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• KL→π0νν  branching ratio

Standard Model predict BR=3×10-11

E391a ex.：2.6×10-8 (90% level)

• Golden Mode ... Few % fluctuation about imaginary part η in CKM matrix

• rare decay

ーη

ーρ

K0L ! π0νν
小林・益川理論のユニタリ三角

decay therefore offers information of the ∆S = 1 process. The hadronic
matrix element can be factorized as the well-known branching ratio of the
K → πeν decay [8]. The higher-order QCD corrections that couple to the
virtual top quark are calculable but small due to the large mass of the top
quark [9]. A long-distance interaction contributes little to the K0

L → π0νν
decay [7, 10, 11], because neutrinos are weakly interacting particles. Conse-
quently, an uncertainty in the theoretical calculation is estimated to be only
a few percent, and the K0

L → π0νν decay will offer clean information on an
important basic parameter of current elementary particle physics.

Figure 1: SM diagrams for the K0
L → π0νν decay.

In the Standard Model, the decay amplitude of K0
L → π0νν is pro-

portional to the imaginary part of a product of CKM matrix elements,
Im(V ∗

tsVtd), which corresponds to the height of the unitarity triangle as
shown in Fig. 2. The unitarity of the CKM matrix has been considered as
one of the most critical checks for new physics beyond the Standard Model.
The pure and clean information obtained by the K0

L → π0νν decay is crucial
for checks of the SM as well as those by B decays. By using current esti-
mates for SM parameters, the branching ratio for K0

L → π0νν is predicted
to be

B(K0
L → π0νν) = (2.20 ± 0.07) × 10−10

(
λ

0.2248

)8 [
Im(V ∗

tsVtd)
λ5

X(xt)
]2

,

(1)
and is expected to lie in the range (2.8 ± 0.4) × 10−11 [12]. Here λ ≡ |Vus|,
X(xt) = 1.464±0.041 is the value of Inami-Lim loop function [13] (including
the QCD correction), and the parameter xt is the square of the ratio of the
top quark and W masses. Because η in Im(V ∗

tsVtd) = −A2λ5η measures
directly the height of kaon unitarity triangle, the decay amplitude K0

L →
π0νν violates CP directly and offers the best opportunity for measuring the
Jarlskog invariant:

JCP ≡ −Im(V ∗
tsVtdV

∗
usVud) = −λ

(

1 − λ2

2

)

Im(V ∗
tsVtd) , (2)
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K0TO実験ではSMの感度を目指す
分岐比がより大きければ、 新しい物理の存在を示す

K0TO exp.
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signal detection in KOTO
Main Barrel

←CsI カロリメータ

ν 
ν 

γ 

γ 

• CsIカロリメータにてπ0からの2γを検出

• CsIカロリメータ以外の全ての検出器にて他粒子がないこと(veto)を
要求 
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2π0 事象の除去と横方向光子検出器(Main Barrel(MB))

• 主back groundは KL→π0π0事
象。計4γのうち2γをloss

• 他の各BG ＜ 0.3events

Main Barrel

←CsI カロリメータ
γ 

γ 

γ 

veto

veto

# signal# signal

2π0 
BG

MB concern 2π0 
BG other detectors

event数
3.42±0.02
2.56±0.19

0.24

予想されるシグナルと主なBG
（MB改良前）

• MBは、E391a実験の鉛・シンチレータ積層型検出器を再利用
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inefficiency source and MB upgrade

FB

FB

E391a MB

E391a MB

CsI

CsI

2. add inner barrel

1. MB in proposal

+ ~5X0 

• Gamma inefficiency

punch through photo nuclearleakage sampling effect

nγ
Pb

detect

×○

• idea for MB upgrade

• The upgrade of inside E391a 
MB can reduce sampling and 
photonuclear effect. 

CsI or Pb+scinti.
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inside upgrade configurations

6

γ

fiducial region 

• Needed length is 3meters 

• Thickness is limited by geometry of γ 
into calorimeter.  (Max = 23cm at down 
stream end)

- if “Pb1mm+scinti.5mm” 5X0      
→ 16cm

-need to add structure thickness

KTeV CsI

E391a CsI 

Pb+scinti.

size number covered Z X0

50×50×500 392+α 1500 2.7
75×75×300 400−α 1200 4.0

free×160×free free free 5.0

3meter
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gamma inefficiency for #2π0 estimate

ES171 exp.

CsI7cm+E391aMB 1. calc. gamma inefficiency at 
each energy and angle in 
each detector

2. calc missing possibility at 
each 2π0 event from 
gamma inefficiency 

MB

θ

• apply ES171 result ?

• #2π0 estimate

-  Geant3 didn’t contain 
photonuclear (PN) interaction

-  PN in Geant4 agree to ES171 
exp. ?
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ES171 ex.

2.2. Tagged-photon beam

An electron beam from the electron synchrotron
hits a thin platinum radiator and produces
photons via bremsstrahlung. The energy of the
scattered electron is analyzed by a magnetic
spectrometer in the energy range from 100 to
420MeV with an energy bin of 10MeV. The
electron momentum is determined from a hodo-
scope with 32 ‘‘tagging counters’’ placed along the
focal line of the magnet with respect to the
radiator. To reduce accidentals, there is an
additional hodoscope with 8 backing counters,
each covering four tagging counters. Thus, the
tagged-photon energy (Eg) is Eg ¼ Ee " Ee0 , where
Ee is the incident electron energy and Ee0 is the
scattered electron energy. For this experiment, we
set Ee ¼ 430, 750 and 1100MeV, which cover the

Eg range below 1GeV. Details of the photon
tagging system are described elsewhere [4,5].
For this inefficiency measurement, a high-purity

tagged photon beam is important. If a photon
produced in the radiator pair-produces (to eþe")
before leaving the radiator, a tagging-counter hit
will not be associated with a photon. These ‘‘mis-
tag’’ events are reduced with a thinner radiator at
the expense of fewer tagged photons; the opti-
mized thickness was chosen to be 0:02 X 0 at Ee ¼
430MeV and 0:04 X 0 at 750 and 1100MeV. Veto
counters in the photon tagging system, as ex-
plained in [2], further reduced mis-tags. Two active
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Fig. 1. Plan view of the experimental setup.
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Sample Calorimeter

20 cm
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Plan  View

Front  View

PV

LS2LS2 LS2

Fig. 2. Detector configuration of the calorimeter and the
liquid-scintillation counters.The ‘‘LS’’ in the figure shows the
liquid-scintillation counter and the ‘‘PV’’ shows the plastic-
scintillation counter for charged-particle veto. LS2 in the figure
shows 2nd layer LS’s counting from upstream.

S. Ajimura et al. / Nuclear Instruments and Methods in Physics Research A 552 (2005) 263–275 265

cross-section with a diagonal size of 16.2 cm and a
length of about 36 cm ð15 X 0Þ. Scintillation light is
read out by six 2-in. PMT’s via wavelength shifter
bars placed at the hexagonal peripheries of the
module.

SC-(II) has a modular structure and each
module has a square-shape cross-section of 15#
15 cm2 and a length of 10 cm (Fig. 6) with two
sampling compositions: 1mm lead and 5mm
scintillator (16 layers, 3.1 X 0 per module), and
0.5mm lead and 5mm scintillator (17 layers, 1.7
X 0 per module). Scintillation light was read out by
a 2-in. PMT through a lucite light guide, as shown
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Fig. 3. Side and rear views of the undoped-CsI calorimeter (CsI-(I)).

Table 2
Parameters of lead-scintillator sampling calorimeters

Sampling
composition
(Lead/scinti.)

Cross-section

ðcm2Þ
No. of layers
(lead)

Length

Total Total Total nuclear a ðlI=X 0Þ
length ðLÞ (cm) radiation interaction

length ðL=X 0Þ length ðL=lI Þ

1mm/3mm $p# 8:22 81 $35 15 0.782 5:2# 10%2

(hexagonal
shape)

1mm/5mm 15:0# 15:0 16 $10 3.1 0.195 6:3# 10%2

(for 1-module)
0.5mm/5mm 15:0# 15:0 17 $10 1.7 0.158 9:3# 10%2

(for 1-module)

The last column, a, is the ratio of the nuclear interaction length to the radiation length in average.

Fig. 4. Schematic view of the undoped-CsI calorimeter using
crystals and PMTs from KTeV (CsI-(II)).

~350mm

162mm

PMT

PMT

Stainless  Pipe

Light  Guide

Lead - Scintillator
Sandwich

Wave  Shifter
Bar

Fig. 5. Front and side views of the 1-mm lead/3-mm scintillator
sampling calorimeter (SC-(I)).

S. Ajimura et al. / Nuclear Instruments and Methods in Physics Research A 552 (2005) 263–275 267

1)

LS... neutron detector
PV... plastic scinti. veto

γ beam

measured detector
  - CsI
  - Pb+scinti.

NIM A 552 (2005) 263–275
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340MeV

• Edep in CsI (PN event) (MC)

4. Results and discussion

The photon detection inefficiency is determined
from the relation given by Eq. (1). Results are
shown in Figs. 17, 18 for CsI and lead-scintillator
calorimeters, respectively, with Ethresh ¼ 10MeV
and mLSX2. Both figures show that the ineffi-

ciency decreases as the photon energy increases
with a shoulder near Eg ¼ 200MeV. For the CsI
calorimeters, the inefficiency decreases from 10"4

at Eg ¼ 200MeV down to 2# 10"7 at
Eg ¼ 1000MeV. There is no significant difference
between the two CsI calorimeters. For lead-
scintillator sandwich calorimeters, the inefficien-
cies are a factor of 2–3 larger than for CsI. The
uncertainty at higher photon energies is dominated
by the statistical error on NðEcaloEthreshÞ. The
uncertainty at lower photon energies is dominated
by the error in the estimation of the neutron
detection efficiency because of the smaller neutron
multiplicity. Slight differences are observed among
the inefficiencies for the three sampling configura-
tions. This tendency is correlated with the value of
a (Table 2), the ratio between the number of
nuclear-interaction lengths and the number of
radiation lengths: the sampling configuration with
smaller a showing better results, that is, smaller
inefficiencies.
Figs. 19 and 20 show the Ethresh dependence of

the inefficiency for the CsI-(I) calorimeter and for
the SC-(I) calorimeter at three detection thresh-
olds, Ethresh ¼ 1; 5 and 10MeV, respectively. In
this case we use the data with mLSX1 and subtract
the contribution from accidentals. For both
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Fig. 17. Photon detection inefficiency due to photonuclear
reactions for the undoped-CsI crystal calorimeters. The CsI
energy threshold is 10MeV. The arrows indicate 90%-
confidence upper limits for the CsI-(II) inefficiency.
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Fig. 18. Photon detection inefficiency due to photonuclear
reactions for the sampling-type calorimeters. The energy
threshold is 10MeV.
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Fig. 19. Threshold energy dependence of the photon detection
inefficiency due to photonuclear reactions for CsI-(I). The solid
and dashed arrows indicate 90% confidence upper limits for
energy thresholds of 5 and 1MeV, respectively.
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PN inefficiency at ES171 (CsI)

Eγ=250MeV

Eγ=340MeV

250MeV

Threshold\ inefficiency 250MeV 340MeV

1MeV 5 e-06 3 e-06

5MeV 1.4 e-05 6 e-06

10MeV 3.9 e-05 1.4 e-05

E[MeV]

E[MeV] • ES171 and MC are consistent.

1)

9

• Inefficiency (PN event) (ES171)

• Inefficiency (PN event) (MC)
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PN inefficiency at ES171 (Pb+scinti.)

250MeV 340MeV

Threshold\ inefficiency 250MeV 340MeV

1MeV 6 e-05 2 e-05

5MeV 1.7 e-04 7 e-05

10MeV 2.8 e-04 1.7 e-04

• Edep in scinti (PN event)(MC)

Eγ=250MeV

Eγ=340MeV

calorimeters, the inefficiencies are appreciably
reduced with lower energy thresholds.

The inefficiencies at higher thresholds are shown
in Fig. 21 for the SC-(I) calorimeter, where the
detection threshold is given by x ¼ Ecal=Eg ¼ 0:1,
0.3 and 0.5. The Eg dependence for x ¼ 0:5 shows
a similar tendency with that of the photonuclear

cross section [9,10]. The curve for x ¼ 0:1 strongly
declines at a higher photon energy, which implies
that the event fraction of small energy deposition
due to photonuclear reactions becomes much less
in the higher photon energy region.
The present results for the CsI calorimeters are

consistent with our previous results [2], but the
inefficiency results for the current sampling calori-
meters are smaller than our previous results by a
factor of 10. One reason for the discrepancy could
be the different sampling configurations; the
previous calorimeter was a sandwich of 2-mm-
thick lead and 6-mm-thick scintillator plates
(denoted 2/6), compared to the current calori-
meters with less lead per layer (1/5, 0.5/5, and 1/3).
Another possible reason for the discrepancy is a
difference in the neutron identification as ex-
plained in Section 2.3. Future experiments should
pursue the discrepancies in the sampling calori-
meters.
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Fig. 21. Photon energy dependence of the ratio between the
number of events in the tail region and the total number of
incident photons. The tail events require a neutron signal in one
or more LS detectors, and the ratio is corrected by the neutron
detection efficiency.
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Fig. 20. Threshold energy dependence of the photon detection
inefficiency due to photonuclear reactions for SC-(I). Arrows
show the upper limit for the 1-MeV threshold case at the 90%-
confidence level.
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E[MeV]

E[MeV]

• Consistent in factor 3.

1)

10

• Inefficiency (PN event) (ES171)

• Inefficiency (PN event) (MC)
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black：①
red ：②
blue： ③
pink： ④
green：⑤

85°
CsI

in
out

pro.

45°

(outer)
(inner)

add proposal MB

CsI barrel

①  ②　③

• neutron stop position R in # PN event in 
10^7 gamma incident

④
γ angle dependence in PN

2)

γ n
γ

θ=85°

p,γ...
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gamma inefficiency for #2π0 estimate

ES171 exp.

CsI7cm+E391aMB 1. calc. gamma inefficiency at 
each energy and angle in 
each detector

2. calc missing possibility at 
each 2π0 event from 
gamma inefficiency 

MB

θ

• apply ES171 result ?

• #2π0 estimate

-  Geant3 didn’t contain 
photonuclear (PN) interaction

-  PN in Geant4 agree to ES171 
exp. ?

→no need to apply
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# π0π0 background

black：E391aMB+CsI Xcm to all Z

red ：proposalMB+CsI Xcm to all Z

blue：else

18... CsI 7cm(middle z)+5cm(lower z) in real 
position,
19... Pb+scinti in real position,
20... CsI 5cm(middle z)+7cm(lower z) in real 
position

0.24

2pi0BG from 
other detectors

realistic detector Z position

13

• Black shows mainly punch 
through effect.

• Red shows sampling or photo 
nuclear effect. 

Pb+scinti to all Z position

# 2π0 BG

CsI thickness (0~15) [cm],  
other condition (16~) 

2011年12月19日月曜日



# π0π0 background

black：E391aMB+CsI Xcm to all Z

red ：proposalMB+CsI Xcm to all Z

blue：else

18... CsI 7cm(middle z)+5cm(lower z) in real 
position,
19... Pb+scinti in real position,
20... CsI 5cm(middle z)+7cm(lower z) in real 
position

0.24

2pi0BG from 
other detectors

realistic detector Z position

14

Pb+scinti to all Z position

• Realistic length detectors show ~0.7 

• 7cm CsI(~4X0) and Pb+scinti.(5X0) 
show almost same value

# 2π0 BG

CsI thickness (0~15) [cm],  
other condition (16~) 

→next page
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• Events affected by lack of CsI 
thickness is not negligible             
→ should not be thrifty less than 
5X0

• Photo nuclear or sampling effect of 
CsI seems to be lower than that of 
sandwich detector.

black：5°
red ：25°

blue：45°
pink：85°

inefficiency comparison (CsI7cm/ Pb+scinti.25)

90°45°

15

MB

θ

E[MeV]

※there are not enough CsI to 
satisfy the amount of material.
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z=2800 z=5800 z=6148z=4170

Pb+scinti.

z=2750

z=3000

CsI
(3+α)X0

(2+α)X0

• for punch through ... need 5X0

• for low energy (10MeV~100MeV) ... full active or high sampling ratio

• for back splash & shallow high energy BG ... sampling detector with 
good timing resolution is allowable
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High performance configuration

5X0 γ

• The thicker  “inner” is made, the closer #2pi0 BG come to 0.3 low 
limit.  But “inner”  should have better sampling ratio than “E391aMB
(outer)”  (=Pb2mm).
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z=2800 z=5800 z=6148z=4170

Pb+scinti.

z=2750

z=3000

possible and reasonable to construct

 ~5 X0

• 5X0 Pb+scinti. simple detector. (possible to add CsI in middle stream in 
future.)

17

old 5X0 sandwich high performance

2π0 
BG

MB 
concer

n 

2.56±0.19
0.63 ± 0.03 0.4 ± 0.0

2π0 
BG other 

detecto
0.24

0.63 ± 0.03 0.4 ± 0.0
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subject from now

• satisefy required timing resolution and light yield

• support structure

read out

read out

3m

E391a MB
New Barrel

KL
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Summary
• The upgrade of inside E391a MB can reduce 2pi0 BG well. 

• CsI shows good performance because of reduction of sampling 
and photonuclear effect. But CsI does not saticefy the amount 
of material.

• 5X0 of ”Pb+scinti.” reduce #2pi0 BG to 0.63±0.03 from 
original 2.8±0.2.

• CsI&”Pb+scinti.” hybrid configuration has maximum effect and 
#2pi0 BG will be 0.4. 

• It is possible to plan to add CsI to inside of upgraded ”Pb
+scinti.” in the future.
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backup

20
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#BG in each threshold at Pb+scinti. 5X0

• #2pi0BG

threshold [MeV]

※ acceptance 50% 7E13 KL

×10-1 events

21

MC default ※ E14lib default is 0.3 
or 0.5MeV
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