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1. Does Proton Decay ?

* Nucleus consists of protons and neutrons.

up quark
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* Itis well known that neutron decays spontaneously
as B-decay: n =2 p+e+y,
» Note that M, > M_..

* People thought proton is stable because of baryon
number conservation.
» n,p has baryon number 1.

» We have never observed phenomena with baryon
number violation.

» Proton is the lightest baryon in the world.
»1929: Weyl suggests absolute stability of proton

* Butis it really true ?



Can we explain everything by a single theory ?
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Grand Unified Theories

Assume SU(3)®SU(2)®U(1) is part of a larger symmetry group
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Consequences:

+ Single (unified) coupling

* Charge quantization: Q=Q./3, Q=-2Q,y = Q, = -Q,
* New gauge interactions (X, Y bosons) = profon decay
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-:-,»r:'-’ Proton Decay in SU{ \‘%

B ‘Georgi and Glashow 19x

Decay mechanisms

dominated by the dimension=6 op. gauge boson mediated decays
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Predictions (X14’3, Y=13: new gauge bosons)

% (p — e'7’) =4x10""" years, B(p — e'7’) = 40 ~ 60 %

p =2 e*n® became the most famous and popular decay mode.



2. How to find proton decay

* Watch a proton for very long time (> 103° years).
» Age of the universe: ~ 1010 years
» Obviously impossible.

OR

* Watch many protons for (relatively) short time.
» Lifetime t: N(t)=N(t=0)exp(-t/7)
» Need huge detector !
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2. Dominant decay mode:
p—> etrd



What’s important for p2e*n® ?

Nucleus

ot Proton
- Q—o

In “free” proton case, e* and rt°

emit in back-to-back. Energy What happens if a bound
corresponding to proton mass proton in nucleus decays ?
is fully used.

Inefficiencies and uncertainties of
proton decay search come from
nuclear effect !




Key 1: Proton never

stops in nucleus Key 2: Binding energy

* Protons don’t exist * Energy corresponding
locally in nucleus. It is proton mass should be
always moving in the used for compensating
nuclear potential (Fermi its binding energy (s-
motion, p; ~ 225 MeV/c). state: ~40 MeV, p-

state:15 MeV in Oxygen).
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Key 3: Proton strongly
binding to other nucleus

* ~ 20% protons are
strongly binding to
other nucleon which
also bring energy when
the proton decays
(correlated decay)
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Key 4: 1t interacts in
nucleus

* Mesons (K, e.t.c.) in
decay products are
affected in nuclear
interactions before
exiting nucleus.

Absorption
m © 3%

Scattering

Charge exchange
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Why water is used for proton
decay search ?

* Easy to construct larger detector.
» Much cheaper than iron.

» You can find large water tank everywhere (common
technology).

* High efficiency and low uncertainty.

» H,0 has two hydrogens which are not affected by
nuclear effect . They are regarded as “free” proton.
v Bound proton: ~ 200 MeV/c ~ 0.2¢c =6x10” m/s
v’ velocity of molecular in liquid ~ 102 m/s
» Free protons contribute high selection efficiency and
low uncertainty.



How look like p—=2e*n® in SK ?
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Stopped 70 case
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If a y is emitted n° direction
0
Vi~ Q@) ~ 12

E,<E,
Sometimes one v is failed

to reconstruct and
observed only two rings.
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If 70 is absorbed before
exiting nucleus, only e* is
observed (one ring).
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Observed number of ring for p2>e*r°
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Selection criteria for p2e*n®

1. Event vertex should be located 2 m inward from
the tank wall (fiducial volume cut, 22.5kton).

2 or 3 ring event.
All ring should be e-like (Particle IDentification).
No Michel electrons.

A

Reconstruct ©° mass for 3 ring events. It should
be 85 < M1t® < 185 MeV/c?

6. Reconstruct total mass and momentum should
be 800 < M, <1050 MeV/c?, P, . < 250 MeV/c.



Total mass vs Total momentum for p—2>e*n®

e Selection efficiency ~ 40 %
* I|nefficiency is dominated by unavoidable physics processes.
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2-2. What’s Background events
for proton decay searches ?

* Atmospheric neutrino is
dominant backgrounds
for proton decay
searches.

» Visible energy ~ 1 GeV.

> Solar or SN v is too low
energy.

» Cosmicray u are
rejected by outer
detector.




Typical background for p=>e*n®

Charged current ©° production

v, e* * Exchange W boson between v
and proton (charged current
interaction).
* vchangestoe®.
™ « 70 and neutron are produced.
< — Because neutron doesn’t emit
Chrenkov light, visible
%\\\ particles after the reaction are

p same as p—2>e*nY
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Total mass vs Total momentum for

atmospheric v background MC
(After all cuts except for total mass and momentum)

1000 | * Generate huge atm.n MC,
900 | 2000 year of SK!
% 800 * Expected BG:
s 700 | ~1.3 ev/Mton*yr
E 600 | « Neutrino events tend to
é igg b have higher total
z Sisg momentum.
g 360 10 * Almost background free
= 400 E in lower momentum
: region (<100 MeV/c).

0 Ly [T (S S e T I LI S | el

0 +200 400 600 800 100:) 1200 > The re gion
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Due to fake ring corresponds to free

n° due to 2Re+e is allowed. proton decay.



Further background reduction

* Neutron doesn’t emit Chrenkov light.
* However, neutron is thermalized in
water and finally captured by
hydrogen (~200 us);
n+p—>d+y (2.2 MeV)

* If we can detect delayed 2.2 MeV y
ray, we can reduce background more.

* Neutron capture is also important
for SN Relic v and separate v and v-
bar interactions in atmospheric n
oscillation analysis.



Number of events
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Neutron multiplicity

Sample: out of signal box in
M, Vs P, plot.

» Dot: data,

» Histogram: Atm.v MC

(solid: reconstructed, dash: true)
~ 50 % background events

are rejected with neutron=0.
On the other hand, ~ 7.5 %
of p2>e*n® are accompanied
with neutron from
deexcitation of nucleus.
Neutron tagging reduces a
few % in selection efficiency.



2-3. SK result (so far)

* We have not find any evidences of nucleon decays !
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Result of p2>e*r!
» Exposure: 450 kton * year
» Efficiency: 38.6 % (SK-1V)

» Expected BG: 0.63 events

 0.05evetnsinP,, <100MeV/c
. 0.58 events in 100 ~ 250 MeV/c

» Observed: 0 event
» Lower limit of proton life
time: > 2.4x103% years



3. SUSY favored decay mode:
p—> vK*



3-1 How to find p=2vK*" in Water
Cherenkov detector

* K* has low momentum, most of them stop in water and
decay with 12 nsec lifetime.

* Major K* decay mode
» K* 2> vut: 64 %
> Kt 2 ntnl: 21 %
e “Stopping K*” means two body decay products of K*
should have monochromatic momentum.
> K* > vut: 236 MeV/c
» Kt =2 nttnl: 206 MeV/c

* Using this property, Water Cherenkov detector can
search for p2>vK*.



3-2. Search for p=2vK*, Kr2>vu*

v 6.3MeV V, 0
160> 15N

: @ 5 |

K+
Vi

* Visible particle is only u* with Michel electron.

* Search for data excess around 236 MeV/c of u comparing
with atmospheric v MC.

e After proton decay, 40 % of remaining nucleus emits 6 MeV
v for deexcitation. It is useful to reduce background.



Example of p=2vK*, K*>vu* with vy

Super-Kamiokande IV
Run 999999 Sub 0 Event 69

Color of hits corresponds
to time.

Resid(ns)

Difficult to identify y
from hit pattern.

; | A I |
-50 0 50 100 150
Residual PMT Hit Time (ns)



Time structure with nuclear vy

L decays
i A N —3 * 3hitclustersintime
ol S ProtondecayMC{  should be observed in
30 e

case of signal.

Number of hits
o
| | | | | | | | |

>  The event is triggered by
DEY u hits.
° T 200 400 600 * vy signal is much smaller

NVpEF—T——T"—T 777 T 1 T T

than u and easily hidden

o E  Proton _ , ,
z YE  decays by tail of u hItS..
g2of J { i * Make 12 nsec time
I window and slide it
- ¥ ]
SE - qly b B g toward left from t, (end
R I S :
TTOF (nsec) of p.tall) to §earch for
2 maximum hit cluster.

K* decays



Selection criteria for p=2vK*, K2>vpu*

* 1 p-like ring with Michel electron
* 215 < Pu <260 MeV/c
* Proton rejection cuts

* Search Max hit cluster 4| Reduce background by 5x10* !

by sliding time window (12ns width);
» 4 < Ny < 30 hits
» T,-T, <75 nsec

* No neutron

e Selection EffiCiency = (selected events)/(proton decay in fiducial volume):
9%
» Br(K*=>vut)= 64 %, only 40 % emits nuclear y =» 26 %
even if detector is perfect.



Remark for this analysis

* This analysis is limited by time resolution of PMTs.

» If yis close to U, y peak is hidden by p hits.

» Time resolution of SK PMT is 2.2 nsec at 1
photoelectron.

» If u peak becomes sharper, the selection efficiency will
be improved.

' Hits
/\u

Hidden by p tail

A

Y tagglng efficiency

~




3-3. Search for p=2vK*, K*2>m+rd
N

K* E

TCO
v 205 MeV/c

Both * and ©° has 205 MeV/c in momentum. This is just
above Cherenkov threshold for «t*, thus it is not identified
as a ring in most of case.

* ©* decays into p (invisible) and v, p decays into ev,v,,.
* ¥ decays into 2 vs.
Search for 206 MeV/c t° with Michel electron.



Example of p=2vK*, K> mtrd

Super-Kamiokande IV
Run 99999%9 Sub 0 Event 236[]
D_wall: 107v6.4 cm

Evis: 260.4 Mev

2 e-like rings: mass 55,2 MeV/c*2

Resid(ns)
> 251

* -f2- =31

=5d4=- =52
* =-125- =34
® ml5T==125
* m]lEE==157
. =188

Look like a ring, but fake
ring cut rejects this ring ...

10°F
-1000 -500 0 500 1000
Residual PMT Hit Times (ns)




Use tt information to select events
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==>
p* Q o
V A
rY n
A) Ebk: Visible energy sum in
backward of 1t° direction (140°-180°)
Charge distribution B) Make likelihood for hit pattern.
: Zoom 172: Ili

T 40 60
Angle to n* (deg)

*

tt direction



Selection criteria for p=2vK*, K*2>m*r®

* 1 or 2 e-like rings with decay-e.
* 85 < MnP< 185 MeV.
¢ 175 < Pt < 250 MeV/c.
* E,.: visible energy sum in 140-180 deg. of =° dir,

E..: in 90-140 deg,

Lape: Likelihood based on charge profile

10< E,, <50 MeV
E... <12 MeV (20 MeV for 1ring)
Lspape > 2.0 (3.0 for 1ring)

* No neutrons
» Selection efficiency: 10 % (Br(K*>n*n%)=21 %)



Background for p—=2vK*

 Dominant background is K* production by neutrino
interactions.
» vp2VAK* , A2pm (BR:64 %, mostly invisible in WCD)
» Emit nuclear y as same as the signal.
* It is also rare interaction and we had poor

information from very old bubble chamber. Large
uncertainty.

* Recently MINERVA measures K* production. It is
very useful information for this analysis.



3-4. SK results (So far)

* Exposure: 365 kton * year

* Expected background: 0.3 events for K*=>vu with nuclear vy,
0.6 events for K*>m*nP.

* No candidates observed and no excess in momentum
distribution.

* Lower lifetime limit: > 0.8x1034 year
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3. Summary of SK results

pre'n’
p-u'n’
p-e’p’
pou'y’
p—=a'm
p-p'e
po e
p— vK*
o u'K’
p— o'y
P vy
p—e'X
p X

nop's

n—a'p’

n—p'p

nn— ="

/B (vears)

Most of modes have been
investigated with > 0.3 Mton -
year exposure (red and gree:

| ioure).
Super-Kamiokande can cover
large number of decay modes.
Many of them are the most
stringent limits on nucleon
lifetime.

We observed some candidates,
but still consistent with
expected backgrounds and no
evidence of nucleon decay has
been observed.
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e Still no evidence has been found. Major decay
modes are explored up to around 103 years.

* Proton lives longer, ~103° years ?

» Run SK 10 times more (~200 years )? =2
Impossible.

* Absolutely, we need larger detector !

41



4. Hyper-Kamiokande project

Proton decay ?

15.5m 39.3 m

Kamiokande Super-Kamiokande Hyper-Kamiokande
3kton 50kton 260kton




Hyper-K is multi-purpose detector

Accelerator v Atm.v Astro.v  Solarv

EIAN A 1=

-
y —.
i ;'

Ml NMIN—HIA DY TRE
4 - : & ZR—IS\=H3IA DY TD
- 5 > - W10BOENEEL2BDHBE

oAvAVATARATAATES

HEE 26Fh
BREE 195hy
R R Y —
(ERD2EDBE)
4B &

7K+ (RBHlK)
BEE74m X BHE60m



HYPER-K COLLABORATION

22 countries, 102 institutes, ~570 people as of July 2023, and growing

Europe
Armenia
Czech

France

Germany

Greece
Italy
Poland
UESE]
Spain

Sweden

~ Collaborating Institutgs

Ty e 4% NUMBER OF

- W COLLABORATORS
M """"" SET : ——Total Japan —=+QOversea

apor

o 600

Oceania 160 members 400

Australia

India

200

Korea

Japan

Americas 62 members O

Brazil

2015 16 17 18 19 20 21 22 23

Canada

Mexico

USA | wish Vietnam joins soon ....

Switzerland Africa 12 members

Ukraine

UK

Morocco




Enhance proton decay search with HK

* Fiducial volume: 22.5kton (SK) = 190kton (HK)

* New photo sensor: Box&Line PMT
» 2 times better photon counting performance
» a half time resolution

Box&Line PMT

Box & Line& 4 /—FK

Line A XY




Better photon counting contributes
neutron tagging

. | 40k 20” PMT
= et 20k 20”7 PMT
% 20k 20” PMT w/ LC
é 5T Darllté;'ate‘[k;lzl -4 o .En 025 0.5 E?ﬁok 1
. o ‘Tagging efficiency
* Neutron tagging efficiency study , p>e+p0 background
with several detector set up. reduction vs. Neutron
* Efficiency depends on dark rate. tagging efficiency
 Achive ~ 70% in the current » Background of HK becomes
baseline design (black) with ~ 3 half of SK |

4kHz dark rate.



Sensitivity for p2>e*r®

Expected signal after 10 years run

assuming the current lifetime limit 3o discovery potential
= e e B S
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Sensitivity for p=2vK*

Expected signal after 10 years run

, - o 3o discovery potential
assuming the current lifetime limit

20 s W ;ﬁ—ﬂ'K*
— 1035 | et JUNO 20 kton , 3o
18 . % C == HK 186 kicn HD , 3¢
=, [ sssss= DUME 40 kton, staged , 3¢
16 . = - SK 22,5 kton , 3o T T
2 2 s sl
;% 12 % - e e
5 1o B HCL 34 JU __9--" ___,....---"'""'._'r-_'—
2t 2 10 A e
s L 5 Z— T HENE
L = -V o
o b =Y [..7 . ]
; _,f l’/ DUNEDREFSEASR SRR
2 | !‘1 WTDR arkiv 200203008 -4+ b
o EmaEEER 4L ] /
200 250 300 350 1033 A
P (MeV/c) Invariant Kaon mass[MeWcz} Ir If
L 1 il 1 | 1 1 1 1 |
2020 2030 2040 Year
Prompt - ata® p, Spectrum ..
€sig [%)] |Bke [/Mton-yr]|| €sig [%] |Bke [/Mton-yr] | €sig [%]|Bke [/Mton-yr] ||opie [%] Bette r Se n SItIVIty th a n
12.7+2.4 0.9+0.2 10.8 £1.1 0.7+£0.2 31.0 1916.0 8.0

other detectors |I.



What are still unknown in v oscillation?

Unknow parameter = ¢ =sing.
T ¢, =cosg, s, =sing,

C ne - éel 0 0 —Q 613 0 513—9 ¢, S 0O frﬁ 9

n, ==¢ 0 Sp & ¢, 0-€n, =

¢
énf;go-% (1’23% S13 22’50 0 1%/732
* 0,,=33.6° = 1.0° Solar v, KamLAND Mass hierarchy

m32__ __mz

0,5 : How close to 45°7 L — 7 bot oy
0 0 O€-0 EVT |
Octant? (<45°, >45° ?) 1

¢ 0,5=9.1° £ 0.6° Rector, Acc. v ~32.4e-3 eV?

— L ~2.4e-3 eV?
Indication of 0,;#0 by T2K 2| [ ~76esev? | i=
PRL107, 041801 (2011) ' :

Later precise measurements ) =l
by reactor v experiments ; —i '




Number of events/50 MeV

Effects of unknown parameters on v oscillation
are small =» Need statistics = larger detector !

v beam experiments: Can study CP phase by comparing v v-bar

oscillation.

Expected v, spectrum at HK (assuming 1.3 MW x 10 years)
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Significance [o]

Sensitivity of CP violation

HK 10 years
10¢ Normal mass hierarchy - 1D§ MNormal mass hierarchy
i i — = — _QnNo
3t 1 5 oep 9= i
C ] o E
of 1 8 4t DUNE
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_____________________ — m :_ e e e —————————— e e e e e =]
4 1 8 5 TKiI
- TN T A ] 5 ET2K
2 S TN\ [ S e 7 o 2 ;—.
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-150 -100 -50 0 50 100 150 2022 2026 2030 2034 2038

Ocp[degree]

* In 60 % region in o, We can discovery ., with 5c.
* If =0, =90 degree, we can discover it within 5 years.



Atmospheric v : v, = v, enhancement by matter
effect

v, Oscillation due to non-zero 6,5 provides atm. nu. observation
to investigate mass hierarch effect

v, =2 V. 0Sc. probability in matter: :
o P 4 sinZ0,5 y has resonance feature when

o w o[ 1.27AME L
P(v, = v,) =sin 6,;sin” 26;; sin [—] )
Ac ~ AM; C0S26,,  (Ac=2J2G:NE)
. sin® 26,
sin® 26y = 13 : : :
(coszelg—'%%m;}rsinzzgm v, v resonance in multi-GeV region

solar term effect  Interference Resonance due to non-zero 6,
P(v, =2 v,) of

earth-throughgoing v :

Zenith angle (cos 0)

Neutrino energy (GeV)



Occurrence of resonance feature depends on
neutrino type and mass hierarchy:

In case of Inverted hierarchy:

i02
sin® 20} = sin” 26, AM® — - Am?
(cosZHB—AC%mZ j+$in2 20,, In case of anti neutrino :
31
A:c — 'A:C

o

o

s
N

02

04

Zenith angle (cos 6)
Zenith angle (cos 6)

Neutrino energy (GeV)

Zenith angle (cos 0)

Inverted hierarchy  Normal hierarchy

Possible to determine mass hierarchy !

53



/AXZ Wrong hierarchy rejection

Sensitivity to determine mass hierarchy

Normal Hierarchy
Inverted Hierarchy

1

234567891

0

Beam v: sensitive to 0CP,

but weak in mass hierarchy.

Atm. v: large uncertainty

from oCP.

=» Combining both analysis
gives good sensitivity to
mass hierarchy.

30 determine within 2~ 5
years |



Construction of HyperK has been started !

Making entrance yard for
tunnel.

(500m)
MEFEROY—F

Aim to start observation in 2027 !



Access tunnel has reached to the center of
HyperK tank !

Detector Cavernls becomln g a reality

g 022§Gﬂzsa : 1 -}l“"hﬁu;' .‘5_.
m I\/i \—=NSHARL T K{t&,m\ LG EEE |

perkarmio s une23, 202 b



4. Summary

* Proton decay is a key phenomena of Grand Unified
Theories beyond the Standard Model.

* Super-Kamiokande is the leading detector to hunt
proton decays and have searched for it for more than
20 years.

* However, no evidence has been observed and the
current proton lifetime limits are around 1034 years.

* |t may be around the corner ! Hope three times lucky (3
B D 1FIE in Japanese) in Hyper-Kamiokande.

e HK also can determine remaining v oscillation
parameters.




Backup



Gauge Coupling Unification

Not converge!at
one point

1

4
50 | o
40
-
o 30
oc{1
20
10 Py
Oy
4
0
T =~ MX 2 4 6
2 5
o M

8 10 12 14 16 18
Log,,(Q/1 GeV)

T(e'n°) = 4.5x10”*" years (predic

60

50

40 |

30

20 ¢

10 §

Problems solved by SUSY ...

6 8 10 12 14 16 18
Log,,(Q/1 GeV)
Unification scale pushed up...

1(e"7°) =107 years



suppression of gauge boson mediated decay

4
M 361
s - e*7d) = ( % ) x 10 ears
/B (P : 2x10'®GevV. ’

dominated by the D=5 op. (color Higgs triplet, g=1/3) mediated decays

U 3
P { d —qﬁi”[;w—» 5 }K; M; ~3x 10% GeV, Mg, ~ 1 TeV
u c i

2
2(M. 2 2
%(p - K+V)z(0'oo%n) % eV (M%oweev) (%nﬁ)

x9x10°*! years

(By : hadronic matrix element in GeV?)

= highly model dependent

p—> v K*is regarded as dominant mode in SUSY-GUTs.



Many Other GUTs Beyond This Simple Story

Maodel IRef. Modes I'rn.- (vears) |
Minimal SU(5) Georgi, Glashow [2] p—eta®  [10* —10™
Minimal SUSY SU(5) Dimopoulos, Georgi [11], Sakai [12] p — oK

Lifetime Calculations: Hisano, n—poK" |10 — 107

Murayama, Yanagida [13]
SUGRA SU(5) Nath, Amowitt [14. 15] p— Kt |[10% - 10M
SUSY SO(10) Shafi, Tavartkiladze [16] p— oKt
with anomalous n—oK" [10% - 10%
flavor U(1) lp— utK°
SUSY SO(10) Lucas, Raby [17], Pati [18] p— oKt [10% - 10%
MSSM (std. d=5) n—oK" [10% - 10™
SUSY SO(10) Pati [18] p— oKt [10* - 10™
ESSM (std. d =5) < 10"
SUSY SO(10)/G(224) Babu, Pati, Wilezek [19, 20, 21), |p—pK* [<2-10%
MSSM or ESSM Pati [18] p— utK"
(new d=5) B~ (1-50)%
SUSY SU(5) or SO(10) Pati [15] p—eta? |~ 108841
MSSM (d = 6) '
Flipped SU(5) in CMSSM Ellis, Nanopoulos and Wlaker[22] |p — e/ut 7" [10%° — 10%
Split SU(5) SUSY Arkani-Hamed, et. al. [23] p—eta”  [10% — 1077
SU(5) in 5 dimensions Hebecker, March-Russell[24] p—ptK" [10% - 107

p—etn

SU(5) in 5 dimensions Alciati et.al.[25] p— Kt [10% - 10%
option 11
GUT-like models from Klebanov, Witten [26] p—eta’ |~ 10%

Type IIA string with D6-branes

TABLE I: Summary of the expected nucleon lifetime in different theoretical models.

A. Bueno et al.

hep-ph/0701101

Uncertainties in the
predictions:

Nuclear matrix elements
updated w. IQCD, still:
x10 uncertainty in lifetime

SUSY masses: ~ x100
uncertainty in lifetime

Proton life time:
1032 ~ 103> years



Maodes beyond e*rt?, K*v
and other antilepton + meson decays

p—=>unK’ B+L

n—n AB =2, TeV <scale < GUT
pp = K'K" A <107

p—emavy 6 dimensions

n—=>vvv invisible

p—=>e’ vy radiative

there is plenty to keep us busy ..



How to find 2.2 MeV y

/ Tone :> T~ Hit time-TOF(prompt vertex)

Prompt signal Search with the window 2.2 MeV y candidate
» After Time-of-Flight subtraction, search for 7 hits in 10 nsec
time window. = candidates of v.
 Make 16 variables related to space and time information of
each hits (RMS of phi, theta, hit time, e.t.c.)
* Put them into Neural Network to judge y or not.
* Neutron tagging efficiency: 21 % (mis-tagging: 1.8 %)



3. p—=2VvK* search



Difficulty of p—2vK*

10
Free proton

Bound proton

Number of events

[] 1 [] [] [] 1 I [] 1 [] I 1
0 200 400 600

K™ momentum (MeV/c)

* K* mass: 494 MeV, relatively heavy.

* Cherenkov threshold: 560 MeV/c.

* Most of K* can not emit Cherenkov light.

Q. Calculate momentum of K* from free proton decay.

Hint: proton mass: 938 MeV, “free” means proton momentum=0.



K+
P P
amm o ‘ ‘ >
Proton

Conservation of momentum: P, = P,

Conservation of energy: ‘-‘

Proton Electron

M2 —M?2
oM,

P, =



3-1 How to find p=2vK*" in Water
Cherenkov detector

* K* has low momentum, most of them stop in water and
decay with 12 nsec lifetime.

* Major K* decay mode
» K* 2> vut: 64 %
> Kt 2 ntnl: 21 %

e “Stopping K*” means two body decay products of K*
should have monochromatic momentum as seen in the
previous question !

> K* > vut: 236 MeV/c
» K+ =2 tn0: 206 MeV/c

* Using this property, Water Cherenkov detector can
search for p2>vK*.



3-2. Search for p=2vK*, Kr2>vu*

v 6.3MeV V, 0
160> 15N

: @ 5 |

K+
Vi

* Visible particle is only u* with Michel electron.

* Search for data excess around 236 MeV/c of u comparing
with atmospheric v MC.

e After proton decay, 40 % of remaining nucleus emits 6 MeV
v for deexcitation. It is useful to reduce background.



Example of p=2vK*, K*>vu* with vy

Super-Kamiokande IV
Run 999999 Sub 0 Event 69

Color of hits corresponds
to time.

Resid(ns)

Difficult to identify y
from hit pattern.

; | A I |
-50 0 50 100 150
Residual PMT Hit Time (ns)



Time structure with nuclear vy

L decays
i A N —3 * 3hitclustersintime
ol S ProtondecayMC{  should be observed in
30 e

case of signal.

Number of hits
o
| | | | | | | | |

>  The event is triggered by
DEY u hits.
° T 200 400 600 * vy signal is much smaller

NVpEF—T——T"—T 777 T 1 T T

than u and easily hidden

o E  Proton _ , ,
z YE  decays by tail of u hItS..
g2of J { i * Make 12 nsec time
I window and slide it
- ¥ ]
SE - qly b B g toward left from t, (end
R I S :
TTOF (nsec) of p.tall) to §earch for
2 maximum hit cluster.

K* decays



Selection criteria for p=2vK*, K2>vpu*

* 1 p-like ring with Michel electron
* 215 < Pu <260 MeV/c
* Proton rejection cuts

* Search Max hit cluster 4| Reduce background by 5x10* !

by sliding time window (12ns width);
» 4 < Ny < 30 hits
» T,-T, <75 nsec

* No neutron

e Selection EffiCiency = (selected events)/(proton decay in fiducial volume):
9%
» Br(K*=>vut)= 64 %, only 40 % emits nuclear y =» 26 %
even if detector is perfect.



Remark for this analysis

* This analysis is limited by time resolution of PMTs.

» If yis close to U, y peak is hidden by p hits.

» Time resolution of SK PMT is 2.2 nsec at 1
photoelectron.

» If u peak becomes sharper, the selection efficiency will
be improved.

' Hits
/\u

Hidden by p tail

A

Y tagglng efficiency

~




3-3. Search for p=2vK*, K*2>m+rd
N

K* E

TCO
v 205 MeV/c

Both * and ©° has 205 MeV/c in momentum. This is just
above Cherenkov threshold for «t*, thus it is not identified
as a ring in most of case.

* ©* decays into p (invisible) and v, p decays into ev,v,,.
* ¥ decays into 2 vs.
Search for 206 MeV/c t° with Michel electron.



Example of p=2vK*, K> mtrd

Super-Kamiokande IV
Run 99999%9 Sub 0 Event 236[]
D_wall: 107v6.4 cm

Evis: 260.4 Mev

2 e-like rings: mass 55,2 MeV/c*2

Resid(ns)
> 251

* -f2- =31

=5d4=- =52
* =-125- =34
® ml5T==125
* m]lEE==157
. =188

Look like a ring, but fake
ring cut rejects this ring ...

10°F
-1000 -500 0 500 1000
Residual PMT Hit Times (ns)




Use tt information to select events

o

(S
o ' 7
- — > invisible y o+
==>
p* Q o
V A
rY n
A) Ebk: Visible energy sum in
backward of 1t° direction (140°-180°)
Charge distribution B) Make likelihood for hit pattern.
: Zoom 172: Ili

T 40 60
Angle to n* (deg)

*

tt direction



Selection criteria for p=2vK*, K*2>m*r®

* 1 or 2 e-like rings with decay-e.
* 85 < MnP< 185 MeV.
¢ 175 < Pt < 250 MeV/c.
* E,.: visible energy sum in 140-180 deg. of =° dir,

E..: in 90-140 deg,

Lape: Likelihood based on charge profile

10< E,, <50 MeV
E... <12 MeV (20 MeV for 1ring)
Lspape > 2.0 (3.0 for 1ring)

* No neutrons
» Selection efficiency: 10 % (Br(K*>n*n%)=21 %)



Background for p—=2vK*

 Dominant background is K* production by neutrino
interactions.
» vp2VAK* , A2pm (BR:64 %, mostly invisible in WCD)
» Emit nuclear y as same as the signal.
* It is also rare interaction and we had poor

information from very old bubble chamber. Large
uncertainty.

* Recently MINERVA measures K* production. It is
very useful information for this analysis.



3-4. SK results (So far)

* Exposure: 365 kton * year

* Expected background: 0.3 events for K*=>vu with nuclear vy,
0.6 events for K*>m*nP.

* No candidates observed and no excess in momentum
distribution.

* Lower lifetime limit: > 0.8x1034 year
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Faster PMT response improves
nuclear y tagging in p=2vK*

v tagging efficiency

g S
U=J 0.8
0.6
> Black: SK
t Red: HK
0.4
* Time resolution: 2.2nsec (SK) 02 |
—1.1 nsec (HK). ) N |
* Sharper time distribution of u 0 Kaon decay time (nsec)
= 7 close to p cab be (Better photon counting also

identified ! contributes improvement)



