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Physics on KL— oy v

. Breaks CP symmetry directory
. KLxKO0-KO
+ AKL-70v v xAs—d-(As—d) =lm As—d
. Suppressed In the standard model (SM)
. BR(SM)=3x101TxIm(VtsVtd*)2
. Small theoretical uncertainty (<2%)
. Dominated by short distance interaction

. Precisely estimated Hadron matrix by using
the K+—mOetv data



New Physics on KL— Oy v

. Jd — -~
. Can appear in the loop 8 i ) X
S d
. Can enhance the branching ratio ) t )
KOTO s BR(K; — 7'vr) _ K v /
o= /
Direct limit (KOTO 2015) ™"
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http://www.nf.infn.it/wg/vus/content/Krare.html




What we want to reach at KOTO step?2

. Discovery

. BR(KL—m v v)= (SM prediction)
— ~b5 o discovery
—Measure BR with 30% accuracy

36 X BSM

28 x B,
- New physics search

20 x Bsrw

. |Br(KL—=m%v v)-SM|/SM >40%
—|ndicate new physics

13x B,
. Measurement of SM parameters 9 x Bgy,
5xBg,

. Measure CKM parameter n v - B,

~J [~

™ 102 124 14.6 168 19.0 21.2 234 256 27.8
_ 11
BR(K+ H7T+VV) x 10 + Buras 2014

http://wwwlnf.infn.it/wg/vus/content/Krare.html

representing the size of CP violation
with 15% accuracy Standard Model
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How to search the KL= %y v decay



Experimental Principle

Sighature of KL—>mOv v

Assuming 27y from 79,
Calculate z vertex.

M2( 7 0)=2E1E2(1-cos 6)

Calculate 79 transverse
Signal region momentum

/ Vertex




Experimental Principle

Suppression for background events

KL —> 7[01/1] BR=3x10-1 Ky —>m"e v BR=4.0x10-!
charged particles

1T+
e

"

\Y
vV vV

" | | * Detect charged particles with
Signal region plastic scintillators

/ Vertex




Experimental Principle

Suppression for background events

Uy |B

R=3x 101

BR=8.6x 104

Signal region

/ Vertex

more photons

* Cover decay volume with
veto detectors



Experimental Principle

Suppression for background events

) |BR=3x10-1 TT0 Production through the interaction
with residual gas

Ny
N
.....

Ny

* Keep the decay volume to be
Signal region high vacuum

/ Vertex
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Experimental Principle

Suppression for background events

Uy |B

R=3x 101

Signhal region

/ Vertex

TT0 Production through the interaction
with detectors around the beam hole

%k Materials near the beam hole
should be minimized

Intensity

* Beam should be “well-shaped”.

* |deally, No partiCV
in “halo region”

*“Beam position



Experimental Principle

Suppression for background events

01/17 BR=3x 101 Neutron make 2 clusters
through hadronic interactions

* %k Discriminate ‘“‘neutron cluster”
Signal region from “photon cluster”

/ Vertex
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Basic detector design

Vacuum

Charged particle

Photon veto

Measure E and
position of
photohs

Photon
veto
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KOTO experiment
IN Hadron Hall



KOTO experiment

KL= %y v decay search @ Hadron Experimental Facility
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KOTO detector

Calorimeter (CSI)
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KOTO data taking
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The latest results of KOTO

2016-2018 data analysis

Single Event Sensitivity =

-inal P1 vs Z plot

Slack: observed,

Red: expected BG,
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Nobserved (=3) is statistically consistent with Neg (=1.22+0.26).

Zvtx (IMmm)

(7.20 £ 0.05stat = 0.66syst) x 10-10

IBackground Table|

Number of events

K, — 370 0.01 + 0.01
K, — 2y (beam halo) 0.26 + 0.07°
Other K; decays 0.005 + 0.005
K 0.87 + 0.25°
Hadron cluster 0.017 £0.002
CV 1 0.03 = 0.01
Upstream 7" 0.03 £ 0.03
1.22 =0.26

Ki—>ﬂ'0

sweeping

e~ is the most serious contributor.

CSI calorimeter

18 st colllmator magnet 2nd co ||mator

Photon absorber

30 GeV/c _\b

+
ot K= — nle" v

0 +

/”F_—ﬂﬁ

Au target

K

4+
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Prospects of KOTO

CSI calorimeter

. Against K+ Backgrounds

- Plate with 0.5-mm square KE ¥ I/
scintillating fibers to detect K+
iIn beam ( Efficiency ~ 95% )

. Installed in 2021

- Further upgrade study Is on-
going




Prospects of KOTO

2015

2010-2018

By 2025
O(10-11)
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- detector stays as 2015
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Required Signal/Background ratio
for 3 o observation
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0 25 50 /5 100

The number of observed events
t

// J—Reachable sensitivity start to be saturated
/’ after reaching O(10-11)
Ao (-olgnal background ratio required for 3o

|
Need a hew experiment

to get huge improvement
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KOTO step?Z
IN Extended Hadron Hall



KOTO Step?2 in extended hadron hall
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- Br(KL—=1mow) =SM
— ~50 discovery

- |Br(KL—=10wW)-SM|/SM >40%
—|ndication of new physics



A new KL beam line

KL yield dependence on extraction angle
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A new KL beam line

Basic design

30GeV Experimental area

Proton

Sweeping magnet xzxow

T2 target 1st collimator

2nd collimator
43m from the target,

Another magnet at most downstream behind the proton dump

. b degree production
. The beam line length is 43m.

. Shorter than the original design by shortening
the distance between the T2 target and the beam bump.

. Need to discuss the detail with other groups

. KOTO-2 area is located behind the beam dump.

24
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1.722 = 0.017
-0.2011 = 0.0052
.005615 + 0.000344
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A
25000 30000

K, momentum at z=-5 mm(MeV/c)
KOTO Step?2 Galn.for KL
vield
Production 16 degree | 5 degree X5
Angle
Seam line 20m 43m X0.8
Length
Solid angle 7.8 usr 4.8 usr X0.0

N(KL= 1.1x107/2x1013 POT
—X 2.0 higher than KOTO (per POT)




A new KL beam line

Neutron profile
At /=64m, Energy>0.3GeV

X! c1

File Edit View Options Tools

Help

yEC:xEC {pid==13}

Xyec
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Halo="outside £10cm”
Core="inside =10cm”

Ratio (Halo/Core)=1.84(x0.02)x10-4

Can improve the Halo/Core ratio

by optimizing the collimator shapes




A new KL beam line

Trial to reduce K* contamination
K* profile@ beam exit

sweeping CSI calorimeter

o 2ndc7.imator o =4W/o second magnet|+=1W/ second magnet
\ - et K= - n'e™ v -I OO 3 . ).zocoae’ -| OO = E’in:{oc ;
proton /”—*- — ﬂi KT % M : | Em : T
Au target CE) - . _ . LE) -
E = SF ., T
Setup for Monte carlo simulation e N T
‘ | C1: Bm | —QIOO ~x{cm) 100 I—?OO x(cm) 100
cl C2 C2: 5m Default setup With second magnet
~ - | N i _| + -6
Absorber | 1 Magnet: -R(K*/KL)=4.1x10-° R(K=/KL<T.Tx10
' o 0 27 L=1.5m
3 i (Space=2m) Optimization with higher MC samples

are on going
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A nhew KL beam line
The effect of the beam dump

. NON | X/ e

+ KL experlmental area Is o wliw/laﬂgnm?rack behind the beam dump .

Fill x and z position
(extrapolated) when

Just behind the beam dump

Simulation Setup for the effect of dump lyl<2m at the point

X-Z view

| | IIIII| [ 11 lIIIIl

___ S degree line
from T2 target

7
[ Tagging plane r

Detector region

Cu main dump |X|£1m Z (m) | D=4m, L=20m
1.0 6.0 9.245 17.645
v v 4 \ 4
|

Steel shield |X|<2m KOTO
Area . Muon rate over the detector will be 15 MHz ! (*)

Concrete shield |X|<8.5m

« Neutron rate is tolerable ( ~25kHz)
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A nhew KL beam line
The effect of the beam dump

. KL experimental area Is
Just behind the beam dump Additional Additional Additional

Simulation Setup for the effect of dump Current 3m-thick b5m-thick 7m-thick

with additional steel dump

steel steel steel

Counting
rate 15 MHz

7
[ Tagging plane r

5.5 MHz 2.0 MHz

1.0 60 9.245 2(7;)645 @ 100kW
n %W‘"—_' —-— « Muon rate can be reduce to 1.3 MHz
& ‘ gt | | (~TO with additional 7m-thick steel.
Steel shield [X|<2m Area . COOperate with the primary beam channel group

l

Conceeshie =3 5m | to look for a good configuration
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Detector for KOTO step?2

Signhal region 2m —
Calorimeter radius: Tm —

29



Signal acceptance

Data taking : 3 Snowmass years (3x107s)

500

= ; - . Beam power: 100kW

o £

% ] oo . KL yield: 1.1x107/2.1x1013POT — x2.5 from KOTO
=48.9+0.5

0.4 Decay Geometrical Cut
Probability Acceptance efficiency

1- Accidental loss

v KOTO Step?2
Efficiency

KOTO

Efficiency

10%

3.3% 26% 3% 36%

Improvement
factor

3 0.9 3.7 2.1

(Sum of improvement factor on efficiency ) x (Increase of KL yield)=120
30




Accidental loss

FBAR
NCC
CBAR
Col
CCO4
BHCV

FBAR =
: CCOo4
1—NCC |
/
“ BHCV
Rate (MHZz)

Accidental loss is 23% In total

W

FBAR
NCC
CBAR
Col
CCO4
BHCV

O 2.5 5 7.5 10
Loss (%) 31



BG estimation

KL= OO Ki—=m+m-m0o Hadron cluster n production in CV
5 50(?_ _?0 50(3_ ° 50@_ 10000
> F | S E 7 > b
(= op O = 6 O E ) 8000
=t 3.4+0.5 I = 4 . > :11.443.2
= E — i_ ) \I-_’ 3 6000
AN I ) Al i— 3 as E— 4000
102 OO 0 O O
CVrpy
— 27 |ad CSI
by Zix | m
|1
2 of 4}/ hit CSI and ﬂi disappear in downstream beam pipe A halo neutron directly hit the calorimeter A halo neutron interacts with GV and

2 are lost due to detection inefficiency and makes 2 clusters produces 1 =wrong vertex reconstruction




What is achievable in KOTO step?2

with 100KW beam and 3 years data taking

Discovery
i
BR(KL— 7 v v)= (SM prediction) s
—> ,\,5 O dISCOvery ‘_{2 103.6 35XBSM
—Qbserve 49 events with X 924 ,
112 BG events |§ 81.2 28 X Bg,
—Measure BR with 30% accuracy + 700
= 388 / | 20 x B,
. New physics search T e 76 )
0 g 36.4 .-/"// 4Gen: 13 x Bg,,
. |Br(KL—=m%v v)-SM|/SM >40% = b Kk
: : 25.2 IgLs: T B L 9xB
—|ndicate new physics Q= e RR s AL L ] W
= e :331-Z : 5xB
. ! : } SM
g : B
7

. Measurement of SM parameters

e

SM

) 102 12.4 14.6 16.8 19.0 21.2 23.4 25.6 27.8
_ 11
BR(KT — n7uvv) x 10 + Buras 2014

http://wwwlnf.infn.it/wg/vus/content/Krare.html

. Measure nwith 15% accuracy Standard Model
33




Summary

. KL= 7%y v decay iIs a powertful tool

to search for new physics e
. KOTO will reach the sensitivity 'S 1036
of O(10-11) around 2025. X 924
I/§ 81.2
. KOTO stepZ have potentials 4 700
_ _ _ T s
- Discovery the KL—>mOv vsignal with 50 1+ A
|, 476 /// B
. Measure the branching ratio < 364 /
with 30% accuracy gé e Mt e Ml A e
Lx 331-Z

- Indicate new physics

f |

M 102 124 14.6 168 19.0 21.2

Br(KL— 7%y v)-SM|/SM >40%

Standard Model

3.4 25.6

BR(K' — ntvw) x 10}

36 X BSM

28 X Bsm

20 x BSM

13 x BSM
9x BSM

5XBSM

BSM

+ Buras 2014

http://www.nf.infn.it/wg/vus/content/Krare.html
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Accidentals

~J

~ 7 0 ~
E 6.Rate.RatefromKdecay(MC) QWIdth60 g * 60% acceptance IOSS due
= 5. e Jso &  toaccidental hits
&‘; 45— ° 140 §
~ 35 ¥ Now dominated by non-K
2 EM source; investigating
1- 10

0" FB " NcC  MB ? CCO06 BH det.
Loss 12% 10% 7% 12% 17 %

PCV CcCo6 newBHCV

s conci




Muon flux measurement
oenind the current dump

Measurement in the well

(Under Consideration)

SRELS C-LATOTRSE (BA) KRERET,
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- J m-deep we

-4.4m GL
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Need to dig a hole and insert a pipe
Need to prevent spring water
Need to have a rigid cover

Want to prepare by the
next beam time in 2022 if
possible.

(Although no budget is
allocated at the moment.)

. Watanabe-san started to discuss with
facility department, radiation-safety
division, and a company.



Neutron

At the exit of the beam line (Z=43m)

X! c1
File Edit View Options Tools Help
ptot[] {pid==13}
pn
Entries 569488
B Mean 2 831
RMS 2.089
- Underflow 0
QOverflow 1.72e+04
Integral 5.523e+05
10* —
10°
lllllllllllllllllllIlllllllllllllllllllllllllllll
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Momentum (GeV/c)

37

36x10° POT generated

=g N
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370262
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File Edit View Options Tools

Photon

At the exit of the beam line (Z=43m)

Y

c1

Help

ene[]*1e3 {pid==1}
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Overflow  2.004e+04
Integral 6.045e+05
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Angle measurement

. Incorrect vertex reconstruction
. Reject with two additional photons
. Narrower veto window

S 221

_8 -

€ o4 KOTO2 EMCal Technical

5 [

o -

é? ol train: 0<A<50, O<p<360 (100K)
1o test: A=10, O<p<360 (50)
1.8}

171
180
150 :
- L1l lllll' llllll Ill llll

5 10 15 20 25 a0
Scintillator width (mm)

. 15mm width of scintillator seems to be optimal

Yy Even layer ID Odd layer TD
4

Full geometry 105 lavers

Yy, Z position X, Z position

I

>
o
)

KOTO2 EMCal Technical

=N

Resolulion (deg)

w
o

=20, 0=<¢=<350 (100k)

po/IX, p0=1.429

2-
1.5—
1= -
—llllllllll ll llllllll l llllllll ll llllll
0 02040608 1 12 14 16 18 2
Gamma energy (GeV)

. 1.5 degree angular resolution for 1T GeV photon

Still detector optimizatiords on going.

»

X

. Sampling calorimeter made of alternating lead and plastic scintillator
. Plastic scintillator is finely segmented in X- and Y-direction individually



../g2ana/step2geom_step2mome15cm_Kplus_1MeV_100pe_9.root

500 10

K*/K, =4.1x107°
The same momentum spectrum as in x;

Only Ke3 decay
' With 0.9* additional cut acceptance

III|
—h

62.81+1.51

0 5000 10000 15000 20000
Z(mm)

O 1 1 1 | |

1072

Second magnet : x 1/4 or less — hope to be 1/10

If more reduction 1s needed, we will have UCV
(with additional acceptance loss)

CBAR / newBHCYV are responsible for the inefficiency of e*
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- Hermetic detector = KL decay = hit somewher

- Which decay region — 30m
R ... 100e3/(30e9%1.0e-19)*4.2/2.*1 1e//2e14=24MHz
30 m

Faccay = 1 = €xP (_ pyct

Ry, =24€6%0.28=6.7MHz

) =1-exp(-30/(6*15))=0.28

wR=20*ns * 6./MHz =0.13 13% loss



Situation of k, - 22° background

+ Detector inefficiency 1s a key.

Contributing detector
for x, — 22" background

Barrel-Barrel Barrel-BHPV

p P _piOp p
11 hh =
BHPV - Entries 303712 80— Entries
10— Mean x 7.064 - Mean
CSI = %% Meany  8.465 oF Std Dev
9F— Std Dev x 0.6744 ~ Underflow
— Std Dev y 1.46 ~ Overflow
FBAR 3 = —140| Integral 116.3 60— Integral
— 0 0 0 —
CBAR F =
— 0 0 0 [
— —130 n
6 :— 40—
5 -
CC04 © 20 30
4 m
= 20—
SE 10 -
NCC = -
N 10—
1 ||||||||||||||||||||||||||||||||||||||||||||||||| O 0 - |

1 2 3 4 5 6 7 8 9 10 11 Fusion

Fusion Odd Even



Effect of Barrel timing window, BHPV for k, — 22

- Narrow barrel veto window is feasible.
- Thanks to good timing variable

- BHPV would reduce # of BG.
- 24 p.e. threshold is not eftective.
» Operation is difficult.

- BHPV can be removed.

Barrel Timing Window  BHPYV threshold # of BG

20ns — 120 £ 5
S0ns 24p.e. 115 + 4
S0ns 12p.e. 90 + 3

S0ns op.c. 60 + 2
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ngh momentum KL

Extraction: 16°—5°: x ~ 5

+2 / ndf 103.7 /63
| Prob 0.0009484
12001 1193 = 11.8
_ 2.909 = 0.027
- 1.722 = 0.017
10001 ~0.2011 = 0.0052
B 0.005615 = 0.000344
800 )
6001 ]
400F .
200 —
| | | | | | | | | | | | | | | | | | | | |
OO 5000 10000 15000 20000 25000 30000

K, momentum at z=-5 mm(MeV/c)

¢ ppeak 29G6V/C
* [=yfct~6X15m=90m

Stepl:4.2 x 107/2 x 10'*POT

Step2:11 x 107/2 x 10MPOT

o L I B B B =
© m ]
S 09F 7 =
3 ~ 80 0
0.6 =
0.5F =
0.4F =
0.35 =

- ~/ 1 / 4 -

02:— —— e (0.77@43 m) \ =
012_ s Solid angle (0.22@43 m) é

00— 25 30 35 40 45 50 55 60

Length of beamline [m]

Beam size: 10cm—15¢cm: x2

( measurement)

X5%1/4x2=2.5

( Geant3 simulation)



