Rare Kaon Decay In
KOTO/KLOE-2 experiments

H. Nanjo(Osaka U.)
for KLOE-2 and KOTO collaborations

FPCP2021

Special thanks to Antonio D1 Domenico
and the KILLOE?2 collaborators



Neutral Kaon
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Quantum Superposition

~CP eigenstate
m(K) :~ 0.5 GeV
7(Kg) : 90ps (¢t ~ 3cm)
7(K;) : Slns (¢t ~ 15m)



Neutral Kaon Mixing
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Recent KLOE/KLOE-2 Results / Status
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KLOE Detec‘[()r q”

KIL.OE detector

COIL
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px =110 MeV/c (F~0.22)
As=6mm A;=35m

i charged particle : p and vertex

/
N\ NN,
/ 6m \ \ TOF at calorimeter

Tracker and Calorimeter inside magnet




KLOE and KLOE-2 experiment q4”-
at the Frascati ¢ -factory DAONE
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Branching ratio of K¢ - zuv decay

Analyzed 1.6 tb-1 (2004-2005 data) TR

K; tag— the other : K paatll —ﬁ%&‘i\
K; interaction at the calorimeter (K;-crash) A{‘ uil &fh

(K¢ — muv selection A et GO
2 charged particles— 1 vertex close to IP q%ﬁ N immii y
BDT : kinematics(angle, momentum, M) “:J;:____ 4 __:;;;}
Time of Flight with PID assumption s

KS —> 7Z'+7Z' _( —> 71'/11/) Slgnal 7t~ hypothesis . a*u* hypothesis
\ LDT > 0.180 1 ns < |0tzr| < 3 1S Ansmlwgn{l 0t,| < 0.5 ns

<

0t,, = min[|0t.,l, [6t.r]




Branching ratio ot K¢ — zuv decay «

Data: (K; crash) + (K¢ — 7muv)

Signal count
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Branching ratio of K, - muv decay

] = -1
Data sample: L=1.6 fb Main systematics

KLOE PLB 804 (2020) 135378 |First measurement IT{(S)CFleSCj;?Ii)OH((Sm) ::31-2‘2

‘ BR(Kg — tuv ) = (4.56 = 0.11 3, = 0.17 ) ¥ 10~4 ‘ MC/Cont.Sample stat. :0.8%
BDT selection :0.3%

Expected value assuming kaon-lepton coupling universality:
BR(Ks,3) = (4.69 £ 0.05) Xx10* = B(Ks — mev) x R(I) x (14 63")

using BR(Kse3) [KLOE] and K| 3 phase-space integrals ratio [KTeV]
and long-distance radiative corrections.

Vus determination

| £:(0) Vs | ks-srpy =0.2126 0.0046

Test of lepton-flavour universality

Rue= [|f+(0)vus|K59T[p.v ]/[ |f+(O)Vus|KS$nev] =0.975x0.044

KLOE PLB 804 (2020) 135378
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Charge asymmetry of K — z%e™v

70 +,——
| K" —rev Ratio of 4 amplitudes

.

AS = A0 3 parameters

| =0 I y: AS = AQ, CPT violation
R —mew x,: AS # AQ, CPT conservation

AS # AQ x_: AS # AQ, CPT violation

Charge asymmetry of K¢ — mev and K; — mevy
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K¢ — mev charge
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of events after event selection
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K¢ — mev char oc asymmeltry q”

As KLOE |

Data sample: L=1.6 fb"’

(2006) - | ] KLOE (2018)
As KLOE : |Ag=(-4.8+5.6+2.6)x 107 |
018y — '

ICPT invariance | compination KLOE(2006)+KLOE (2018)
AsKLOE , | * -

Ac=(-3.8%+5.0+2.6)x1073

(2006+2018) | s = ( )
A, KTeV ! * JHEP 09 (2018) 21
v | with KLOE-2 data: SAg(stat) — ~ 3% 10-3

-0.02 -0.015 -0.01 -0.005 0 "0.005 0.01 0.015 0.0
/\Charge asymmetry

A -4, = 4RO\ Rx ) — | Rx_ = (=2.0 £1.4) x 10| CPT & AS=AQ viol.
JHEP 09 (2018) 21

A+ 4, =4Rg-Ry] — [Ry=(1.7£1.4)x 102 |  CPTviol.
input from-0ther experiments

(AstA.) => improvement of CPT test ( Imd ) using Bell-Steinberger relationship.

Measurement of Br(Kg.3) with x4 statistics wrt previous KLOE result is in progress.
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Direct test of T and CPT in neutral kaon transitions

Entanglement as a tool for
in <-> out state inversion

Observables of the tests (we focus on the asymptotic region ):

sensitive . I[(mtr—, m—etv; At) sensitive : [(rtn—,mte~v; At)

I(m~ety,3nY; At)
I[(mtr=,mte~v; At)

I(m~ety, 3n%; At)
[(rt7=, m=ety; At)

R} (At) ~ Ry (At) ~

Double ratios:
I[(37%, e7) I(ntn™,e7) RSPT
[(37T0,6+> I(7T‘|'7T_’e‘|') RgPT
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I[(37Y, ™) I(nt7m—,eT)
[(370 et) I(ntm—,e7)

T
DRCP = R—?F(At) = (At) =
R4



Double Ratio

Note different scale!
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Direct test of T and CPT in neutral kaon transitions

. | !Target(ﬁ_“)‘ Preliminary results
3 R4T fit 5* / NDF = 22.2/18 = 1.23 E (statistical uncertainty only)
3 E 1.04
- - . NN )
o=, . IR B T - 11 - 1.03 T observables CPT observables CP observables
—— o R — —— = ’ -- TV from CPV+CPT -- CPT invariance -- CPV PDG
o T Aty - 1.02
- Expected: R} 1 + 4Re(e) o)
so 100 150 260 2:';0 ' dess T

At[t] ] RERR RRRuRS - -
3 RS" fit 2 / NDF = 24.8/18 = 1.38 ‘Vahdatlon(CP) ‘0 7 r " [y -t
3 E 0.98
_ N _]_] = 0.97
1 I N ]
= ! - 1 E 0.96 J\L )
3 e T
- Expected: ch 278 1 + 4Re ~ 1.0064 1 0.95 S S S S S—
C L ) L &~ &~ &~ ~ &~ Q, Q, QA
50 100 150 200 250 g & % 63 63 }\lJ &ﬁ St)

Atlrl % = E 5 < Q
- REPT/RSTT noe/NoE=20018= 11 |Target(C?T)‘ First measurements
- - Analysis at the final stage
E_]— 1 —} I { S '_l_' i '—l—'=l= —] = .

Lo e T ] Last systematic effects under study
CPT .
- Expected: W TZ7 1 8Re(d) I CP observable

. w A “00 e Consistent to known CPV

[ (TS) 15 Under control at O(1072)




Recent KOTO Results / Prospects
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K—> VY in SM

] T I/I/ K"‘ — T yy
Calculated BR (SM) (3-4 +0.6)x 107" (8.4x1.0)x 107!

Buras et al JHEP11(2015)33

Mainly Parameter error from CKM matrix elements

Theoretical error < 2% < 4%

Quarks in loop top top > charm

Heavy t,W.,Z
Weak coupling

CKM Strong suppression
VEV, , ~ 5% 1077

Precise and Suppressed SM process(BG)
—BSM Physicssearch(Signal)




Rare kaon decay : K - mwv

7 Kt — 77up

<KL ~ (KO = 1?0)/\/5)

K, »x

Amplitude x & s—d (A s—>d)* o o s—d
Width x (Im«f s—>d)2 x | A s—>d‘2

CP CP violating CP conserving

PB(directmeas.)  <3.0x 1077 (90%CL) (10.6733+0.9)x 107"

(KOTO 2015) (NA62 2021)

9B (1<9L)‘ Grossman-Nir bound — By, 05 < 44B ki 1o
07" —=__ B (indirect) < 6.4 x 10710 (from 68 % CL meas . at NA62)
10710 |

10—11 — SM
- | 18




Examples of new physics contributions

JHEP12(2020)097
’2'\ i 9?2=0.5, Mz =3TeV
N Ram, € [-1.0, 0] '
~ EKE[—O.S,O.S]
& 4 - EKE[—O.Z,O.Z]

X
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Y

)
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M 1 1 1 1

0.6 0.8 1.0 1.2 1.4 1.6
KT — ztvv Ry X B(SM)

Flavor-violating Z’° coupling

JHEP08(2020)034
108 -
\ \ KOTO bound
Vo
) %
R 10 e , ]
% 9. ?
T L, 42&/> ]
e 4 : |
s $B=101 QS |
S 10-10s - "GP LpuRd
SM: K_ > ww
10—11 L ! !
40 60 80 100
Anp(GeEV)

Dim.9 AI=3/2 operator

leptoquark, SUSY, charged Higgs, vp...

dark sector ...

K; — 7°X due to loophole in K™ — ztvr experiments(X mass / lifetime)
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J-PARC KOTO experiment °

KOTO (KO at Tokai) to search for K, — z%w
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KOTO signal detection ot

K; — 7UD JZ'O( — yy) + nothing

20m-long beam line 8.5m-long detector in vacuum tank

+—>

>
A A

7y

collimator + sweeping magnet |
AN

Au target |[Ji_ IS
30 GeV proton—" I~

Narrow beam(K; , n, v)

- . : : Hermetic veto
7 reconstruction p T . |detectors
from 2y : :

250 MeV .
prselection

Csl calorimeter

130 MeV ............ : : <~ KL — 2}/, KL — 7T+7Z'_7Z'O

blind analysis 2m ZverteX
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KOTO data collection o
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Analysis tflow of 2016-18 data AT

Event selection to reduce background Blind region

Veto detector Signal region /

y cluster—=Shower shape. etc

70 — Kinematics

# of background — ~0
Signal acceptance (A

Fix event selection

Single Event Sensivitly =

Unblind — N _’

81g)

Sl

g Slg
Post-unblind analysis
Keep the same event selection




Reduction of hadron cluster background

2.5cm X 2.5cm/

Hadron cluster BG Special run to take control sample =~ — 108
Y [ Scm X Scm crystal WI%E
|
Al targei
neutron neutron
100 L |10
- -300 -200 -100 0 100 200 N X :
1 % +Physics
§ . $zoa1
Jol] Physics sample
< | Control sample > .
Control sample g 80% signal acceptance
500 3 +
] SN Control sample
N: = S R S0
400; | % 1; é;w.& rz " ++ T_=m+ .H h- . h‘"’*j***' ; 450%—
< 350§ '-_ 5T 03 03 04 05 05 07 05 09 1 4001 .
= 300 S st R
2 a0 YA Cluster Shape Variable L - .
~ 2005 "Lt = 250 z
~ 150F- "_1:_ ' 6 E 200 r?.‘l : > .
100 i X (18 X 1() ) 150 -'.'{,.. ~
50 L 100 .
. . (after contamination from 500
1?)001500200025003000350040004500500055006000 ST [ N T
Z i (mm) KL decay was removed) 1900 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000

24 Vtx (mm)



Situation of unblinding fixing event selection

P; (MeV/c)

Pre-unblinding

Expected # of background in the signal region : 0.05 £ 0.02

500
450
400
350

N W
nh <
=

200
150
100

50

\

T
5
O
S

00 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000

Zytx (mm)
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Final result atter unblinding °

|Phys Rev.Lett.126(121801)(2021) |

Post-unblinding analysis
K™ decay : 0.87 £0.25

3 events observed

Halo K; — 2y :0.26 = 0.07

SES=(7.20 £ 0.05,,, +0.66,,,,) x 10~'°| Others 1 0.09
Total - 1.22 +0.26
500
- 439 0 0 :
4500436.79 3583 * |0.53 0.3 0 # of observed events is
400E- . consistent to # of backgrounds
380 L . No update of the upper limit
§ 300 2 [1.97 2035
O - 30. | including signal region Number Of events
2 250 | r e 0
- - .i i 0.20 K; — 37" 0.01 = 0.01
& 20 '3 2009 | K, = 27 (beam halo) 0.26 & 0.07°
1500 1.22-026 .- Other K, decays 0.005 =+ 0.005
100F- 0 0 K= 0.87 &+ 0.25°
505_ 0.14 -0.06 0 Hadron cluster 0.017 £ 0.002
- CV 7 0.03 & 0.01
Coova v bvvv b b b b b bvvv o b by
1900 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 Upstream 7" 0.03 = 0.03
1.22 +-0.26

Zix (mm)
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Distribution of backgrounds

500
450
400
350

N W
nh <
=T

P: (MeV/c)
(\®)
S

150
100
50

K= backgrounds

~
&
i

1.01+0.15

0.04+0.03

1.09+0.15

jncluding signal region :

A1 +0.13

kdnal region

0.08 +0.04

0
1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000
thx (mm)
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P; (MGV/C)
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D N W
=Y | B
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100
50

- 439 0
450 _—436.79 +383 * [0.53:0.13
400} .
/5\ 350 ;_ 3 ;‘;o 4
= 300 este  |1.97 035
o - » 3-. | including signal region
E 250 L0
~ 200E " i 3 [ 0.20
a | 0.09
150 : 1.22 +0.26
100 0 0
- 0.14 ~0.06 0
50 —

1?)00 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000

Vtx (mm

Halo K; backgrounds

(b)
0.46+0.13

6.42 +0.12

_"0.39 +9.09

o " = mcludmg ignal region

: -_ r - _|
- 0.26+0.07
/lv nal region

0
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Backgrounds found in post-unblinding analysis*®

1.Charged K : # of BG =0.87 / 1.22(total)

K+ — 2letv (B = 5%)
1st collimator ~sweeping 2nd collimator

d

\ Csl calorimeter

magnet

Absorber /
Au tarseet\ \ Te\i

—-7 K=

/3(‘)GeV/c -_ﬁ | |

proton K*/K; ratio=2.6 X 107>

2.Halo K—=2v : # of BG =0.26 / 1.22(total)

K, = 2y

Halo/core ratio 0(10_5 )
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Evaluation of x* flux'®%

K* — 797%

3 clusters on CSI Full p’”i reconstruction
7" full reconstruction < n 0 =
+ ST K= mass from p”* and p
n— momentum direction
0 +
pr +p7 =0 K* contributions—Flux

—— —}— Data
d ata MC Sample :
1K - nn
IO K — n%v (I=e,n)
O K, —» n'nr’

=+
ﬂ ﬂ @ Other K| decays

[S=Y
=
[N

[y
=
w

CSI calorimeter

[y
=
%]

10

IIIIII|T| IIIIII|T| IIIIII|T| IIIIIIII| IIIIIIII| T

Data/MC Events /(20.0 MeV/c?)

300 400 500 600 700 800

M(K*) (MeV/c?)
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Evaluation of halo K, flux 0%

K, — 37" data was used.

Center Of Energy (rCOE)

CSI calorimeter

+ Data
L T + Beam-halo
= — K, -» 3n° MC

Nevents/40mm
[y
=

Halo K; flux: ~X 7 of MC

S S

20 250 300 350 400 450 500 550 600 30
Rop (mm)

Data/M!
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Reduction of K* background
1.Charged K : # of BG =0.84 / 1.21(total)

K+ — ﬂ'ol+1/ Vv

1st collimator ~ sweeping 2nd collimator A
magnet :

Absorber
Au ta rgjeet\ -\

N
7

Csl calorimeter

~30Gevic T~

proton

Plate with 0.5-mm square
scintillating fibers
to detect and veto K= in beam.

Prototype : installed in 2020.
Upgraded and used 1n 2021

— X 1/20 (preliminary)




Reduction of halo K, background o\

2 .Halo K—=2v : # of BG =0.26/ 1.22(total)

K, = 2y

@ 32
Reconstructed Z vix

:

Signal CSI calorimeter

0
T = 2
K, 4

Halo/core ratio ~0(10_5 )

12.5cmx2.5cm crystalﬁ

ﬂ
4 HN
: Ny

¢
L-.-._-_

Shower energy and shape
~ X 1/20 (preliminary)
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Prospects

2019-21 data : Comparable or more than 2016-18 data
Suppress background — new results
Accelerator upgrade is planned 1n 2021.
—Continue to take data for better sensitivity,

1201|2018,

—

vl 2015 data [
. | (Phys. Rev. Lett. | i
| 122,021802)
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summary

- KLOE-2
- Data taking was completed.

. First measurement :%B(K; — muv) = (4.56 £0.11 £0.17) x 10~

. Charge asymmetry in Kg — zev
provides CPT violating parameters with the decay

- First measurements on CPT and T observables
with neutral kaon transition are in progress.

. KOTO : K; — z%7 analysis of data taken in 2016-18

. 3 events observed in K; — zwp search at SES=7.2 x 10~

. # of observed events is consistent to expected # of BG (1.22 = 0.26)

- Reduction of new backgrounds— Future prospects
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