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E391a Experiment
• Measures KL → π0νν  @ KEK 12GeV PS
• first dedicated experiment
• pilot experiment for KOTO (J-PARC E14)

• Three Physics Runs
• Run1 (2004 Feb-Jul)
• Run2 (2005 Feb-Apr)
• Run3 (2005 Nov-Dec)

• Run2 Result
blind analysis
No event observed in the signal box
Upper limit 6.7 x 10-8 (90% C.L.)   (Phys. Rev. Lett. 100 201802, 2008)
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Experimental Principles
• How to identify 

KL→π0νν state?

• “2γ + nothing”
• 2γ → CsI calorimeter (energy, position)
• nothing → hermetic veto detector

• Reconstruct decay vertex with M(π0)
       M(π0) = E1E2(1-cosθ)
• select signal using decay vertex and

transverse momentum
5
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E391a Detector
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Strategy for Run3 Analysis
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Calibration

kdecay,
halo-n, eta

Results

Step1
Confirmation

Step2 
Optimization

Step0
Preparation

Step3
Physics Output

[MC]
  Develop Run3 MC

[Run3 Data]
   Data quality check

[Run2 Data / MC]
   Cut optimization

[MC]
  MC mass production

Run3 Analysis



Step1 : Confirmation
Run stability
KL flux estimation

Step1 : Confirmation
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Calibration & Run Stability
• Calibration & Run Stability
 completed / confirmed

10

11

Run Stability of reconstructed KL mass

(6γ sample : KL→3π0)

±1%

Run Stability of CsI gain value

±1%
(typical crystal)

M6γ
 (GeV/c2)

peak
497.6 MeV
RMS~1%

6γ invariant mass

Step1 : Confirmation
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Calibration & Run Stability
• Calibration & Run Stability
 completed / confirmed

10

11

Run Stability of reconstructed KL mass

(6γ sample : KL→3π0)

±1%

Run Stability of CsI gain value

±1%
(typical crystal)

→ quite stable !

M6γ
 (GeV/c2)

peak
497.6 MeV
RMS~1%

6γ invariant mass

Step1 : Confirmation



Workshop "New Developments of Flavor Physics" 2009    2009/Mar/9

Reconstructed Mass Distriburtion
• Reconstructed mass distribution
  checked for KL→3π0 and KL→2π0 modes

11

Rec. mass of 6γ sample Rec. mass of 4γ sample

dots : Run3 data
blue :KL→3π0MC
red : KL→2π0MC

Step1 : Confirmation
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Reconstructed Mass Distriburtion
• Reconstructed mass distribution
  checked for KL→3π0 and KL→2π0 modes

11

Rec. mass of 6γ sample Rec. mass of 4γ sample

dots : Run3 data
blue :KL→3π0MC
red : KL→2π0MC

MC matches well to data

Step1 : Confirmation
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KL Flux Estimation
• # of KL is estimated via 3 decay modes
      : KL→3π0,  2π0,  2γ

12

mode
# of events

in data
# of events

in MC(addbg)
acceptance flux

3π0 48229
8149

(stat. 5.0e9)
7.62 x 10-5

3.24 x 109

(-5.0%)

2π0 1072
11620

(stat. 1.5e9)
3.62 x 10-4

3.41 x 109

(---)

γγ 14278
30148

(stat. 2.0e8)
7.04 x 10-3

3.70 x 109

(+8.5%)

cf.) Run2   3π0 : 5.02 x 109 (-2.1%)
                  2π0 : 5.13 x 109 (---)

           γγ    : 5.45 x 109 (+6.2%)
Run3 statistics : ~70% of Run2

Step1 : Confirmation



Step2 : Optimization

Step2 : Optimization

Optimization for event selection
Modified halo-n MC
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Analysis Effort on Run3
• Modification from Run2 analysis
  wanting more acceptance
  better understanding to background 

• Study for increasing acceptance
   optimize event selection

• Better understanding to BG events
   modify halo-n MC

14

Step2 : Optimization
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Study for Getting More Acceptance 

• Largest acceptance loss in Run2
    “γ-RMS cut” (~42%)
to reject “CV halo-neutron” background

• How does CV halo-n events makes background?

15

Step2 : Optimization
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Mechanism of halo-n CV background

16

beam halo
CsI Calorimeter

Charged Veto (CV)

beam core

reconstructed position

tr
an

sv
er

se
 

m
om

en
tu

m

signal region

Step2 : Optimization



Workshop "New Developments of Flavor Physics" 2009    2009/Mar/9

Mechanism of halo-n CV background

16

beam halo
CsI Calorimeter

Charged Veto (CV)

beam core

reconstructed position

tr
an

sv
er

se
 

m
om

en
tu

m

signal region

γ
n

γ
π0

E1

E2

Step2 : Optimization



Workshop "New Developments of Flavor Physics" 2009    2009/Mar/9
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Mechanism of halo-n CV background
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Mechanism of halo-n CV background
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Mechanism of halo-n CV background
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Fusion Neural Network Cut

• Utilize neural network
cut instead of RMS cut

17

pt vs z plot w/ & w/o γ-RMS cut pt vs z plot w/ & w/o fusion NN cut

black : w/ γ-RMS cut
red : w/o γ-RMS cut

black : w/ fusionNN cut
red : w/o fusionNN cut

z (cm)z (cm)

veto

Run2 data Run2 data

Step2 : Optimization
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Fusion Neural Network Cut

• Utilize neural network
cut instead of RMS cut

17

pt vs z plot w/ & w/o γ-RMS cut pt vs z plot w/ & w/o fusion NN cut

black : w/ γ-RMS cut
red : w/o γ-RMS cut

black : w/ fusionNN cut
red : w/o fusionNN cut

z (cm)z (cm)

veto

Run2 data Run2 data

Reject CV background same as RMS cut
Acceptance is recovered by ~33%

Step2 : Optimization
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Modified Halo-n Monte Carlo
• Wanting better estimation for halo-n BG
• utilize fluka package → better reproductivity
• Recycling method

 recycle the event seed which could be background
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Run2
  - geant3
  - stat ~1/3 of data

Run3
  - fluka+g3
  - stat x10 of data

decay vertex distribution around CC02 cross : data
line : halo-n MC

Step2 : Optimization
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Modified Halo-n Monte Carlo
• Wanting better estimation for halo-n BG
• utilize fluka package → better reproductivity
• Recycling method

 recycle the event seed which could be background
 

18

Run2
  - geant3
  - stat ~1/3 of data

Run3
  - fluka+g3
  - stat x10 of data

decay vertex distribution around CC02 cross : data
line : halo-n MC

better matching, with higher statistics!

Step2 : Optimization
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Summary

Summary
• E391a experiment @ KEK 12GeV PS
• fist dedicated for KL→π0νν

• Run3 analysis
• Confirmation
• data taking : stable
• KL flux : ~70% of Run2

• Optimization
• Optimize event selection
• Modify halo-neutron MC

19
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Beyond the Standard Model

6

F. Mescia, CKM 2006
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K0
L!!0!0 Background

•1 event remaining w/ x9.6 statistics
- weight: 1.16
- BG: 0.12±0.12 events

26
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Figure 9.1: PT vs. Z-vertex distributions of the K0
L → π0π0 MC events after imposing the photon

veto cuts (left) and the kinematic cuts (right). Red circles in the left figure show the events remaining
after imposing all the cuts.

9.1.2 K0
L → γγ

Figure 7.12 shows the events after imposing the veto cuts on the MC sample of the K0
L → γγ decay.

No events remained in the signal box with 3.8 times larger statistics than data. In addition, by imposing
only the kinematic cuts, all the events were removed not only in the signal box but in all the region.
We evaluated the rejection power of the acoplanarity angle cut for K0

L → γγ was about 1.6 × 105,
and estimated the background level to be less than 3.9 × 10−6 events. We concluded the K0

L → γγ
background was negligible.

9.1.3 Charged Decay Modes

Since the branching fractions of K0
L → π−e+ν and K0

L → π+π−π0 are large, it was difficult to prepare
enough MC statistics to be comparable to the number of K0

L decays in the data. Thus, we estimated
their background level without imposing charged vetoes in the simulation. The inefficiencies of the
vetoes were used as event weights when charged particle(s) passed through charged veto counters. We
used the values for inefficiencies with conservative estimation to be 10−4 for CV, 10−3 for BCV, and
10−3 for BHCV [53].

Figure 9.3 shows the events by imposing all the cuts except the veto by CV on the MC sample
of the K0

L → π−e+ν decay. We obtained 739.9 events in the signal region of the plot with the two
charged particles hitting CV. We calculated the background level for K0

L → π−e+ν by including the
suppression of CV (10−4)2 on the number of the remaining events. After taking the normalization for
the MC statistics (2.1%) of data, the background level was estimated to be 3.5× 10−4 events.

For K0
L → π+π−π0 , we obtained the background level of 2.5 × 10−5 events with the similar

method. We concluded the these backgrounds were negligible.

 remaining events
w/ all the cuts imposed

Veto Cuts only Kinematic Cuts only
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K0
L!$$ BG

•“Acoplanarity” angle cut
for PT mis-measurement
- Rejection: ~1x105

• Result
- NBG < 3.9x10-6

% negligible

27

K0
L ! $$ MC w/ Veto Cuts

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 .

!acop.

"
1

"
2

beamy

x

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).
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Figure 9.2: PT vs. Z-vertex distribution
of the events in the K0

L → γγ MC after
imposing only the veto cuts.
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L → π−e+ν MC after imposing
all the cuts except the veto by CV.
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electromagnetic shower, the K0
L → γγ events could result in high PT . In order to suppress such events,

we introduced the quantity so-called “acoplanarity angle”, as shown in Figure 7.11:

θacop. = π − arccos
(

rγ1 · rγ2

|rγ1 ||rγ2 |

)
, (7.8)

where rγ1 and rγ2 are the transverse momentum vectors of the two photons.
The acoplanarity angle distributions are different between the K0

L → π0νν̄ signal and the K0
L → γγ

background, as shown in Figure 7.12. We required the acoplanarity angle to be larger than 45◦.
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Figure 7.11: Schematic view of the acoplanarity an-
gle, defined in Equation 7.8.
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Figure 7.12: Distributions of the acoplanarity
angle obtained by the K0

L → π0νν̄ and
K0

L → γγ events in MC.

π0-Projection Cut

In order to remove the CV-π0 and CV-η backgrounds, we imposed another kinematic cut. We defined
“π0-projection” using PR ≡ PT /PZ vs. Z plot (where PZ is longitudinal momentum). As shown in
Figure 7.13, the events outside red lines were rejected. The selection criteria were set as

• Z < 400 and PR < 0.1

• Z > 400, and the events are located below the line defined by (400 cm, 0.1) and (500cm, 0.15)
in (Z, PR) the space in Figure 7.13

• the events are located above the line defined by (300 cm, 0.2) and (500 cm, 0.34) in (Z,PR) space
in Figure 7.13

PR represents the direction of π0, thus PR × (ZCsI − Zvtx) means the projection of the trajectory
of the π0 on the CsI surface.
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CC02 Events
• CC02/Al events in 200-300cm

- Normalization by the number of events
- Smearing using the distribution by MC

• Events in the Control Region
- 300-340cm:  1.9±0.2 events

$ observed:   3      events

• Result of BG at 340-500cm
- Signal in the Al plate run: 9
- 9*(120/6824) = 0.16 ± 0.05 event

run

Al plate run

32
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Figure 9.5: Momentum (left) and PT (right) distributions of the CC02 events. The points show the
data in the physics run, and the histogram is the distribution obtained from the Al plate run.
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Figure 9.6: Reconstructed Z vertex distribution of the CC02 events with the PT region as the signal
region (0.12 < PT < 0.24 GeV/c). The points show the data in the physics run and the histogram is the
distribution from the Al plate run. The region above Z = 340 cm was masked for the physics run data.

9.2. Neutron Backgrounds 117

momentum (GeV/c)

0 0.5 1 1.5 2 2.5

e
v
e
n

ts
 /

 (
0
.1

 G
e
V

/c
) 

0

5

10

15

20

25

Physics run

Al plate run

(GeV/c)
T

P

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

e
v
e
n

ts
 /

 (
0
.0

1
 G

e
V

/c
) 

0

5

10

15

20

25

30

Physics run

Al plate run

Figure 9.5: Momentum (left) and PT (right) distributions of the CC02 events. The points show the
data in the physics run, and the histogram is the distribution obtained from the Al plate run.
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region (0.12 < PT < 0.24 GeV/c). The points show the data in the physics run and the histogram is the
distribution from the Al plate run. The region above Z = 340 cm was masked for the physics run data.
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Table 9.3: Numbers of events in the CC02 background in the physics run and the Al plate run. The
background level was estimated by normalizing the events within Z=[200,300]. The errors were calcu-
lated by Poisson statistics with the numbers of the events.

Z Region Physics Run Al Plate Run Background
[200,300] cm 120 6824 (120)
[300,340] cm 3 106 1.9± 0.2
[340,500] cm masked 9 0.16± 0.05
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Figure 9.4: Single π0 events in the Al
plate run with all the cuts imposed.
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9.2. Neutron Backgrounds 119

Figure 9.8: Schematic diagram of the back-
ground estimation in the bifurcation method.

When the cut A and B are independent, the ratio of NAB/NAB and NAB/NAB should be equal.
Thus, the background level NAB can be represented as:

Nbg = NAB =
NAB · NAB

NAB

. (9.4)

In the estimation of the CV-π0 background, we selected the groups of the cuts as follows:

• A: veto cuts,

• B: photon quality cuts + two photon cuts,

• setup cuts: π0 cuts.

Here the “setup cuts” are the cuts should be imposed before applying the bifurcation method.
We obtained NAB = 54, NAB = 4050, and NAB = 3 with the halo neutron MC. With the

normalization factor Fnorm of 1/0.506, we estimated the background level to be

Nbg(CV−π0) =
3× 54
4050

× Fnorm = 0.08 ± 0.05 . (9.5)

where the error was statistical only.

CV-η Background

As described in Section 5.3.1 and 7.1.2, we developed a special MC to estimate the background from η’s
produced at CV (CV-η events). Since the η production cross section is not implemented in GEANT3, we
imported relevant parts of the geometry of the detector, such as CV and CsI, into a GEANT4 framework
and ran a special MC.

Once η was produced, we collected the information of all the particles produced in the interaction in
order to reproduce the veto effect with those extra particles. We discarded the photons with their energy

118 CHAPTER 9. BACKGROUND ESTIMATION

9.2.2 Charged Veto Events

CV-π0 Background

CV-π0 background was defined as the events in which the halo neutrons hit the Charged Veto (CV)
and produced π0’s. In order to estimate the background level from the events, we used the MC sample
obtained by generating the halo neutrons according to the distribution of the beam line simulation.
Since it took long computing time to produce the sample with the full simulation including the hadronic
interactions, we produced the MC sample whose equivalent statistics was only ×0.506 of the data in
the physics run.

In Figure 9.7, the left plot shows the event distribution of the CV-π0 events by the halo neutron MC,
after imposing only the kinematics cuts. The right plot shows the Z-vertex distribution of the data and
CV-π0 events by MC with all the cuts. In this plot, we obtained 17 events remaining in the data and
18.2± 6.1 events in MC, and these numbers were consistent. However, there was no event in the signal
box in MC with all the cuts imposed, and we could only set the upper limit of the background of 4.6
events.

In order to solve this problem, we applied a “bifurcation method” to the halo neutron MC. This
method was employed in the analysis of E391a Run-I 1week data, and we found it worked well for the
π0 production events in the downstream material around CV [35]. Detailed description of the method
is found in the reference [54].

Figure 9.8 illustrates the parameter space of the cuts. NAB , for example, means the number of
events which passed through the cut set A but were rejected by the cut set B. NAB indicates the number
of background events after imposing all the cuts.
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Figure 9.7: (Left) PT vs. Z-vertex distribution of the events in which at least one π0 was produced in
CV and the kinematic cuts were imposed. (Right) Z-vertex distribution at CV with the halo neutron
MC with all the cuts imposed.

• !0 productions at CV
- data: 17 events, MC: 18.2±6.1 events

• BG sources: multi !0 production,
               !0 + neutron hit
- bifurcation method

$ experience in Run-I
- worked well at the downstream
- BG estimation w/ MC

$  

• Cut sets
- set-up cuts

$ !0 cuts
- set A

$ veto cuts
- set B

$ photon cuts

• Result
- 0.08±0.04 events

CV-!0 Background

% data
- MC

w/ all the cuts

Halon MC
CV events

w/ kinematic cuts

33

NAB/NAB = NAB/NAB

⇔ Nbg = NAB =
NAB · NAB

NAB
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9.2.2 Charged Veto Events

CV-π0 Background

CV-π0 background was defined as the events in which the halo neutrons hit the Charged Veto (CV)
and produced π0’s. In order to estimate the background level from the events, we used the MC sample
obtained by generating the halo neutrons according to the distribution of the beam line simulation.
Since it took long computing time to produce the sample with the full simulation including the hadronic
interactions, we produced the MC sample whose equivalent statistics was only ×0.506 of the data in
the physics run.

In Figure 9.7, the left plot shows the event distribution of the CV-π0 events by the halo neutron MC,
after imposing only the kinematics cuts. The right plot shows the Z-vertex distribution of the data and
CV-π0 events by MC with all the cuts. In this plot, we obtained 17 events remaining in the data and
18.2± 6.1 events in MC, and these numbers were consistent. However, there was no event in the signal
box in MC with all the cuts imposed, and we could only set the upper limit of the background of 4.6
events.

In order to solve this problem, we applied a “bifurcation method” to the halo neutron MC. This
method was employed in the analysis of E391a Run-I 1week data, and we found it worked well for the
π0 production events in the downstream material around CV [35]. Detailed description of the method
is found in the reference [54].

Figure 9.8 illustrates the parameter space of the cuts. NAB , for example, means the number of
events which passed through the cut set A but were rejected by the cut set B. NAB indicates the number
of background events after imposing all the cuts.
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Figure 9.7: (Left) PT vs. Z-vertex distribution of the events in which at least one π0 was produced in
CV and the kinematic cuts were imposed. (Right) Z-vertex distribution at CV with the halo neutron
MC with all the cuts imposed.
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Figure 9.8: Schematic diagram of the back-
ground estimation in the bifurcation method.

When the cut A and B are independent, the ratio of NAB/NAB and NAB/NAB should be equal.
Thus, the background level NAB can be represented as:

Nbg = NAB =
NAB · NAB

NAB

. (9.4)

In the estimation of the CV-π0 background, we selected the groups of the cuts as follows:

• A: veto cuts,

• B: photon quality cuts + two photon cuts,

• setup cuts: π0 cuts.

Here the “setup cuts” are the cuts should be imposed before applying the bifurcation method.
We obtained NAB = 54, NAB = 4050, and NAB = 3 with the halo neutron MC. With the

normalization factor Fnorm of 1/0.506, we estimated the background level to be

Nbg(CV−π0) =
3× 54
4050

× Fnorm = 0.08 ± 0.05 . (9.5)

where the error was statistical only.

CV-η Background

As described in Section 5.3.1 and 7.1.2, we developed a special MC to estimate the background from η’s
produced at CV (CV-η events). Since the η production cross section is not implemented in GEANT3, we
imported relevant parts of the geometry of the detector, such as CV and CsI, into a GEANT4 framework
and ran a special MC.

Once η was produced, we collected the information of all the particles produced in the interaction in
order to reproduce the veto effect with those extra particles. We discarded the photons with their energy
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Figure 9.7: (Left) PT vs. Z-vertex distribution of the events in which at least one π0 was produced in
CV and the kinematic cuts were imposed. (Right) Z-vertex distribution at CV with the halo neutron
MC with all the cuts imposed.

• !0 productions at CV
- data: 17 events, MC: 18.2±6.1 events

• BG sources: multi !0 production,
               !0 + neutron hit
- bifurcation method

$ experience in Run-I
- worked well at the downstream
- BG estimation w/ MC

$  

• Cut sets
- set-up cuts

$ !0 cuts
- set A

$ veto cuts
- set B

$ photon cuts

• Result
- 0.08±0.04 events

CV-!0 Background

% data
- MC

w/ all the cuts

Halon MC
CV events

w/ kinematic cuts
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NAB/NAB = NAB/NAB

⇔ Nbg = NAB =
NAB · NAB
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Figure 9.7: (Left) PT vs. Z-vertex distribution of the events in which at least one π0 was produced in
CV and the kinematic cuts were imposed. (Right) Z-vertex distribution at CV with the halo neutron
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Improvement in the Upper Limit
• Upper limit

- New result by E391a Run-II
$ Br(K0

L!!0""#) < 6.7 x 10-8

- KTeV
$ !0!%%

- Br < 1.6 x 10-6: x 24
$ !0!e+e-%

- Br < 5.9 x 10-7: x 8.8
- Run-I 1week

$ Br < 2.1 x 10-7 : x 3.1

• Future Plans
- E391a Data Analysis

$ Run I  : remaining data sample
         (x9 of 1week)

$ Run III: ~70% K0
L of Run II

- Further optimization 
& Final result combining all runs

- KOTO (J-Parc E14) R&D
$ E391a detector + many upgrades

- CsI   : 7x7x30cm3 ! 2.5x2.5(5.0x5.0)x50cm3 
- CC02 : full active, fine segment
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Workshop "New Developments of Flavor Physics" 2009    2009/Mar/9

Physics of KL→π0νν
• なぜKL→π0ννを測るのか？
• 理論的不定性が小さい (~数%)

“gold-plated” mode
• CKM matrixの複素成分ηを直接測定

   分岐比 Br(π0νν)∝η2 : CPの物理
• New Physicsへのプローブ

   B中間子系との比較
• 標準模型では
• 分岐比 = 2.5 x 10-11
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Workshop "New Developments of Flavor Physics" 2009    2009/Mar/9

Experimental Principles
• どうやって終状態

KL→π0ννをIDするのか？

• “2γ + nothing”
• 2γ → CsI カロリメータ (位置, エネルギー)
• nothing → 全域を覆うveto検出器

• π0の質量を仮定して崩壊位置を再構成
       M(π0) = E1E2(1-cosθ)
• 崩壊点と縦運動量によって

signal regionを選択する
31
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Workshop "New Developments of Flavor Physics" 2009    2009/Mar/9

Concept of Detector
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Concept of Detector
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Workshop "New Developments of Flavor Physics" 2009    2009/Mar/9

Concept of Detector
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Workshop "New Developments of Flavor Physics" 2009    2009/Mar/9

Concept of Detector
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Workshop "New Developments of Flavor Physics" 2009    2009/Mar/9

Background Events - K中間子起源
• KL崩壊由来のバックグラウンド

1. KL→2π0 (→4γ)
  4つのγ線のうち2つをmiss

2. KL→π+π-π0

  2つの荷電粒子をmiss

34
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Workshop "New Developments of Flavor Physics" 2009    2009/Mar/9

Background Events - ハロー中性子起源

• ハロー中性子
ビームの周辺に中性子が残る
→検出器と反応してπ0を生成

• CC02バックグラウンド
γ線のエネルギーを低く間違える

• CV バックグラウンド
γ線のエネルギーを高く間違える

• CV-ηバックグラウンド
35
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