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K, 2>n’vv decay and KOTO experimgg

J-PARC K°TO experiment

{matter-antimatter asymmetry in our universe

<A new source of CP violation is necessary. \/'P\\ﬂ
OK >nrlvv

<{>CP violating rare decay (Bry,=2.4x10-")

{theoretically clean (~2% uncertainty)

<

—>excellent probe for BSM physics T —
{>current upper limit : = om =

<2.6x108(90% C.L)  , =

—->The J-PARC KOTO experiment ..
aims the first detection of signal e
events.
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K, >x®vv : signal detection

main calorimeter
(~3000 Csl crystals)

<{signal : 2y + nothing
<{>2y : undoped Csl calorimeter
<> nothing : veto detectors

target !
. I In-Beam |
_ v detector:

, decay region :
2(r)§§r:/beam collimator Yy region iglorimeter (Beam Holo
Photon Veto,
<{To achieve high sensitivity... BHPV)

{intense K, beam
<but the flux of neutrons also increases...

<{>complete background rejection
<{>a vy detector IN the neutral beam is required

- The in-beam detector should be sensitive to v,
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requirement for the in-beam y detec

J-PARC K°TO experiment
D20

" v, iBHPV |

<{BG reduction

0 . | (in-beam y detector) |
<>KL92TE decay Y energy
(4Y in final States) B to be detected
| =
OZY hlt CSI o ' rnunwwr’”[ﬂ'wwt[ ”JLLLI

<1y hits barrel detector
(low energy and hard to detect)

Httfﬁ/ origin of 2y on|Csl|
G

# of K, —~21° BG [/(0.05GeV)]

) ﬁjf red:thed.s%famthyf

o : green : differ@nt m?
{>remaining y escape forward 107 ed\"‘“‘“wf al

to be detected by in-beam detector L B 1

. . . . 0 1 2 3 4 5

- 107 inefficiency is needed for  ptingeteidertenergy [GeV

E >1GeV = of energy of

Y g:msulaﬁ beam particles
Orate tolerance Sk Heutrop
<>0.5GHz neutrons and low energy vy é:gwmﬂﬁww
—>single counting rate / signal loss g ” Mr ﬂ
~should-bekepttothetolerabletever= sl 5 . 1
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Beam Hole Photon Veto (BHPV) 0

7
5inch PFNRC Kx experiment
< lead and aerogel y detector T N
< Cerenkov lights in aerogel are detected Cone funnel
. . ) \
<{>v incidence : converted to e* flat mirror
—>enough Cerenkov lights e,
<{>neutron incidence : protons or pions are Y —
ma.|n|y prOduced . Yconverter / =
—>little Cergnkov lights (eadshee)  serogel”
—>excellent blindness to neutrons (n=1.03)

< 25 dual-readout modules

<>enough radiation lengths
(9X, is needed to achieve 10 inefficiency)

{require 3-successive-module coincidence for y detection
- urther separatlon of neutron and rejection of low energy vy

BHPV
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| Cernkov threshold |

Cerenkov threshold _

detector components g

L.Y. : arbitrary unit

{Oaerogel

{index = 1.03 is suitable
to get high efficiency for
e* (or y) while keeping
detection of to n* and
protons (or n) suppressed

OWinston Cone

{off-axis parabola

<{>100% collection efficiency
for photons w/ 6<6.=23.6°

<{dual readout module
{reduce single counting rate

-
Q

Cerenkov threshold [Ge
o

s 6, =

Cerenkov angle
; y ; forn=1.03 : 13.9°
: 12cm

|
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MC simulation

<OEM shower and Cerenkov lights

generation by Geant4
{Cerenkov ray tracing

with a custom-made code

<{>Rayleigh scattering

and absorption in aerogel
A*exp(-C/\*) probability

parameters are derived

from measurement with LED

Oreflection by flat mirror
and Winston Cone .........

OQ.E. of PMT

Maeda

I S

C. light emission

Geant4

measurement

measured transmission

‘ r:1askedto
1 l 1em x icm
: ied‘l '
l----ﬂ-\/__ -2

(controlled remotely)

aerogel transmission

ray tracing "
(scattering, absorption, §
reflection)
1\ UI\PGI Inent
// \ \\\\
| \ N
\ e
detection @ PMT developed

by ourselves

measurement

08: ' : |

07t

0.62

o.af-/ 1| cicterns

14.17/3 |
A’ [/em]  0.02164 = 0.0007547
c [Mm #/cm]0.006112 + 3.893e-05 |
2.9

0.35 04 045 0.5 055 06 0.65
wavelenth [um]



response to e beam

position dependence is
measured with 600MeV/c e* beamis &z
and compared with MC | '

Oresult

{position dependence of light yield T o=
is well reproduced by MC e* beam

: : result of horizontal scan
{>disagreement in absolute
light yield (~55% of MC)

3x3 aerogel tiles »

< uniform L.Y. in wide region :
1] — ,,. _____ : , _______ ______ .{ ______ __________ ! ____________
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20

installation for KOTO physics run Ot

J-PARC K°TO experiment

<12 out of 25 modules in design were installed to
the KOTO experlmental area for run May2013

il o Winston Cone »

optical box
lead sheet, aerogel and ==
flat mirrors are inside

upstream section

«@
n -_: '

3 iron/concrete shield for
y backsplash from BHPV
W Al TS

OV \
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performance during beam operatlorkﬂ :

J-PARC K°TO experiment

calibration and PMT gain stability aweosssmrorssissmmi-so

21.08F

{>checked w/ LED L i

{stable within 5% o 1 = ;-‘%‘; i

{>beam loading effect is less than 5%%;32 [ Hit
Olight yield of aerogel Bx  withbeamonandoff

Run No

{>tagging the charged particle with hits in other modules
<>as expected and stable within +4%

= light yield distribution — 10 history of light yield
g B Fﬁi\ e ‘ CD - :
LO_ 500? BMS o 4.246:0.029122‘ Q-- 87 , 7: o © O o o o
e | ree - — £ g g b Ay
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2 F — , D G m— o —.
S 300F- > [ Apr. May. == ch0 (2.36%) |
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200/ o 4 (4days) (10 days) Cach2 (2.03%) |
- ﬂAA , | |F3ch3 (3.66%) |
1001~ I """""i'-ch4(362%)'§
4 | | |
OH’Lme : ! i 5 (2.05%)
0 2 e L= L £ L 16000 16500 17000

light yield (both side sum) [p.e.] °to University RunNo



counting rate ﬂ‘

4»’

J-PARC K°TO experiment

< Single counting rate is measured by random
trigger data and compared with MC simulation.

0 Measu red rate |S single counting rate for each c:;rll;\g:( (May2013 run)
under 2MHz *

MC neutron

rate [MHZ]
o

— MC others
{tolerable level $ ¢ < measurement
. %{';+; threshold : 1.5pe
{Agrees to MC expectation xy

within factor 2. -  WNIN
{>v contribution is dominant

Ouncerta”]ty In energy module0 1 2 3 4 5 6 7 8 9 10 11
spectrum and response ) module 1D
in hadron interaction 20 Data/MC ratio 44l
= I
15 Eﬁ == + +
T P
T ——— Tt -
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entries [/(2MeV/c?)]

y detection

J-PARC K°TO

OK_ 2>3n%>5y on Csl
(Br ~20%) + 1Y tO BHPV e event display (MC)

<K mass is reconstructed from 5y on Csl *
—>K| events can be tagged £ o

rec. K mass: | ®1ll

{timing of BHPV 480.0MeV

-800

e . "
—>clear timing peak is observed  detection timing”™ ™"

sition [mm],
)

-6 | MC K, mass reconstruction with 5y on Csl | —_ - BHPV t.lmmg
3510 2 5, event (=3 modules coincidence)
- ,,,,, K —)3 w/o Dalitz MC 165 0.008— | | . .
11| o~1 4MeV S oo | By event t accidental hits
- 2 F (beam bunch
*GE: 0-008F 0=0.7ns structure)

20 0.005 \
15 o.oo4;—

0.003F-
10 =

0.002 ;—

-90 -80 -70 -60 -50 -40 -30 -20



response for K_decay events (Ot

J-PARC K°TO experiment

<Orequire 4y on Csl

. . Kl
{effect of accidental hits ”.
are estimated by 6y on BHPV
events and subtracted _ _ _ _ | |
— 105 e ........ coincidence - +measu;émem ..... .
<MC well reproduce =T R |

O

s
measurementdata ¢ [ “FRL

st

R S # commdence modules
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summary .mfl‘

w’
J-PARC K°TO experiment

vy detector which is highly insensitive to neutrons is
necessary to search for K, >n%v decay.

{Lead-aerogel sandwich detector is proposed and
developed.

{Response to charged particles well agrees to MC
simulation.

{The detector is partially installed to the KOTO first
physics run, and excellent performance is
achieved.

OPreparation for KOTO final sensitivity is also in
progress.

Maeda Yosuke, Kyoto University
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beamline

{secondary neutral particles
are collimated to make

/K1.8 |
narrow beam }5

sweeping magnet (2T)

target g % k
Ni/PYA iﬁ’ 528 !
M detector Vi)
. - - neutron, Y ’ |

primary proton
(30GeV) 2 stages of collimator
y absorber (Pb) (Fe/W)

sweepln

{magnet : sweep out charged particles [, S5 L%
<{>g absorber : reduce g rate ” /
{long beam line(~20m) N
exclude short-lifetime-particles (Kg, A...)
Onarrow beam (~8u - limit decay vertex

Maeda Yosuke, Kyoto University



sighal reconstruction K 2@0@ ic ‘f"

can not be detected

<{signal : “2y and nothing” -
£ Oy

KOTO detector J— Csl calorimeter %800 by/&%
- \

veto detctors K 00

AZ ,

: ' it st

{>2clusters on calorimter®™ 2% 7, =2 R i, SHgace

< nP reconstruction assuming

its maas
7?4ﬂ0 =2E E, (1-cosb)
—>apply kinematic selection
<>no activity in all veto detectors

Pt [MeV/c?]

:ZZE for K, 2>n%v (MC)

vix

.....................................................................
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500 6000
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: , < Lin> QN
Winston Cone Ot

J-PARC K°TO experiment

{rotate parabola in X'z
coordinate (x2=4f2’)
around z-axis in Xz coordinate.

Tout
Tin

sin @, =

(Tout + Tln)

2 tan 0.
f= T;ut(l + sin 6,)
<30% larger light yield - -
compared with a funnel o e —

Pb Pb

by flat mirrors

Maeda Yosuke, Kyoto University



multi-PMT readout

[ position depend

~

position depend

lead sheet

I
v

flat mirrors

[

/

aerogel

Winston
Cone funnel

5-inch PMT

2SN

(a) 1-PMT-readout (b) 2-PMT-readout (c) 4-PMT-readout

Maeda Yosuki

mean light yield

ence of light yield |

F —&— 1-PMT-readout
2-PMT-readout sum
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r —-v-- 2-PMT-readout right
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MC input
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count rate in optimized design

expected performance

-
o
~

ET

*4pe threshold,

L AP S 1~ S

15 20 25
module ID

| BHPV inefficiency function |

S
{optimize aerogel and lead sheet £ °
thickness 8
, /.\ /l\ /.\ 10°
KKK KKK KKKKRRKKRRRKKRRK
parameters for each module v v \./ \-/
module: ) {st.5th > gth-10th > 11th-o5th >
thickness of lead:  w/o Pb 1.5mm 3mm
thickness 9f aerogel:  1.3cm 1.5cm 4cm
<{thinner aerogel and lead sheet g
In the upstream part S .
{keep total radiation lengths 2
Orate <2MHz 10
Oinefficiency (MC) o
{>around 103 inefficiency is
achieved for E >1GeV
*2pe threshold,

118.7/47 |-
1.5+ 0.01555 |~
7.497 = 0.06145 |

2

3 4 5

incident y energy [GeV]

*measured LY is considered

Maeda Yosuke, Kyoto University
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<1_0’Omm

< Matsushita aerogel
(Yl series)
and AIDA aerogel
(made in Chiba Univ.)

300mm

300mm

(a) YI series

11 00mm

J-PARC K°TO experiment
159mm
—>

318mm

I159m|

—
318mm
(b) AIDA aerogel

Otransmission measurement for many samples

| parameter A’ |

-<008 ;_ ........... .......... ..... ——"

0.07 T B S f.i..|"= J-PARC before

006— ............ s —
005;_ ........... .......... ........ IS S ..........

0.04 ;_ ............ - \
0.035f I
0.02

0.01

|

EANARE

e

78

sample No

Maeda Yosuke, Kyoto University

0.0055

parameter C
O Y.UlE

0.0095 i_ ........... —
0.009F —
0.0085} |
0.008 ;_ ............ —
0.0075F
Tl 0.007F |-
0.0065 ;_II .......... ]I ........
0.006/

1 23450678

sample No



gain stability with LED

<OPMT gain calibration

ADC distribution

entries [/(5cnts)]

20

b
Ot.:

{>1pe peak measured
by LED

BHPV 1pe calibration for ch 0 - run00016089-00016092_BHPV1pe_off.root

Entries 10250

o 3 —— clock trigger Mean 104.4 % 1.032
E —— LED trigger RMS 104.5 + 0.7295

r A Underflow 0
Overflow 0

102? ¥2 I ndf 112.9/106
u Prob 0.3041

: normalization 6637 4 769.7

mean light yield 1.037 + 0.045

1pe peak o 0.439 £ 0.020
in beam off-spill ™ Iy e
blue : clo rig pedpetpl 7:048+0.000
red : LED r| ge N
S | I BN S e AN

OO 1 00 200 300 400 500 600 700
partial integral

{stable within 5%

1pe galn history

J-PARC KOTO exneriment
blue : cosmic run

4Std:Dev/m' green : physics run

.9:0.1 ; 137. 2/111)

1pe gain (partial integral)

S ” B TR G S lI'
-------- I! !!'xm'm“h

1 8(65 5;65. 8 0. 1 628. 0/4%6

HEF accident

! | !
16000 16500 17000

RunNo

ADC |n beam on- Sp|” »_BHPV1pe_on.root

— “ntries 8796
) =
5 C ——clock trlgger Mean 1254 1.37
8 C
L . RM 127.7 + 0.9691
= —— LED trigger S p-969
8 Underflow 0
H 102 ) Overflow 0
E %2 I ndf 285.4 /194
r Prob 2.113e-05
L normalization 3719 4 828.5
0 ; Ilght yield  1.267 4 0.092
E J'L’JJ 0.7462 = 0.1368
= l ﬂ 85.19)x 5.67
L i L
B ety 671894 0.0000
~} 0 T 21|+ 0.000
FLC JL 1] —‘U 0T
in clock w
L. I R I R PRSI | o | I
-100 0 100 200 300 400 500 600 700
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calibration run I if"

J-PARC K°TO experiment

{close upstream beam plug to reduce the
counting rate of detectors

<{charged particle momentum distribution by MC
{>tagged by hits in all

momentum distribution for tagged charged particle in plug closed run MC

BHPV modules and  3120;

trigger scintillator 2100

located in the down £ so;

-stream of BHPV é 60f

Oslightly different S 40f

condition in MC 20
% 1 2 3 4 5

momentum [GeV/c]

Maeda Yosuke, Kyoto University



pulse analysis

20)

b
Ot.:

nt
example of waveform for an event

<High rate detector
%5OOMHZ FADC readout

(cf. 125MHz w/ shaper
for most detectors)

Opulse analysis

<{>multi pulse is considered

{find multi pulses in an event
and information(energy & tlmlng)
for all pulses are stored

{>coincidence among modules

<{>Timing of each pulse is corrected :

by t0 (timing offset) and TOF.
{>find pulses whose corrected

timing agrees to that of nelghborln

modules within £10ns

Maeda Yosuke, Kyoto University

light yield [pe]

< ~500n8.
= moduleQ .. i i —

tlme [FADC sample]

red north side
green : south side

.....




# of coincidence modules

incident momentum distribution

O sensitive to incident y energy

entries [MHz/(100MeV)]

1 mod. coincidence
. events

500

1000 1500 2000 2500 3000 3500 4000 4500 5000

incident momentum [MeV/c]
momentum distribution of incident gamma for BHPV 6 modules coincidence

6 mod. coincidence

# of coincidence modules

[MHz/(100MeV)]

':E MC : 3.0x10"° P.O.T. with 2s extraction events
E O — data;wlclock trigger 3 4
. —— dataEwI TMon trigger %1 0
[}
£ 10
o .
MC r:leutron
MC KL decay
MC KL interaction
1 ‘MC'ozlhers ........................
0 500 1000 1500 2000 2500 3000 3500 4000 4500 ;5000
incident momentum [MeV/c]
1 0_1 ) ) /12 modules coincidence
= ~ 12 mod. coincidence
2 events
o
E : :
204 |
10?2
f=
@
blue, yellow:
10° (should be multiplied 1.

4 6 8 Maeda Y&Suke, Kyoto! Bniversity

# of coincidence modules

. 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
incident momentum [MeV/c]



E-ms:r\ ;; 3950 ::
study of beam bunch structure - =" -
B 102; L_In\-\an

data (g6ana output Wi
(9 put) WWWW

<bunch timing to event timing for
various ATOF reconstructed in 6y events

= — OF=1.0 OF= —
Entries 8216 — ATOF 0-5 Entries 784916 — AT F 1 - Entries 871485 — AT F 1 -5 Entries 656803
-|-Mean - % - --54.79 £.0.19B3 2 ; ; ; : : 5492 0.01p81 = . e B | ean..% ... 55192 091p8t 1g00C - - ___ 1 95 JPeRESRooonnoo oy
. 15000 Qo0 0
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8000f== -~ = -} - | siga e f - - kwie s dot - : |Lsigma

--------------- 000 ol AEEER "ECEREEERE XEY EY CEEEEEEFE EEER] (XN
T S | . T T e N
2000 ieeee e et b e ] e 2000 s c3ecaneamendi it b ittt
-40 -30 -80 -70 60 -50 -40 -30 -50 -40 -30 -50 -40 -30
BHPV coincidence time [ns] BHPV coincidence time [ns] BHPV coincidence time [ns] BHPV coincidence time [ns]
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= Nz 8 Ly

= Entries 523941 ATO F - 2 - 5 Entries 411154 UC)
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<>good linearity, =
but slight discrepancy 3
from expectation ‘

blue Ilne y=x line

w2/ndf  92.89/28
Prob ................... 696.e 09 .....
PO -4.248+0.08528
‘ | ‘é‘”;“p1‘§‘09256 0,001494 |
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entries [/(1)]

entries [/(1)]

tBHPV {(TMath::Abs(KlongMass-497.614)<15) && ((ScaledTrigBit&0x2)>0)}
Entries 2667349

Meah | -56.21+ 0.01082

spectrum check (i)

Und =rf|ow§

Overflow :

errgies [/(Ogns)]

%2 / ndf

w
o
o
o
(=)

\\\‘\\\\;\\\\‘\\\\‘\\\\‘\\

{spectrum difference
for each phase of
bunch structure

Constant

TMeap L

Sigma

15000

10000 Ly sy Ve 1“’2'“%('&) o
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spectrum check (BHCV

< similar study for in-beam
plastic scintillator detector
(Beam Hole Charged Veto
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vy energy hitting BHPV in 4y sample Ot

J-PARC K°TO experiment
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Ocuts
Ototal energy>650MeV
{no extra cluster |
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3 cm thick

future prospects

<{new aerogel production
for full module installation

<{>More aerogel is needed,
but we run short of one used
In the past experiment (AIDA.)

<{>planning to produce new one.

<{>guard counter

{>cover wider range
for further BG suppression

{>acrylic-lead detector

{also insensitive to neutron
thanks to Cerenkov
and total reflection
threshold

/]
fast particle “ slow

Maeda Yosuke, Kyoto University
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