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50 kton pure water Cherenkov detector.
Detect water Cherenkov light from charged
particle and reconstruct events with PMT
charge & timing information. D e e
Typical (@~1 GeV) measurement scale ol
Vertex resolution ~30 cm (~1.5 nsec)
Energy scale uncertainty (~3%)
Main targets
Atmospheric, solar, SN v
Proton (Neutron) decay etc
Have finished SKIV data taking (~May/2018)

and started new phase SKV (Jan./2019~)
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Motivation for Fiducial Volume Expansion

| I (m3)2 (mz)z— [

- Currently both atmospheric v . \(Am%sL
analysis and proton decay search
sensitivities are limited by statistics. e,

. Atmospheric v: mass hierarchy _ (B
determination.

’ — (m2)2

- Wrong mass hierarchy rejection |<Am2>sol

= (m1)2 (m3)2l Y —

SenSitl\"ty x ""N/ (StatiStiCS) normal hierarchy inverted hierarchy

- Proton decay search: uniqgue way to

u et
directly test Grand Unified Theory. >T<
P u d } 770
d ——— d

. Search sensitivity « ~(statistics)

- Enables to re-search with past
data never used yet.



Fiducial Volume Expansion

We are expanding fiducial volume (FV) from 22.5 kton to 27.2 kton,

+20%. (from 2 m cut to 1T m cut)

Total exposure (SKI~IV) 0.372 Mt*yr — 0.450 Mt*yr (1996~2018)

- Challenges

- Understanding detector responses
about events near detector wall.

- Did not find any show stoppers
with detalil calibration studies.

- Non-v BG (CR-u, PMT flasher)

. Estimated contamination rate to

be ~1% level.
- Event Reconstruction

Show FV expansion feasibilities

with improved algorithms. (later =

In this talk.)
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Non-v BG Contamination

Should minimize non-v BG contaminations in fiducial volume.

Scanned events > 0.b m region and improved CR-u cut.

Finally estimated non-v BG contamination rate to be ~1%
level for > T m region (tolerable level).

Event Scanning Result
Non-v BG Vertex Dist. (SKI~IV)

‘Red: CR-11
: (Achieved 70% further rejection)
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Proton Decay Search
Latest Result
(p%e+n‘.0, p%,quﬂO)



Proton Decay

2012: Higgs was discovered.
Standard model Is completed.

Electrical charge quantization,
proton and electron electrical
charges cancel out very precisely.

Coupling constants unification
@~10'% GeV energy scale.
— Grand Unified Theory (GUT).

Proton decay search is unique
way to directly test GUT.

Prediction
e.g. T /Bpoe+no> 4x1033 years
(minimal SUSY SU(5),S0(10) etc)

We need huge number of protons!
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Event Characteristics (p—et+mrO)

p—et O signal selection
1. Vertexin FV
2.
3.
all shower-like rings
4. No Michel-e.
5. for 3-ring m° mass cut
85 < Mzo < 185 MeV/c?
6. Total Mass cut
800 < Mtot< 1050 MeV/c?2
/. Total Momentum Cut

Cherenkov ring =2 or 3
Particle identification

Box1 (Very Low ATM v BG):
0 < Ptot< 100 MeV/c
Box2: 100 < Piot < 250 MeV/

8. For SKIV, no neutron.

Typical free p->etm9event (MC)

Event display (e*, m0->27)
* Su}Fer Kamiokande %
NU # 2

O- RUN 4 999999
no->27 SUBRUN # 0
EVENT# 2
DATE 2018-Apr-18
TIME 19: 12
TOT PE: 8220.6
MAX PE: 29.3
NMHIT : 3850

small O: PMT hit
O: Fitted Cherenkov ri

:’"ﬂ..

ANT-PE:

n

o{ oo L PR -0&9‘ ‘ Ao ..
o;O"mQ ° olon 030@ 3, < ~
i Q%00 8 Aol e :
e 1 A ey
L990/00/00 :NoYet :NoYet _
1990 /00700 : NoVet NoYet %ESM(I}BE ; ’3833883510
L9390 /00/00 :NoYet :NoYet ) .
1990,/00,/00: NoYet: NoYet T diff.: 0.00 us
%g%gfggfgg-NggethgY‘?tt FEVSK :00000000
A = oYe .
R - PHI : GOOD ggg Eg/PW'oﬁ/oz
5.40: 7. 56 0.48: 0 800 : ,
JANG : RTOT - AMOM - Deye: O( Of Of O/f O]
13.6: 2378:  432: -4 1
C . V= 0.760: 0.030:-0.649
14.0: 1284 234. -2°.4
¥=-0. 624 -0.259. 0,737
10.0- 1309  238. -2.2

. V=-0.823: 0.183: 0.537



Event Characteristics (p—>u*m 9)

o— .+ 10 signal selection Typical free p->u*tm°event (MC)

I + O_
1. Vertex in FV Event display (u*, m°->27r)
*SbFer Kamlokondg}r

2. Cherenkovring=2or3 nO0->27y RUN # 999999
SUBRUN 4 0
EVENT# g0

3. Particle identification DATE 2018-Nov-11

TIME 13:28:17

1 non shower-like ring & 1 or 2 TOT PE:  6735.8

MAX PE: 45.2
shower like ring(s) small O: PMT hit ANT-pEi €6
4 1 Michel-e. O: F‘itted Che'renkoY rirwg ‘NMHI§A§ 8

. 3 o o
5. for 3-ring 7 ° mass cut 73" . ‘A
85 < Mo < 185 MeV/c? S
6. Total Mass cut . : ";.'?3_::,"'13
800 < Mit< 1050 MeV/c? ' - E4

5

-
o o

4
Ll+RunMODE MonteCar
TRG ID :00000111
T diff. 0.00
FEVSK :00000000
nOD YK/LW: 1/ 2
SUB EV : 0/ 0O
Deye: 1( 1/ 0/f 0O/ 0O)

7. Total Momentum Cut /00 /00: NoTet:HoTet Lo

/e et pove
. :NoYet:NoYe
Box1 (Very Low ATM v BG): 1ea0mo/m. e,

R :
O < Ptot< 100 MeV/c 1" rmor” son i
B3 L s
Box2: 100 < Pt < 250 MeV/c 8.0~ 55" "103. -1 1

v=-0.096: 0.088: 0.991
42.0: 1856 337: -2.3

8. For SKIV, no neutron. =0 44970 s 0 A%

us



Neutron Tagging

Major background for proton decay search is ATM v events
(often accompanied with neutrons).

Since SKIV, can record faint signature of neutrons (r's)
thanks to electronics upgrade. (n+p—d+y (2.2 MeV))

By requiring no tagged neutrons.
efficiency loss: <4%,
ATM v BG reduction by ~50%.

ATM v MC

3 neut;gr; Zaptgrj timing 1 ’;‘ 7 Black: true neutrons
3 T=205.2+4/-3.7 usec £ 1M Green: Tagged neutrons
o 2 |
N S 08
= 3 ool Rejecting ATM v BG by 50%.
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Tagged n(y) timing [usec] Number of neutrons
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Latest Results

e 0 m,og -.L | i I Exposure: 0.306 Mt*yr
pP—er T %10 Seoters o , B s s PRD 95, 012004 (2017)
. 0 > e W 4 o et N
Efficiency: ~38% S p—e'n ' i i Lt
Expected BG: 0.61 ev Ji’ Lt A | [ Black: Dat
10° [ 'ﬂ"l I~ s Tl : .! ; L dCK: ala
e S —+——+ Blue: Signal MC
10 | 4+ .
”???’ ”?""T?ﬁ | . ”ﬁgm’? ¢ (Cyan: Free Proton)
4+ 0 2K $4s 188 | 4l Tsht sttt
D— U+ TT E b | o AR = Red: ATM v BG MC
Efficiency: ~38% @ A1
.~ (0] 102 . 0 ([ |
4 - INE 1
Expected BG: 0.87 ev Ot i | ” 1
p :H:Io"‘_ H ’1 "|-L‘J 1 2 . E___* i o : L ,
0 500 1000 0 500 1000
p—>e+7t° Total Mass [MeV/c2]  Total Momentum [MeV/c]
No candidates = T /Bp-e+r0 > 1.6x103* years (90% C.L.)
0
P

2 candidates = T /Bp-u+rz0> 7.7x1033 years (90% C.L.)

1 of them is rejected after energy re-calibration.
Not observed yet but our sensitivity reaches prediction range.
Will search for these modes with SKI~IV expanded fiducial volume
0.450 Mt*yr data (1.5 times larger statistics than this).
(+20% expanded fiducia volume, +25% livetime update.)



For the Next Result with
Expanded Fiducial Volume
(Search Performance &
Reconstruction Improvement)
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INtroauction

In general, event reconstruction
performance is expected to be worse
for events near wall.

Less # of fired PMTs. — Worse
particle identification (PID), etc.

Charged particle may go into wall.
— Energy leakage, worse Michel-e
tagging efficiency, etc.

Studied possible reconstruction
blases and tried improvement.

13
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Signal Detection Efficiency
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Free p—et+m© Detection Efficiency

1 T
0.8—
0.6—
0.4—
i p->e* 11 0 Signal Selection
"2 ‘_ # of No 0 Total Total No
_;lgrg:t rings PID Michel-e mass mass Mom. Neutron
0 —l | I | - | | 1 I21 9Iﬂl $ I | | I | I | - | | - | L L1 l | 1 1 | I | | 1 1 | L L1 I |

Main inefficiencies (A,B,C)

= Conventional FV (>2 m)

(After Improvement)
:Conventional FV (>2 m)
(Before Improvement)

—:EXpanded Region Only

(1~2 m) (After)
:Expanded Region Only
(1~2 m) (Before)

B. By tuning expected charge table, improve PID performance. (Next page)
C. Secondary particles (e* and y) can reach to detector wall and energy

leakage. (unavoidable)



15

lmprovement on Partlcle l|dentification

500 MeV e Expected Charge Dist.

-
(2

T 45E ; Black:MC
% e | Blue:Before
O 351 Red:After
5 b
B 250
> -
o 2
8 155—
Calc. likelihood with expected charge table. % “E .
O 11—
x> (e or 1) o< — Z logyg (Prob(qi7§ S
i(Hit PMT) %osﬂﬂr‘n A o
Free p—e*m0 (n%—2y) MC o a0 a0 a0 50 6070 80 80 100
Openlng (Cherenkov) Angle [Degree]
350, : (true)
- i - By tuning election expected
3001
: Jll.,{ charge table based on latest MC,
@ 2905 J- n Expanded region improve PID efficiency (p—e*m 0)
& . F only 1~2 m _ _
T 2008 |  Blue: Before by ~20% in expanded region.
0 150 ‘b Red: After . Before:75%—After:88%
* 00— (Expanded region only :1~2 m)
50 al - Before:93%—After:96%
- 5 .‘L._I'Lh.._P'_D. Likelihood (Conventional FV :>2 m)

MR B B
-900 -200 -100 0 100 200 300
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o—etn O Search Performance

Fiducial Volume Conventional Expanded In total Free proton

(distance from  22.5 kton 4.7 ton 27.2 kton In brackets()
detector wall) (>2 m) (1~2 m) (>1 m) Blue:Before

Efficiency 37.4 34.9 Red:After
Before [%] (86.0) (54.9) (81.4) dwall > 100 cm
Efficiency 38.7 20.2 36.7 # of Expected BG

SKI~IV Sum (~0.450 Mt*yr)
(85'3) Total 0.60 event

ATM v BG rate
’ 1.37+/-0.381.56+/-0.17  (Low Momentum
Miton yr Box: 0.02 event)

In expanded region, efficiency increases by ~20%.

After [%] (89.2)

1.59+/-0.19

No significant BG rate difference among detector regions.

By reconstruction improvement and FV expansion, search
sensitivity increases by ~16% (w/o sys. uncertainties).
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o— u*tmP Search Performance

Fiducial Volume Conventional Expanded In total Free proton

(distance from  22.5 kton 4.7 ton 27.2 kton In brackets()
detector wall) (>2 m) (1~2 m) (>1 m) Blue:Before

Efficiency 36.2 34.3 Red:After
Before [%0] (84.1) (60.7) (80.2) dwall > 100 cm
Efficiency 37.6 260.8 35.9 # of Expected BG

SKI~IV Sum (~0.450 Mt*yr)
(83'6) Total 0.87 event

ATM v BG rate
; 2.11+/-0.47§2.06+/-0.19  (Low Momentum
Miton yr Box: 0.05 event)

In expanded region, efficiency increases by ~10%.

After [%] (87.4)

2.05+/-0.21

No significant BG rate difference among detector regions.

By reconstruction improvement and FV expansion, search
sensitivity increases by ~16% (w/o sys. uncertainties).
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Summary

Studying on fiducial volume expansion of Super-Kamiokande
to further improve atmospheric v and proton decay analysis.

Latest proton decay search results.
T /Bp—e+no > 1.6x1034 years (90% C.L.)
T /Bp-u+no > 7.7x1033 years (90% C.L.)
Showed fiducial volume expansion feasibility.
Non-v BG rate is estimated to be ~1%.

By fiducial volume expansion search sensitivity
increases by 16% (w/o sys. uncertainties).
Adding livetime and expanding fiducial volume, will search for
p—etm? and p—~>utm© with 1.5 times larger statistics
than latest results (0.306 Mt*yr—0.450 Mt*yr) this year.
(Other modes will follow in future.)

Discovery could be around the corner.



Back up
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INtroauction

For events occurred near detector wall, effect |}

by local structure should be understood.
LASER

Top view Super-Kamiokande 337, 375 | Optical fiber
Set up for direct light ‘ 405, 445 \
- . Scm diameter o 1 B 473 nm
- ' To barrel B1
Set up for reflected light [V—
Black sheet . . B2
g1 Laser injector
A w/w.0. Black sheet B3 -
.:‘3. 0 To barrel
S| 030,45, ¢ ) 27 —

60 degree

BS
Black Sheet Calibration

lnclusivé optics calib.
Focus PMT response.

Non-uniformity.
Residual magnetic field effect.

Picture ~1.5 m from the wall
Basic detector components

PMT by PMT difference. PMT
Flow of this talk Acrylic cover
Black sheet

SKPMT non-uniform response (Gain,
Efficiency, Transit Time)

Impact estimation to SK detector by
MC study.

are well modeled in MC.
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Non-uniformity Measurement @Kamioka

0 =0 Skipping ~
4/ Dynode direction
- //)4//// \e\Q'-"""er Gain q
NEUNNAN s vy s . ‘
LIIP 777 NN\ . i

w.r.t dynode direction

N 3, direction UL I
Transit Time\_ 0 : 2IITECE €4 L AR
Difference r g NNNWNWN\\\ A/ /777 ‘
by Position /447777 NNANSNN Dynode
\\§§\\\ /_/{//_"{;/_/®X
i . . — LI y Dynode Top View
SKPMT Dynode Side View & coordinate.
Asymmetrical response
EF6453 Prod year:1994
HV = 1857 V (SK used)
Magnetic Field: Controlled by coils for (X,Y,Z).
Applied (0,0,0), (+/-50,0,0), (+100,0,0),
(0,+/-50,0), (0,0,+100), (0,0,+/-50), (0,0,+/-100)
in MG (Red:new measurement points)
Scan Direction:X,Y,D(Diagonal) Direction
Scan Position:PMT Zenith Angle 8 =0~40 (20°
step), 40~80 (5° step)
Fiber by fiber difference about light intensity
(~10%) is measured in advance and corrected.
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Non- unlformlty Result

s-Relative Gain v.s. Angle (B=0)
Normalized by 6 = O value

‘< i\ _ Black: X directio

lagonal  pad: Y direction
Dynode %

T

-t e
N A

—A

o)

o2}

Relative Ef ficiency

© © o ©

\)

e L Blue'Ddirelctiorll

s Relative Efficiency v.s. Angle (B=0)
f_ Normalized by Monitor PMT

-80 -60 40 —20 60 80

Angle [Deqree]

Rl el e l lllllll

o

e T.T. [nsec]

S

Relativ

- Relative T.T. v.s. Angle (B=0)

Difference from 6 = 0 value

" lg{ngle

1]
llllllllllllllllll11111111!1111111[

Gain:Non-uni.:

+/-3 nsec

T.T.(Transit Time):Non-uni.:

|
o0)

-80 60 40 -20 O 20 40 60 80

Angle [Degree]

—80 —60 —40

Angle [IjJegree]

Non-uni., Mag. dep., PMT by PMT diff.
at most +/-40% w.r.t. uni.
Mag. dep.: at most 40% (100 mQG)

PMT by PMT diff.: ~15%
Eff..Non-uni.: at most +/-25%

Mag. dep.: at most 15%
PMT by PMT diff.: ~10%

Mag. dep.: at most 2,3 nsec
PMT by PMT: ~1 nsec

at most +/-3 nsec



Impact Estimation by MC -~
Default MC assumes PMT uniform responses. @
Implemented only hon-uni. based on ) S . om
measurement data. g ' 200 MoV o
Generated same particle gun events (near the ./v X >~ Vertex:1-2 m
wall) with default and implemented MC and ) Y, Tromwal
compared detector responses. S T

~( ) 50 cm PMT
o ] SK Top View
Total Charge Distribution Distance b/w Reconstructed and True Vertex

120~ 350 : 44.

ook Blue:Default 300 L 10 Blue:Default
< T Mean:4439.8ipe. _  F (R i Resolution 30.4 cm
S 80 Sigma:351.6 p.e. é Red:Implemented
- I:/led.lmﬁizrgeznted 22001 Resolution 28.0 cm
T 60/ ean: 2p.e. o -
g I Sigma:351.7 p.e. ©'%°F ot -2 em
@ [ 351.7|p.e. w |
5 O diff. ~0.5% %100

20} 50

200 2500 3000 3500 4000 4500 5000 5500 6000 6500 T M R R

Total Charge[p.e.] Distance[cm]

Charge shift : < ~1% shift (cf:ATMPD E-scale error~3%)
Vertex: ~2 cm shift (cf:Vertex resolution ~30 cm)
— Impact is limited.
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EFvent Reconstruction

Algorithm Flow Typical free p->e+ 1% event (MC)
. Event display (e*, m0->27)
(p—>e+7to SeleCthn) *I\']SUUPFer#KGmiokondegt
. O.
Vertex recon. (in FV?) mO->2r §§§§g§§ ; 99999§

DATE 2018-Apr-18

Cherenkov ring TIME  19: 4:12

TOT PE: 3322.6
counting (2 or 3?) small O: PMT hit L LN &

O: Fitted Cherenkov ring ANT-PE:

Particle identification

og. o'od‘o

onuo"cno

(PID) for each ring (all :.g.... i :,El::a‘ D Nreo

shower-like?)
(improve this time)

Calc. momentum for 0N
eaCh I"ihg_ (reconstruct lQQO/OO/OU:NoYt:NoYet

L990/00/00:NoYet :NoYet
L990/00/00:NoYet :NoYet

L990/00/00 :NoYet :NoYet
0 and proton mass? |533/0/3 Nover Horer
2018 /0?/20 ;#R= 3:NoYet

: PHI : GOOD

low total momentum®?) s 77ss 5s0 600

JANG : RTOT : AMOM : MS
13.6:  2378: 432: -4.1
V= 0.760: 0.030:-0.649

Require no Michel-e w2/ 6;3840 R
10.0: 1309:  238:

and no neutron. oni0. 823 0.183. 0,597

RunMODE : MonteCarlo
TRG ID :00000010

T diff.: 0.00 us
FEVSK :00000000
nOD YK/LW: 2/ 2

SUB EV : o/ 0O

Deye: O( Of O/ O/ O]



Remaining BGs
STMU



1990/00/00:NoYet:NoYe
1990/00/00:NoYet:NoYe
1990/00/00:NoYet:NoYe
1990/00/00:NoYet:NoYe
1990/00/00:NoYet:NoYe

1990/00/00 R— 0:NoYe
PHI :

0. 00 0. OO 0.00:0
CANG : RTOT : AMOM :

Comnt;

NUM 4

RUN 32851
SUBRUN i11
EVENT 11232119
DATE 2007-Aug- 6
TIME _ 19:10:14
TOT PE: 54746.
MAX PE: 2259
NMHIT : 8066

ANT-PE: 54.1
ANT-MX: 3.7
NMHITA: 61
RunMODE:NORMAL

TRG ID :00000111
T diff.:0.351E+0
FEVSK 81022803
nOD YK/LW: 9/ 3
SUB EV ;: 0/ 1
Dcye: 0( 0/ 0/ 0

26



1990/00/00:NoYet:NoYe
1990/00/00:NoYet:NoYe
1990/00/00:NoYet:NoYe
1990/00/00:NoYet:NoYe
1990/00/00:NoYet:NoYe
1990/00/00 R— 0: Nogﬁ I
0. 00 0. OO 0.00:0
CANG : RTOT : AMOM :

Comnt;

NUM 9
RUN 34987
SUBRUN 2100
EVENT 264590666
DATE 2008-Jul-27

TIME 8:27: 1
TOT PE: 1767.
MAX PE: 235.3
NMHIT : 677
ANT-PE: 72.9
ANT-MX: 9.8
NMHITA: 53
RunMODE:NORMAL

TRG ID :00000111
T diff.:0.971E+0
FEVSK :81022803
nOD YK/LW:11/13
SUB EV : / 1

Dcye: 0( 0/ 0/ 0

27



Remaining BGs
Flasher



1990/00/00:NoYet:NoYe
1990/00/00:NoYet:NoYe
1990/00/00:NoYet:NoYe
1990/00/00:NoYet:NoYe
1990/00/00:NoYet:NoYe
1990/00/00:NoYet:NoYe
1990/00/00:;:R= 0:NoYe
R Z : PHI :

0.00: 0.00: 0.00:0

CANG : RTOT : AMOM :

Comnt;

NUM 2
RUN 3657
SUBRUN 52
EVENT 325646
DATE 1997-Mar- 8
TIME 7:44:15
TOT PE: S911.

MAX PE: 235.4
NMHIT : 2389

ANT-PE: 50.8
ANT-MX: 7.1
NMHITA: 33
RunMODE:NORMAL

TRG _ID :00000011
T diff.:0.602E+0
FEVSK :81002003
nOD YK/LW: 2/ 1
SUB EV : 0/ 1
Dcye: 0( 0/ 0/ 0
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1990/00/00:NoYet:NoYe
1990/00/00:NoYet:NoYe
1990/00/00:NoYet:NoYe
1990/00/00:NoYet:NoYe
1990/00/00:NoYet:NoYe
1990/00/00:NoYet:NoYe
1990/00/00:;:R= 0:NoYe
R Z : PHI :

0.00: 0.00: 0.00:0

CANG : RTOT : AMOM :

Comnt;

NUM 4
RUN 4266
SUBRUN 65
EVENT 3189973
DATE 1997-Jun-21
TIME 14:27:17
TOT PE: 17308.
MAX PE: 222.8
NMHIT : 5902

ANT-PE: 334
ANT-MX: 4.0
NMHITA: 38
RunMODE:NORMAL

TRG _ID :00000111
T diff.:0.811E+0
FEVSK :81002003
nOD YK/LW: 2/ 1
SUB EV : 0/ 1
Dcye: 0( 0/ 0/ 0

30



1990/00/00:NoYet:NoYe
1990/00/00:NoYet:NoYe
1990/00/00:NoYet:NoYe
1990/00/00:NoYet:NoYe
1990/00/00:NoYet:NoYe
1990/00/00:NoYet:NoYe
1990/00/00:;:R= 0:NoYe
R Z : PHI :

0.00: 0.00: 0.00:0

CANG : RTOT : AMOM :

Comnt;

NUM 10
RUN 5789
SUBRUN 39
EVENT 1899892
DATE 1998-May- 9
TIME _ 11:14:59

TOT PE: 1234.
MAX PE: 100.7
NMHIT : 634
ANT-PE: 30.1
ANT-MX: 4.6
NMHITA: 29
RunMODE:NORMAL

TRG ID :00000111
T diff.:0.951E+0
FEVSK :81002003
nOD YK/LW: 2/ 2
SUB EV : 0/ 0
Dcye: 0( 0/ 0/ 0
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