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E391a
BRSM = (2.5 ± 0.4) x 10-11 

Our Run-I partial analysis:

BR < 2.1 x 10-7 @ 90% CL*

Using isospin symmetry and the BNL K+ 
results, Grossman and Nir have set a 
tighter bound:

BR < 1.4 x 10-9 Signal defined by π0 PT 
and vertex, with all 

vetoes quiet... and the 
analysis is “Blind!”
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KL

The E391 Detector

Charged Veto & 
Support Structure

Main fiducial volume is 
empty vacuum (10-5 Pa)!
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First we pair photons and reconstruct the 
(π0/K) vertex by assuming the correct 
(PDG) mass and that the decay took place 
on the beam axis.

In decays with multiple π0‘s we group and 
sort them with pairing χ2.  We then shift 
the (x,y) vertex onto a center of energy 
projection from the target.

We apply “photon vetoes” - @ O(1) MeV.

Finally, we also impose kinematic (multi-
particle) and photon reconstruction quality 
cuts.

Kaon and Pion 
Reconstruction and Cuts

Z

Y

CsI Face

1

m2
π = (pγ1 + pγ2)

2 = 2 E1 E2 × (1− cos θ)

r2
12 = d2

1 + d2
2 − 2 d1 d2 cos θ

E =
√

S/L

1/
√

N ≈ 0.022

1/
√

N ≈ 0.014

1/
√

N ≈ 0.039

1/
√

N ≈ 0.024

K0
L → π0νν̄

K+ → π+νν̄

Br(K0
L → π0νν̄) ∝ η2

Br(K0
L → π0νν̄)SM = (3.0± 0.6)× 10−11

Br(K0
L → π0νν̄)GN < 1.4× 10−9

(Low E ⇒ Large ϑ)
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acoplanarity angle cut

6.2. EVENT SELECTION CUTS 87
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Figure 6.17: The MC distribution of the
transverse momentum of the reconstructed
2γ from KL → γγ versus the larger ∆Eγ be-
tween two photons, where ∆Eγ is the differ-
ence between the incident and reconstructed
energy. The PT tends to be larger for larger
∆Eγ .
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Figure 6.18: The MC distribution of the
acoplanarity angle of 2γ from KL → γγ ver-
sus the larger ∆Eγ between two photons,
where ∆Eγ is the difference between the inci-
dent and reconstructed energy. The acopla-
narity angle tends to be smaller for larger
∆Eγ .
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Figure 6.19: A schematic view of the
acoplanarity angle. The beam goes into the
page.
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Figure 6.20: The MC distribution of the
acoplanarity angle for the KL → π0νν̄ signal
(solid) and KL → γγ background (dashed).

KL → γγ MC, No Cuts

Plots courtesy of H. Nanjo.

Cut Line

KL → γγ can become a threatening background only 
in cases where there is a significant measurement 
error in the photon energies - otherwise, the PT is 

too low.  This sort of “mis-measurement” background, 
however, is easily handled by an acoplanarity cut.
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With all cuts applied, only 
these two events survive.

Statistics are ∼11x Data.

2π0 MC, Single π0 PT vs. Z

We use combinations of cuts (in addition to all the cuts 
at once) to estimate backgrounds from Kaon decays.

Performance of 
the CsI is critical!
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The “Charged Veto Background” - from halo particle 
interactions with the CV support structure.

Two kinds of background events:

π0 production:

Estimated with a GEANT3 MC.

η production:

Estimated with a GEANT4 MC (Binary Cascade 
Model).

Cross-check with FLUKA*

! production by the halo neutrons

• !’s produced at CV by halo neutrons

• could be reconstructed into signal box
assuming !0 mass

• ex.)  ! generated  at z = 570cm
 " reconstructed at z = 370cm

• statistics

• 2.79x1020 POT

• ~ x200 of data(1.41x1018POT)
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These sources are estimated with 
separate MC’s for convenience and 
historical reasons (and because 

GEANT3 cannot produce η particles).

*Underway - this does not 
affect our Run-II analysis.



9

! production in the target run

• Pt not required

• statistics

• target run data:  5.57e16

• MC: 5.0e7/(32949/((1.0e9)/(2026460/4.0e11)))
   = 3.00e17

• number of ! event

• accidental loss factor: 0.78

• data = MC x 1.0
w/ invariant mass > 0.52 GeV/c2

momentum( GeV/c )
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Plots courtesy of T. Sumida.

Invariant Mass (GeV/c2)

Data
MC:KL→γγ
MC: π0

MC: η

Target 
Run Data
MC Sum

M > 0.52 GeV/c2

Can we trust our hadronic 
background MC’s?

The target run
• set 5mm thick Al target

• +6.5 cm from the CC02’s surface

• 53runs, POT: 5.5706x1016 (data: 1.4027x1018)

• BG estimation using the target run

• CC02 events

• contamination to downstream by

• shower leakage

• photo nuclear effect?

• ! production

• evaluate the cross section

neutron

!0, !"##

5mmt Al target

We took special data with an aluminum target in 
our beam (@CC02) for calibration purposes.

Our GEANT(3+4) MC is capable of reproducing the 
mass and momentum spectra using only P.O.T. 
normalization.
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The target run also enables us to 
estimate the size of the “CC02” 
background from data directly.

Plot courtesy of T. Sumida.
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CC02 background
• CC02 events in 200-300cm

• data: 120 target run: 6824

• use these numbers for normalization

• BG at 340-500cm

• signal in target run: 9

• 9*(120/6824) = 0.16 ± 0.05 events

• cf.) 300-340: 106 events! 1.9±0.2 events
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“Final” plot
• remaining events in data

• 200-300 cm: 

• 120 events

• 300-340 cm, 0.12 < Pt < 0.24 GeV/c

• 3 events

• 300-500 cm, Pt < 0.12 GeV/c: 

• 2 event

• 500-615 cm:

• 17 events

• Signal retion

• 340-400: upstream

• 400-500: downstream
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Two Cluster Data - Analysis Cuts Imposed

Background check before 
opening the box...

Region 1: 300-340 cm: 1.9 ± 0.2

CC02: 1.9 ± 0.2

CV-η: 0.02 ± 0.01
Observed: 3

Region 2: 340-400 cm

CC02: 0.11 ± 0.04

CV-η: 0.04 ± 0.02
Region 3: 400-500 cm

CC02: 0.05 ± 0.03

CV-π0: 0.08 ± 0.04

CV-η: 0.02 ± 0.01
Region 2+3:

π0π0: 0.11 ± 0.09

Ke3: 0.03 ± 0.007

TOTAL: 0.44 ± 0.11

Region 4 (Low PT): 0.39 ± 0.08

CC02: 0.26 ± 0.07

CV-π0: 0.09 ± 0.04

CV-η: 0.04 ± 0.01
Observed: 2

...statistically consistent!
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Acceptance: 0.674%

Single Event Sensitivity:

1/(0.00674 x 5.13 x 109) = 2.89 
x 10-8

New Limit (Poisson):

6.7 x 10-8 (90% CL)

Comparison with Run-I:

Limit: 2.1 x 10-7

Acceptance: 0.657%

BG estimate: 1.9 ± 1.0 (0 
Observed)

S.E.S.: 9.11 x 10-8

S/N RunII/RunI ∼ 15

π0
 T
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e 
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π0 Z-vertex (cm from detector entrance)

Two Cluster Data - Analysis Cuts Imposed

4

TABLE I: Estimated numbers of background events (BG) in-
side the signal box.

Background source Estimated number of BG
K0

L → π0π0 0.11± 0.09
CC02 0.16± 0.05
CV 0.08± 0.04
CV-η 0.06± 0.02
total 0.41± 0.11

Fig. 5.
The number of collected K0

L
decays was estimated us-

ing the K0
L
→ π0π0 decay, based on 1495 reconstructed

events, and was cross-checked by measuring K0
L
→ 3π0

and K0
L
→ γγ decays [14]. The 5% discrepancy observed

between these modes was accounted for as an additional
systematic uncertainty. The single event sensitivity for
the K0

L
→ π0νν̄ branching ratio is given by

S.E.S.(K0
L → π0νν̄) =

1

Acceptance · N(K0
L
decays)

,

where the acceptance includes the geometrical accep-
tance, the analysis efficiency, and the acceptance loss due
to accidental hits. Using the total acceptance of 0.67%
and the number of K0

L
decays of 5.1 × 109, the single

event sensitivity was (2.9 ± 0.3) × 10−8, where the error
includes both statistical and systematic uncertainties.

Since we observed no events inside the signal box, we
set an upper limit for the K0

L
→ π0νν̄ branching ratio

Br(K0
L → π0νν̄) < 6.7 × 10−8 (90%C.L.) ,
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FIG. 5: (color online) Scatter plot of PT vs reconstructed Z
position after imposing all the cuts. The box in the figure
indicates the signal region.

based on the Poisson statistics. In deriving the limit,
the uncertainty of the single event sensitivity was not
taken into consideration. The result improves the previ-
ous limit [4] by a factor 3.

We are grateful to the continuous support by KEK and
the successful beam operation by the crew of the KEK
12-GeV proton synchrotron. This work has been partly
supported by a Grant-in-Aid from the MEXT and JSPS
in Japan, a grant from NSC in Taiwan, a grant from KRF
in Korea, and the U.S. Department of Energy.

∗ Present address: Laboratory of Nuclear Problems, Joint
Institute for Nuclear Research, Dubna, Moscow Region,
141980 Russia

† Present address: Scarina Gomel’ State University,
Gomel’, BY-246699, Belarus

‡ Present address: Institute of Particle and Nuclear Stud-
ies, High Energy Accelerator Research Organization
(KEK), Tsukuba, Ibaraki, 305-0801 Japan

§ Deceased.
¶ Present address: Department of Physics, Osaka Univer-

sity, Toyonaka, Osaka, 560-0043 Japan
[1] L. S. Littenberg, Phys. Rev. D 39, 3322 (1989).
[2] D. Bryman et al., Int. J. Mod. Phys. 21, 487 (2006);

A. J. Buras et al. hep-ph/0405132, and references therein.
[3] F. Mescia and C. Smith, Phys. Rev. D 76, 034017 (2007).
[4] J. K. Ahn et al., Phys. Rev. D 74, 051105(R) (2006).
[5] H. Watanabe et al., Nucl. Instr. Meth. Phys. Res., Sect.

A 545, 542 (2005).
[6] M. Doroshenko et al., Nucl. Instr. Meth. Phys. Res. Sect.

A 545, 278 (2005).
[7] M. Doroshenko, Ph.D. thesis, The Graduate University

for Advanced Science, 2005; K. Sakashita, Ph.D. thesis,
Osaka University, 2006.

[8] S. Ajimura et al., Nucl. Instr. Meth. Phys. Res., Sect.
A 435, 408 (1999); S. Ajimura et al., Nucl. Instr. Meth.
Phys. Res., Sect. A 552, 263 (2005); T. Inagaki et al.,
Nucl. Instr. Meth. Phys. Res., Sect. A 359, 478 (1995).

[9] The neutron spectra in the core and halo regions of the
beam were different. However, it was found that, when
two photons from π0 were detected in the calorimeter,
the energy and transverse momentum distributions of the
π0’s produced at the CC02 by the core neutrons were
similar to those of the π0’s by the halo neutrons.

[10] We confirmed by simulation studies the Z distribution of
π0’s produced within CC02 was expressed as an expo-
nential of the distance from the rear end of the CC02.

[11] S. Adler et al., Phys. Rev. Lett. 79, 2204 (1997).
[12] J. Nix et al., Phys. Rev. D 76, 011101 (2007).
[13] The detector simulation in E391a is based on the

GEANT 3.21. In order to simulate the η production in
the detector, we used the GEANT 4.8.3 with the QBBC
physics list. See “GEANT3.21, CERN Program Library
Long Writeup W5013”; S. Agostinelli et al., Nucl. Instr.
Meth. Phys. Res., Sect. A 506 250 (2003); “Geant4 8.3
Release Notes”, CERN.

[14] The branching ratio of each K0

L decay mode was taken
from W.-M. Yao et al. (Particle Data Group), J. Phys.
G 33, 1 (2006) ; http://pdg.lbl.gov/ .arXive: 0712.4164

Results



J-Parc E14

Another background is π0 production from beam neutrons interacting
with residual gas in the decay region. In order to suppress this background,
the decay volume is evacuated to 10−5 Pa, as was obtained in E391a by
separating the detector and the decay region with a thin film.

Figure 14: Schematic view of detector setup.

4.3.1 Calorimeter

The electromagnetic calorimeter measures the positions and energies of pho-
tons to reconstruct π0 in the K0

L → π0νν decay. In the E391a experiment,
the Calorimeter was made of 576 pure CsI crystals. Each crystal was 7.0×7.0
cm2 and 30-cm long (16 X0) [59].

For the experiment at J-PARC, we plan to replace these crystals with the
pure CsI crystals used in the calorimeter of the Fermilab KTeV experiment.
The crystals, called “KTeV CsI crystals” hereafter, are smaller in the cross
section and longer in the beam direction (50 cm, 27 X0) than the crystals in
E391a, which ensures us much better performance in the new experiment.
Figure 15 shows the layout of the new Calorimeter, which then consists of
2576 crystals. These crystals are of two sizes, 2.5 × 2.5 × 50 cm3 for the
central region (2240 blocks), and 5.0×5.0×50 cm3 for the outer region (336
blocks) of the Calorimeter.

The reasons for replacing the calorimeter are as follows.

• Reduce the probability of missing photons due to fused clusters.
If two photons hit the Calorimeter close to each other, the generated
showers will overlap and be misidentified as a single photon. Figure 16
shows an event display for two photons that enter the CsI Calorimeter
with 6-cm separation. By using the KTeV CsI crystals, two photons

28

• Improved beamline

• CsI: 7x7x30 ==> 2.5x2.5x50 cm3

• Waveform digitization for rates and cost

• Upgraded veto counters

Slides for E14 provided 
(mostly) by T. Yamanaka 

and T. Nomura

Shielded

Moved back Thicker, finer resolution
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Suppress Halo 
Neutron Background

1. Reduce beam halo; halo/core < 10-5

2. Reduce pi0 and eta production

1. Lower neutron momentum

E391a E14

neutrons that 
produced eta

Neutron |P| spectrum is softer due to larger 
extraction angle → Insufficient energy to produce η’s.



1. Reduce beam halo; halo/core < 10-5

2. Reduce pi0 and eta production

3. Detect halo neutron interaction and veto

1. Neutron Collar Counter (segmented CsI)

Another background is π0 production from beam neutrons interacting
with residual gas in the decay region. In order to suppress this background,
the decay volume is evacuated to 10−5 Pa, as was obtained in E391a by
separating the detector and the decay region with a thin film.

Figure 14: Schematic view of detector setup.

4.3.1 Calorimeter

The electromagnetic calorimeter measures the positions and energies of pho-
tons to reconstruct π0 in the K0

L → π0νν decay. In the E391a experiment,
the Calorimeter was made of 576 pure CsI crystals. Each crystal was 7.0×7.0
cm2 and 30-cm long (16 X0) [59].

For the experiment at J-PARC, we plan to replace these crystals with the
pure CsI crystals used in the calorimeter of the Fermilab KTeV experiment.
The crystals, called “KTeV CsI crystals” hereafter, are smaller in the cross
section and longer in the beam direction (50 cm, 27 X0) than the crystals in
E391a, which ensures us much better performance in the new experiment.
Figure 15 shows the layout of the new Calorimeter, which then consists of
2576 crystals. These crystals are of two sizes, 2.5 × 2.5 × 50 cm3 for the
central region (2240 blocks), and 5.0×5.0×50 cm3 for the outer region (336
blocks) of the Calorimeter.

The reasons for replacing the calorimeter are as follows.

• Reduce the probability of missing photons due to fused clusters.
If two photons hit the Calorimeter close to each other, the generated
showers will overlap and be misidentified as a single photon. Figure 16
shows an event display for two photons that enter the CsI Calorimeter
with 6-cm separation. By using the KTeV CsI crystals, two photons
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Figure 20: Schematic layout of NCC2. Along the beam direction, it consists
of front, inner, barrel, and rear modules. In the φ-direction, it is divided
into 8 modules.

Figure 21: Schematic R-φ (left) and R-Z (right) view of the NCC2 bar-
rel part. The light from each module is read by wavelength-shifting fibers
(WLSF), glued on the outer side of each R layer.

Figure 22: Schematic R-φ (left) and R-Z (right) view of the NCC2 rear part.
The light output is read by WLSF on the outer circumference.
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Neutron Background



KTeV CsI

• Reduce fusion and photon 
punch-through

• Ownership is transferred 
from FNAL to Univ. 
Chicago

• Engineer+technician are 
preparing for unstacking

• Began disassembling / 
shipping in December 2007



KTeV CsI Calorimeter

• 30cm -> 50cm (thick)

• reduces energy response 
tail due to shower leakage

• reduces punchthrough

• 7cm -> 2.5cm square

• position resolution 5mm 
-->1mm

• reduces photon fusion
KTeV CsI

Halo neutron 
background at CC02

E391a CsI



E14 Basic Strategies
1. Suppress and control backgrounds based on 

the E391a experience 

2. Need more Kaons... Make detector capable 
of handling high rates!

2.1. BHPV in beam

2.2. Waveform digitization

3.5 Downstream veto counters

In order to detect extra particles in KL decay which escape from the beam
hole, several veto counters are placed downstream of the main calorime-
ter. Figure 17 shows the downstream part of the E14 detector. One collar
counter (CC04) are placed just behind the calorimeter inside the vacuum,
and additional two counters (CC05, CC06) follow after the vacuum tank. At
the downstream end of the E14 detector, Beam Hole Charged Veto (BHCV)
and Beam Hole Photon Veto (BHPV) counters are located in the neutral
beamline.

Figure 17: Downstream part of the E14 detector.

3.5.1 Downstream collar counters (CC04–CC06)

Downstream counters, CC04-CC06, cover the aperture between the beam
hole of the CsI calorimeter and BHPV. The particles after decay on fiducial
volume can hit the inner surface of the beam hole of CC03 or adjacent
counters, but escape from the veto system because the total radiation length
along the path is not enough. Such ”edge” effects should be recovered by
a set of downstream counters. The CC04 counter is installed just after
the CsI calorimeter. The counter could be large enough and stay close
to CC03, but shower leakage from the rear end of the calorimeter might
leave a false veto signal in CC04. This counter should not be so large and
stay far from the calorimeter; another way is to increase the veto threshold
of CC04, which leads to degradation of photon detection efficiency. Such
optimization of the geometrical size, distance from the calorimeter and veto
threshold was performed for the E391a experiment. In E14, the thickness of
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Beam

Figure 19: Schematic side view of the BHPV arrangement.

Detailed description of BHPV structure The aerogel array has a
cross section of 30 cm by 30 cm, a thickness of 5 cm, and the refractive index
of 1.03. These modules are lined up in 25 layers along the beam direction,
each of which is placed 35 cm apart as shown in Fig. 19. The total length
and thickness of the BHPV are 8.75 meters and 8.9 X0, respectively. This
configuration enables us to select events that have their shower development
in the forward direction, and thus reduce the sensitivity to neutrons. The
parameters of the BHPV are summarized in Table 2.

Table 2: Base parameters of the BHPV. The parameters of each module and
the whole system are listed separately across the double line in the table.

Items Parameters
size of module 30 cm (H) by 30 cm (V)
Pb converter 2-mm thick
aerogel refractive index=1.03

30 cm (H) by 30 cm (V)
10-mm-thick×5 tiles

main mirror flat, 45◦ degree inclined
light funnel Winston cone

(din=30 cm, dout=12 cm)
photomultiplier Hamamatsu R1250 (5-inch)
number of modules 25
layer spacing 35 cm
size in beam direction 875 cm
radiation length 8.9 X0

Expected performance In order to estimate the BHPV performance,
we performed a GEANT3-based simulation. Detailed description of the
studies are found in the proposal. We summarize the estimated BHPV
performance in Table 3. Here, a hit is defined as a module in which four
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Beam Hole 
Photon Veto

• Originally designed and 
intensively studied for KOPIO

• Insensitive to neutrons: 0.2% @ 
2GeV/c

• 10-3 photon detection 
inefficiency @>1GeV

• false hit rate : 2MHz

• Proven by prototype beam 
tests

as schematically shown in Fig. 17. In reality, it is located behind a wall of
iron blocks, which is 1 m thick and has an beam hole of 20 cm by 20 cm.

Basic design The BHPV is designed on a new concept of photon de-
tection. One feature utilizes Čerenkov radiation to detect electrons and
positrons produced by an electromagnetic shower. This feature enables us
to be blind to heavy (and thus slow) particles, which are expected to be the
main products in neutron interactions. The other feature is to use direc-
tional information. Photons to be caught and vetoed come from the fiducial
region 6 m or more upstream through a narrow beam hole, and thus their
electromagnetic showers are spread over in the forward direction. On the
other hand, secondary particles from neutron interactions tend to go isotrop-
ically. Thus, neutron signals can be reduced further, without losing photon
efficiency, by requiring shower development along the beam direction.

Based on this concept, the BHPV is designed to be an array of Pb-
Aerogel counters. Figure 18 shows the schematic view of the BHPV module.
Each module is composed of 2-mm-thick lead as a photon converter, a stack
of aerogel tiles as a Čerenkov radiator, a light-collection system of a mirror
and a Winston cone, and a 5-inch photomultiplier tube. In order to identify
a genuine signal when it is smeared by accidental hits, 500-MHz waveform
digitizers are used in the readout, as described in Section 3.3.

mirror

Winston−type funnel

5 inch PMT

Aerogel 5cm
Pb 2mm

30cm Beam

Figure 18: Schematic view of the BHPV module (left) and the picture of
the prototype (right).
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Waveform digitization

• ~3000 (CsI) + ~1000 (others) channels

• Deadtime-less for 250kHz trigger

• Record waveform to isolate a pulse on earlier tail

• 0.3MeV ~ 2GeV, 14bit,  <150 ps resolution

• Affordable

• Being designed by the US E14 team
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Signal / Background Summary

! 3 snowmass years

! “KL alone” beamline

Note:
Detailed simulation of CV/CC02 BG in progress

(KL yield based on GEANT4/QGSP)

S/N ~ 2.7/1.7 ~1.6

MC largely validated by E391a data!
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Schedule digest



Summary & Future
E391a will improve the limit on KL→π0νν by almost a full 
order.  We are acceptance and statistics limited!

Applying the lessons of E391a, we are going to attempt to 
improve our sensitivity by a factor of x1000 at the new J-PARC 
facility at Tokai in Japan in the E14 experiment.

Kaon flux will improve by a factor of x10.

Our running time will improve by a factor of x10.

A much improved CsI array and flash-ADC pipeline 
electronics will improve detector performance by a factor 
of x10.

24



Thank You for Listening!



Back-Up Slides
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K → π0π0 0.11 ± 0.09 Events

K → π±eυ 0.03 ± 0.007 Events

K → γγ, K → π±μυ, K → π+π-π0 Negligible

n → π0 + X Upstream (“CC02”) 0.16 ± 0.05 Events

n → π0 + X Downstream (“CV”) 0.08 ± 0.04 Events

n → η + X Downstream (“CV”) 0.06 ± 0.02 Events

Total 0.44 ± 0.11 Events

Background Predictions
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Acceptance & Rejection
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Review of the Run-I 1week
and Upgrades in RunII
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Result from Run-I 1week 

• Using 10% of Run-I data

• set new limit
- Br < 2.1x10-7 (@90%C.L.)

(PRD 74:051105, 2006)

30

of each other1. The number of ‘‘core neutron multi-!0’’
background events was 0:0!0:7

"0:0 in region (c) and 1:5# 0:7
in region (d). The number of background events caused by
the halo neutrons interacting with the detector material
(CC02) and producing one or more !0 was 0:9# 0:2 in
region (a) and 0:04# 0:04 in region (c). The background
events caused by the core neutrons interacting with the
membrane and producing "’s (‘‘core neutron "’’ events)
was reconstructed around region (c) because the !0 mass
was assumed. For all the events, we recalculated the decay
vertex assuming " mass (Z") and then rejected events
around the membrane in the beam, 525 $ Z"%cm& $
575. The remaining number of ‘‘core neutron "’’ events
was 0:4# 0:2, which was the largest component in region
(c). The background events from K0

L ! !0!0 with two
missing photons was evaluated with MC. The number of
K0

L ! !0!0 background events in the signal region was
0:04# 0:03, where the error includes the MC statistics and
the systematic uncertainties, of which the dominant source
was the mismatch between data and MC in the transverse
shower shape of photon in the CsI calorimeter. Moreover,
the K0

L ! !0!0 background events were the largest com-

ponent in region (g). The total number of background
events in the signal region was estimated to be 0:4!0:7

"0:2 in
region (c) and 1:5# 0:7 in region (d).

We estimated the acceptance of K0
L ! !0# !# decay to be

%0:657# 0:016& ' 10"2 based on cut efficiencies eval-
uated with the real data and MC study. The main compo-
nents of the acceptance loss were the cuts on MB and BA
photon veto detectors. In order to estimate the number of
K0

L decays in this search, we analyzed K0
L ! !0!0 decays.

The invariant mass and the reconstructed decay vertex for
K0

L ! !0!0 are shown in Fig. 4. In the K0
L ! !0!0 signal

region: 0:47 $ M4$%GeV=c2& $ 0:53, and 300 $
Zvtx%cm& $ 500, there were 2081 K0

L ! !0!0 events after
subtracting 30 K0

L ! !0!0!0 background events. Based
on the MC study, we estimated that the acceptance of
K0

L ! !0!0 decay was 1:41' 10"3.
The different final states between the signal and normal-

ization modes caused systematic uncertainties in the single
event sensitivity. We assigned the total systematic uncer-
tainty in the single event sensitivity to be #7:0%. The large
sources of systematic uncertainty came from the mismatch
between data and MC in the transverse shower shape of the
photon (4%) and the energy distribution in MB (4.2%).

With the K0
L ! !0!0 branching ratio, %8:83# 0:08& '

10"4 [14], we estimated the number of K0
L decays to be

%1:67# 0:04%stat&& ' 109. The single event sensitivity was
%9:11# 0:20%stat& # 0:64%syst&& ' 10"8. Since we observed
no events in the signal region, we set a new upper limit
on the branching ratio of K0

L ! !0# !# to be <2:1' 10"7

at the 90% confidence level based on the Poisson statistics.
This represents an improvement of a factor of 2.8 over the
current limit [5].

We are grateful to the operating crew of the KEK 12-
GeV proton synchrotron for their successful beam opera-
tion during the experiment. We express our sincere thanks
to Professors H. Sugawara, Y. Totsuka, M. Kobayashi, and
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FIG. 3 (color online). Zvtx versus PT with all the event selec-
tion cuts. The number of observed (total expected background)
events are shown. The expected number of background events
was consistent with the observed number of events for all the
regions.

1

10

10 2

Data
MC

# 
of

 e
ve

nt
s 

/ 4
 M

eV

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2

0.4 0.45 0.5 0.55 0.6

D
at

a/
M

C

M4γ (GeV/c2)

Accepted

1

10

10 2 Data
MC

# 
of

 e
ve

nt
s 

/ 8
 c

m

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2

200 300 400 500 600

D
at

a/
M

C

decay vertex (cm)

Accepted
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1For each selection cut in the cut-2, we examined the ratio of
the number of events passing the cut to the number of events
failing the cut. The ratio for the cluster energy cut was 0:79#
0:12 with the cut-1 and 0:73# 0:03 without the cut-1. The ratio
for the cluster hit position cut was %5:1# 2:6& ' 10"2 with the
cut-1 and %5:2# 0:6& ' 10"2 without the cut-1.

J. K. AHN et al. PHYSICAL REVIEW D 74, 051105(R) (2006)
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Neutron backgrounds(1) : core neutron
• Problem : The membrane was partially hanging in the beam. Neutron in the 

beam hitting the membrane produced secondary particles (z=550cm)

• Three background sources

• single pi0 event

• multiple pi0 event

• eta event

a photo of the membrane
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CV
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Problems in Run-I
• core neutron background

- hitting on the membrane
sagging into the beam-line
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Problems in Run-I

32

• BA

• a lot of beam-neutrons 

• neutron / !  ID
(1) w/ timing window (±20 nsec)

• EQ > 0.5 MIP and EQ/ES > 10
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TDC problems
• due to wide stop signal (80nsec)

• Therefore, we should consider 
inefficient TDC period 
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but...

• Minimum pulse width for TDC: 80ns
‣ Large acceptance loss

in BeamAnti counter
due to high accidental hit rate
- To avoid the inefficiency

with the masking effect
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Improvements in Run-II
• The membrane trouble fixed

• Pulse width modified
- 80ns → 25ns
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Improvements in Run-II
• Be absorber in the beam-line

- merit, demerit
‣ KL flux: x0.56
‣ DAQ live time ratio: 0.90 (w/o 0.72)
‣ Accidental loss: 0.83 (w/o 0.61)
‣ Neutron flux: core: x0.34, halo: x0.40 

- Sensitivity
‣ 0.56 * (0.90/0.72) * (0.83/0.61) = 0.95

- S/N assuming the halo neutrons is
all the source of BG
‣ 0.95 / 0.40 = 2.4

• Other upgrades
- Beam Hole Charged Veto

‣ 1mm thick → 3mm
‣ 4ch → 8ch

- Extra Collar Counter (CC00) installed
- Data transfer speed from ADC

‣ 100 Mbps → GbE
34



Normalization, Monte 
Carlo, & Systematics

The Run-II MC’s performance is excellent with the 
exception of three geometrical bugs that we 
discovered in the process of data analysis.

We use the MC to compute the acceptance, flux, and 
systematic error for our normalization mode; and to 
compute the acceptance for our flagship decay.
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KL
Pt target

pencil neutral beam line

(6 collimators)

12GeV proton

detector

Experimental method

• detect 2g from pi0 decay + require no other particles

(2) reconstruct decay vertex asuuming
     M2g=Mpi0

(3) require missing Pt and decay vertex 
     in the fidutial region

the CsI 
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K → π0π0π0

The photon vetoes 
are relaxed in order 
to boost statistics.

Kaon Momentum
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K → π0π0π0

KL
Pt target

pencil neutral beam line

(6 collimators)

12GeV proton

detector

Experimental method

• detect 2g from pi0 decay + require no other particles

(2) reconstruct decay vertex asuuming
     M2g=Mpi0

(3) require missing Pt and decay vertex 
     in the fidutial region

the CsI 

calorimeter

avr. P
KL

 ~ 3GeV

n/K ~ 60

(1) measure gamma
     hit position and
     energy

P
T

Z
vertex

signal region

The photon vetoes are 
relaxed in order to 

boost statistics.
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Decay Vertex (Z), Analysis Cuts
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Six Cluster Invariant Mass, Analysis Cuts
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Slight MC geometry mis-matches - we have 
to simply eat the associated systematics. σData/σMC ≈ 1.01

The CsI veto function introduces a 0.4%/cm slope 
in Z - this is our dominant systematic error.
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Geometry of C.V. support & Inner C.V

12 cm

20 cm

The CV Beam-region Overlap

This overlap created an 
interaction point that 

lead to a peak in the MC.

Monte Carlo Display

The CsI Beam Pipe
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x

y

29.75 cm

26 cm

3.175 cm
6.025 x 2 

=12.05 cm

The diameter used for placement in the 
MC was 12.05 cm.  It should have been 
12.1 cm (true physical size), but may 

have been shrunk in order to minimize 
overlap with the can.  The net change 

is about 1% in the total area.

Beam Collar Counter 2 
“CC02”

Data (top,dashed) / 3pi0 MC t10, 6 Gammas
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Data / MC

Six Cluster Data / πππ MC
Photon “Pass-through” Position @ CC02.  

Kinematic cuts & K-Z < 275 cm.
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CC02

Z = 275 cm

R = 6.05 cm
CsI

The constricted aperture for the 
collar veto in the MC leads to an 

acceptance differential for upstream 
events between the MC and Data.  

This is what creates the discrepancy in 
the decay vertex spectrum and it is one 

of our largest systematic errors.
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Normalized 
by Signal

π0π0

π0π0π0

SUM

Four Cluster Invariant Mass, Normalized by Signal
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The low-mass tail π0π0π0 
contribution is dominated 

by single-fusion + 1 
“missing” photon events.  
Even though we suffer 

from low statistics for our 
π0π0π0 MC, we are able to 
reproduce the numerical 
sum of events in the tail.

Low-Mass Region (Below 470 MeV)

3π Weight = 44.9711
Scale 2π  = 0.104066
Scale 3π  = 4.67996
Raw Data Sum = 79
Raw 2π Sum = 50.8574
Raw 3π Sum = 15.7862

Data: 79
2π: (50.6 ± 7.13)*0.1 = 5.29 ± 0.74
3π: (15.8 ± 3.97)*4.7 = 73.9 ± 18.6 
79 - 79.171 ≈ 0
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Systematic Error
Compute the fractional acceptance difference (F) between MC and Data.  
This is the exclusive acceptance of Data, minus the acceptance of the 
MC, divided by the acceptance of Data.  It is a measure of the 
difference of the exclusive acceptance of the MC from Data as a 
fraction of the acceptance in Data.

Weight the fractional acceptance by the acceptance in Data (A), then 
add all components in quadrature.

We weight by the acceptance in Data to keep less important cuts 
from skewing the results.

Finally, normalize by the sum of the inverse squares of the acceptance 
in Data, and then take the square root.

6.5 Beam Angles

Figures 18 and 19 show the beam direction angles, θ and φ, respectively, under analysis cut
conditions. The beam angle directions are defined in the “usual” way - θ is the polar angle
between the beam and the Z axis, while φ is the azimuthal angle and shows the angular
distance from the X axis.

The polar angle is coupled explicitly to the radial position at C6 in the generation stage.
As such, the generating function for θ was modified only slightly during the tuning process
and it is fortunate that re-weighting to adjust the radial position also seemed to leave θ in
decent agreement.

The azimuthal angle is computed separately and underwent major revisions during the
tuning process. During Run I, the beam was more or less co-linear with the Z axis, but in
Run II, the beam points decidedly off axis - down and to the side. This change produced
a major shift in the azimuthal angle and the previously almost flat spectrum was replaced
with a sinusoidal function. Unfortunately, after re-weighting, the agreement achieved in the
tuning process was mostly lost. The impact of this discrepancy is not readily visible in many
other distributions, so far now we are choosing to disregard this issue. However, in the future
it may be necessary to additionally re-weight the MC using the azimuthal beam angle.

6.6 Decay Vertex χ2

In Figures 20 and 21, we show the MC decay vertex best (lowest) χ2
Z and second best minus

best χ2
Z values respectively, compared with the values from data. Note that the χ2

Z is defined
as:

χ2
Z =

3∑

i=1

(
Z̄ − Zi

)2

σ2
i

, (3)

where i = 1, 2, 3 counts the three different pions.

7 Flux

7.1 Systematic Error

Table 5 lists the systematic errors assigned to flux values for each mode and MC type. The
systematic error is computed as:

Syst. Err.2 =

∑
i=All Cuts (Fi/Ai)

2

∑
i=All Cuts (1.0/Ai)

2 , (4)

where F is a defined quantity named the fractional difference. The exclusive acceptance,
A, is defined as the acceptance of a given cut with all other cuts applied. The fractional
difference, F , is the exclusive acceptance of data minus the acceptance of the MC, divided
(normalized) by the acceptance of data. The acceptance weighted fractional difference (F/A)

25
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CsI Veto 6.1%

Decay Vertex (Z) Spectrum 2.3%

Decay Vertex (Radial) Spectrum 1.8%

Charged Veto 1.3%

Fusion Neural-Network 1.3%

Photon Hit Position (CsI Position) 1.2%

23 Others (Total) 2.9%

TOTAL (In Quadrature) 7.7%

Systematic Errors (Normalization Mode - π0π0)
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Mode
Signal Events
(Full Data Set)

Flux (w/ systematic 
errors)

Discrepancy
(X - π0π0)/

π0π0

K → γγ
20,685

(Signal: 340-500 Z)
(π0π0 contamination is at 

the 10-4 level → Neglected.) 
(5.41 ± 0.37) x 109 5.0%

K → π0π0

1494.9 (1500 - 5.1)
(Signal: 497-3x5.2 MeV to 497 + 

3x5.2 MeV)
(π0π0π0 contribution ~5.1±4.8 

events.)

(5.13 ± 0.40) x 109 0%

K → π0π0π0

70,054
(Signal: 497-3x5.2 MeV to 497 + 

3x5.2 MeV)
(Background contamination is at 

the 10-4 level → Neglected.) 

(5.02 ± 0.35) x 109 -1.9%



The aperture mis-match 
at CC02 leads to an 

acceptance differential 
for data and MC for ππ 
and πππ modes that is 
understated for γγ.
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Why is K→γγ so different?

Two Cluster Vertex Distribution, Analysis Cuts
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core n / KL
• n / K ~ 7 (Tn > 1GeV); << 40@E391a 

due to large targeting angle (16deg)

through Z = 21m. The γ absorber reduces the photons by a factor 80, and
other materials reduce them further by a factor 6.
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Figure 34: Momentum spectrum (left) and profile (right) of photons pass-
ing through Z = 21m. The histograms are made for the conditions with:
no material in the beam (black), the γ absorber only (red), and the full
geometry (blue).

Table 3 summarizes the numbers of KL’s, neutrons and photons in the
beam core at Z = 21m, for 2 × 1014 protons on the target, obtained by
the GEANT4 simulation. The kaon and neutron fluxs are reduced by half
from the proposal [1], mostly because of the K1.1 duct. The unnecessary
reduction in the kaon rate should be minimized. The n/K ratio is
achieved to be 7 for the neutrons with kinetic energies above 1 GeV.

particles detailed simulation proposal [1]
KL 4.6 × 106 8.1 × 106

n (En > 0.1GeV) 1.4 × 108 3.4 × 108

n (En > 1.0GeV) 3.0 × 107 6.9 × 107

γ (> 2MeV) 0.9 × 108 4.5 × 108

γ (> 10MeV) 1.3 × 107 6.1 × 107

γ (> 100MeV) < 106 < 106

Table 3: Numbers of particles in the beam for 2×1014 protons on the target.
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Geant4 simulation for 
halo neutrons

7.3 Halo neutrons

The blue histogram in Fig. 33 is based on 107 neutrons. In order to confirm
the ratio of halo to core neutrons and understand the energy spectrum of halo
neutrons, 108 neutrons were used to bombard the collimator with GEANT4.
The distributions obtained with the ”truncated” momentum spectrum were
corrected for by using the differences between the momentum spectrums at
Z = 21m with and without the truncation.
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Figure 35: Neutron profiles at Z = 21m (left) and at Z = 23.5m (right)
from the target.

The neutron radial profiles at Z = 21m (left) and at Z = 23.5m (where
the CC02 calorimeter is located, right), are shown in Fig. 35. The horizontal
axis in these plots is extended to the radius R of 20 cm. In the right plot the
neutron density at R = 7cm, which corresponds to the inner radius of CC02,
is 10−5 to the core-neutron density. Figure 36 shows the energy distribution
of neutrons more than 7cm away from the beamline at Z = 23.5m. The
halo neutrons hitting the CC02 counters (7 < R < 31.25cm) has a peak at
around 2GeV/c. The halo neutrons hitting the counters further outside of
CC02 are dominated by low energy (< 1GeV) neutrons.

The number of halo neutrons for 2×1014 protons on the target is 2×104,
which is 1.4×10−4 to the core neutrons with kinetic energies above 0.1 GeV.
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CC02

x10-5

• 2x104 halo neutrons/pulse (2E14)
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NCC

• Suppresses and vetoes pi0 bkg

point. The probability that the π0 events, produced in CC02/NCC2, fall
into the signal region depends on the distance from the generation point
to the edge of the signal box. The probability function is assumed to be
given by Fig. 43. The final background events are found to be 0.06 events
and 0.001 events in the cases of CC02 and NCC2, respectively. The ratio of
these two numbers (1/60) is considered to be an additional reduction factor
achieved with NCC2, though the result is based on small statistics. We
would like to stress here that, although the advantage of NCC2 is evident,
we need more careful studies in order to estimate an accurate reduction
factor, including the effects of other particles associated with π0 as well as
the effects of other veto counters. Table 10 summarizes our study.
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Figure 41: The source position of remaining events in case of CC02 (left) and
NCC2 (right). The downstream end of NCC/CC02 is located at Z=270 cm,
and the radius of the bore is 8 cm.
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Figure 42: The reconstructed Z position when π0-s are generated at specific
Z position (Z=280.5 cm), obtained by Monte Carlo simulation. The response
tail is dominated by the shower leakage of the calorimeter.
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Figure 43: The integrated probability of wrong reconstruction as a function
of the deviation between true and reconstructed Z vertex.

Table 10: Summary of “CC02 background” candidates. “After veto” rep-
resents remaining events after rejecting events with more than 1 MeV in
CC02/NCC2. “In the signal box” are calculated by using the probability,
shown in Fig. 43, as described in the text.

Counter Generated π0 in CAL After veto In the signal box
CC02 108 6964 55 0.06
NCC2 108 869 2 0.001
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NCC

• can measure halo neutron profile and energy 
spectrum
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Figure 44: Neutron tagging efficiency as a function of neutron energy En

(left), and of radial position R (right). In each plot, the black (red) points
show the results by the E-cut (R-cut). Since the inner radius of NCC2 is
80 mm, the efficiency starts there in the right plot.

Table 11: Summary of neutron tagging by NCC2. εn and εK indicate effi-
ciency for neutrons and for KL events, respectively. KL contaminations are
calculated assuming same halo-to-core neutron ratio as in E391a.

Cut set εn εK Ratio (εn/εK) KL contamination
E-cut 6.3% 0.1% 63 5.4%
R-cut 2.9% 0.08% 37 9.2%
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Figure 44: Neutron tagging efficiency as a function of neutron energy En

(left), and of radial position R (right). In each plot, the black (red) points
show the results by the E-cut (R-cut). Since the inner radius of NCC2 is
80 mm, the efficiency starts there in the right plot.

Table 11: Summary of neutron tagging by NCC2. εn and εK indicate effi-
ciency for neutrons and for KL events, respectively. KL contaminations are
calculated assuming same halo-to-core neutron ratio as in E391a.

Cut set εn εK Ratio (εn/εK) KL contamination
E-cut 6.3% 0.1% 63 5.4%
R-cut 2.9% 0.08% 37 9.2%

67

Neutron detection efficiency
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solution = Gaussian filter 
+ 125MHz 14bit FADC
• Δt <0.5ns for E>10MeV

Figure 10: Results of a study of two pulse separation.

Figure 11: Oscilloscope trace at the input (yellow; top) and output (purple;
bottom) of the Gaussian filter. The input is a signal from a 5mm plastic
scintillator with a minimum ionizing particle passing through. The output
is shown with a ×10 amplification.

19

input output
power supply

test point
(input)

test point
(shaper)

10MeV

1ns

Slide by T. 
Yamanaka



Double pulse resolution

• Can separate >20ns 
apart 5:1 pulses

• More studies 
underway

filter

200MeV + 40MeV 10MeV + 2MeV
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