1106MeV E=1463MeV : 150p 5éme;ggi;]?/ﬂgmz_aooéom?sv :
r A oo p H - : E;=1409MeV E=2302MeV :
T, e 100F- ¥R LR
g L s
D_‘ | |I‘I::| :I::I :\ \\ W I;--Lll-l- :\:\-i...-l-:l- NIRRT SR s a3 0_4\ S n.'r--_r- s
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
. . T (ns) T(ns)
Efficiency vs background
Criteria Survival rate of p — VK" (%) Survival count (fraction) of atmospheric v o . .
Sample 1[Sample 2[Sample 3| Sample I | Sample 2 | Sample 3 Eff|C|ency uncertainties:
i selection] B 94.6 51299 (32.1%)
asic selection R, 037 77849 (29.9%) Source Uncertainty
N 74.4 4.4 20739 (13.0%) 1143 (0.7%) Statistic 1.6%
- ALy, 67.0 14 13796 (3.6%) 994 (0.6%) osition reconstruction 7%
S]‘gf]fﬂ N, | 484 [ 179 — 5403 (3.4%)|6857 (4.3%) = Nuclear model 6.8%
selection AL, _ 16.6 _ _ 4472 (2.8%) _ Energy deposition model 11.1%
Time R, 45.9 9.0 3.8 4326 (2.7%) | 581 (0.4%) 716 (0.4%) Total 13.2%
character | AT | 283 7.7 24 [121(0.07%)| 18 (0.01%) 30 (0.02%)
selection [E,.E,| 274 73 32 |1 (0.0006%) 0 0 12
Total 36.9 1



Sensitivity top - v K* @
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z I z I 107 E
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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)" 13




(3) Neutron invisible decays in JUNO @

Bound neutrons in 12C :

}
. . ° 18.7 MeV .
»n - inv (12C - 11CY) P L _ i 'y
; 12 10(* (ERORPETEIRoA v
> nn - inv (12C - 1°C") 4, Fy W v e é { Prompt(1) ! @
e : ' Iy (44MeV) |
Invisible particle: 1 i %: /
. . \ J
neutrinos, NP particles 41741 MeV @ -----------
Detect de-excitation products g,, 2,

of 11C* and 19C*

T
.....
.
I3

R <@ g
Prompt (15t)" ‘®

»,
.
.
.
.
‘e
0

Triple coincident signals : _
Half-life Q value @

HC* > n+ 10C  (Bry; = 3.0%) [19.3 s, 3.65 MeV]

UC* 5 n+ y+19C  (Bry, =2.8%)  [193s, 3.65 MeV] ) gd) s
0C* Sn+  9C  (Brym =6.2%) [0.13s,16.5 MeV] : A
0C* 5n+p+ 8B (Brymy =6.0%) [0.77s,18.0 MeV] P

1

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

4



' ”“ ‘ Background @

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 ‘ ) ) )

S + +

«  Long-lived isotopes Single+Single+Single

» Double signal
S— ;

* IBD from reactor neutrinos B, +poet+n Double+Single

* He8/Li9 from long-lived isotopes

* Fast neutrons v/p+2C o v/ptn+p+OB,

* Alpha-N from radioactivity v/p+2C = v/p+n+p+a+iLi,

= 12 — ‘ 9
* Atmospheric neutrino NC v/v+7C = v/v+n+2p+" Be, )

] ) v/p+2C — v/i+n+p+d+SBe.
» Triple signal
v/o +120 = v/v+n +1

* Atmospherlc neutrino NC 1//17 +12 C = 11/17 + 2n —1—10 C , ‘ T”ple 15

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



Event selection @
Selection Criterion n — inv nn — inv
Her 5p419C | O s n4~y+9C | C* = n4+2C | 19%C* = n+p+°B
All triple signals 100 100 100 100
Muon Veto 65.7 &= 0.2 65.5 & 0.2 80.8 4 0.2 78.3 £ 0.2
Fiducial Volume 83.5 =04 82,74+ 04 8294+ 04 83.1 &£ 0.4
Event Selection 75.4 4+ 0.9 89.7 & 0.3 89.2 4+ 0.3 83.5 &£ 0.3
Multiplicity Cut 93.8 & 0.1 93.8 & 0.1 99.9 £ O(10=%) | 99.9 £ O(10%)
Combined Selection 38.8 +£ 0.5 45.6 + 0.3 59.7 £ 0.4 54.3 £ 0.4
FV cut and selection criteria: Muon veto strategy:
R1,2=3 [m] < 16.7 < 16.7 oy Ped \Mcd o)
Ey [MeV] | 0.7-12 0.7-30 | 7\ X 1| B 7
Ey [MeV] | 1.9-2.5 1.9-2.5 // .
FEy [MGV] 1.5-3.5 3.0-16.0 Lodivacer > 50 cm ~ o
AT [ms} <1 <1 Locne >0 cm =
ATy 8] 0.002-100 | 0.002-3.0 s
ARy [m)] < 1.5 < 1.5
ARj3 [m] <15 <15
ARy [m] | <10 < 1.0 Water 16




n — inv signal vs backgrounds @

Dominant BKGs of n — inv: IBD + Single (1235), Atm-v NC (3.0) per 10 years

1.2~ —
L I B Signal (M'C*— n +1°0)
10 _ — Signal (1C*— n + v + 1°C)
X T ] 1BD+Single (1/100)
p 0.8 T n [ Awm-r NC
c [ I =1 Others
Yo.6- —
o T I
3

2 4 6 8 10 12 1. 2.0 2.1 2.2 2.3 2.4 2.5 150 1.75 2.00 2.25 2.50 2.75 3.00 3.25 3.50
E1 [MeV] Ez [MeV] E; [MeV]

w

i
200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400 0 400 600 800 1000 17
R1z [mm] Ra3 [mm)] R13 [mm]



B
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nn — inv signal vs backgrounds

&)

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

15
E; [MeV]

N—:='|"'|"'|"'|"'}"'|"'|'

B Signal (m('.*—} n + QC)
Signal (**C*— n + p + ®B)

1 IBD+Single

1 Atm-r NC

A A B A A

2.1 2.2

E> [MeV]

4 6 8 10 12 14 16
E; [MeV]

=
(=]

0 200 400 600 800 1000 1200 1400

Riz [mm]

0 200 400 600 800 1000 1200 1400

Rz3 [mm]

(=] NN

0 400 600

Ri3 [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
19
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JUNO sensitivity @

Partial Lifetime 7 [yr]
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E 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I
: = JUNO Sensitivity (n — inv)
- v¢  SNO+ Upper Limit (n — inv)
E = JUNO Sensitivity (nn — inuv)
- Yr  KamLAND Upper Limit (nn — inv)
i 1.4x 1032 y
E / E 5.0x 10% y
N 5 14x10%0y ]
oy from KamLAND
E 9.0x102%y
[ TromSNpy | /JUNO, arXiy:2405.17792
2 4 G 8 10

Running time [yr]

An order of magnitude improvement to the current best limits in 2 years data taking 20



Summary @

€ JUNO is alarge multi-purpose LS detector
v’ Large mass (20 kton) = Free p: 1.43 x 1033; Bound p/n: 5.30 x 1033

v’ Excellent energy resolution = 2.95% at 1 MeV
v’ Low threshold (0.2 MeV) =2 Identify neutrons and residual nuclei
€ Competitive sensitivities for some nucleon decay modes
v 1/B(p->7K*')>0.96%x103* yrs
v 1/B(n - inv) >5.0x 103 yrs 90% CL
v t/B(nn - inv) > 1.4 x 103% yrs
€4 Continually improve physical analyses for advantaged modes

€ Search for other potential decay modes and relevant new physics

21






Backup: Signal Characteristics in LS

5000

4000
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w S w
o o o
o o o

N
o
o

100

|y(4.4 MeV):  mmm Elastic (proton recoil)
Inelastic (4.4 MeV y)
/1 all

e 5 n+10C

cov ol e by v ea by by e lyd
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| T T | T T T I LI | T T I TTTT I T T I
B °C-1°B[718]+e*+v, 98.7%
10C510B[1740]+e* +ve 1.3%

10C
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1000
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5000 ; —:
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5 4000 i 3
o ! N
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2 3000F RBE Lo 3
4 i 4
[= E b
5 -n+y + 1°C:
w 2000 -

I Elastic (proton recoil)
Inelastic (4.4 MeV y)

0.0 2.5 5.0 7.5 10.0 12,5 15.0 17.5 20.0
Eyis [MeV]
700 T T T T
mm °C-°B+et+v. 56.3%

mmm °C-°B[2345
9C-9%B[2780
mm °C-°B[1216

Event number

J+et+ve 31.6%
1+et+v. 5.6%
0]+e*+ve 6.3%

8 10 12
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E .
2 9 :
] .
2 750 3
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