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The E391a experiment
At KEK 12GeV PS
Run time

Run-I : Feb 2004 - Jul. 2004
new result published with 1week(10%) data

Run-II : Feb 2005 - Apr. 2005
using full sample to check data
analyzing 1/3 data to study backgrounds

Run-III : Nov. 2005 - Dec. 2005

Report the current status
of Run-II 1/3 data analysis
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Physics motivations
KL→π0νν

Direct CP violation
FCNC process with ΔS = 1

Measurement of the branching ratio
A(KL→π0νν) ∝ Vtd*Vts － Vts*Vtd

              = 2 x Vts x Im(Vtd) ∝ η
              ⇒  Br(KL→π0νν) ∝ η2

    : Direct measurement of η 
small theoretical uncertainty

Br→η : σ ~1-2%　
Br(KL→π0νν)SM ~ (2.8±0.4)x10-11　

Unitary triangle by Kaon
consistency between K0 and K+

comparison with B
Loop in the diagram (EW penguin)

The probe for new physics

Vtd
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KL→π0νν experiments
extremely challenging

small branching fraction
many background sources

3 body decay
weak kinematical constraint

all particles neutral
Current upper limit

Br < 2.1x10-7 (90% C.L.)
E391a, PRD 74:051105, 2006

Step by Step approach
E391a

The first dedicated experiment
to establish experimental method
measurement at O(10-9)

J-Parc K
Step-1: 8x10-12, event observation
Step-2: ~10-13, precise measurement

10
-14

10
-13

10
-12

10
-11

10
-10

10
-9

10
-8

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

1

1990 1995 2000 2005 2010 2015 2020

Year
U

p
p

er
 l

im
it

 a
n

d
 e

x
p

ec
te

d
 s

en
si

ti
v
it

y
 o

f 
K

L
 !

 "
#
$
$%

5



KL
Pt target

pencil neutral beam line

(6 collimators)

12GeV proton

detector

Principle of the experiment
Detect 2γ from π0 decay + no other particles

average momentum of KL ~ 3GeV
n/K ~ 60

(1)  measure the gamma
    hit position and 

energy
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               ↓
(2) reconstruct decay vertex
    on the beamline assuming
         M2γ = Mπ0

KL
Pt target

pencil neutral beam line

(6 collimators)
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detector

Principle of the experiment
Detect 2γ from π0 decay + no other particles

average momentum of KL ~ 3GeV
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               ↓
(2) reconstruct decay vertex
    on the beamline assuming
         M2γ = Mπ0

KL
Pt target

pencil neutral beam line

(6 collimators)

12GeV proton

detector

Principle of the experiment
Detect 2γ from π0 decay + no other particles

average momentum of KL ~ 3GeV
n/K ~ 60

(1)  measure the gamma
    hit position and 

energy

P
T

Z
vertex

signal region

               ↓
(3) require the missing Pt
    and the decay vertex
    in the fiducial region
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Features of E391a
“Pencil” beamline

8cm diameter at CsI (16m from the target)
Hermetic veto system

reject the background from KL→2π0

Vacuum
Evacuate decay region to reduce the background
  from the interaction between neutrons and 
  the residual gas
Decay region: 10-5 Pa
Detector region: 0.1 Pa

separated with thin material

KL High vacuum 
      ~10-5Pa

Membrane
(0.2 mm, CH2, 1g/cm3)
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Neutron

K0 beam line
Neutral

 Beam

X-Y Stage

    1 cm

(Scinti.)
 6 cm

(Scinti.)
9 cm

(1mm-Pb/5mm-Scinti.)

PT Target

4x5 cm

Primary 

Protons

halo/core ~10-5

5cm
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E391a Detector
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E391a Detector

CsI calorimeter
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E391a Detector

Charged Veto (CV)

CsI calorimeter
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E391a Detector

Charged Veto (CV)

CsI calorimeter

Main Barrel (MB)
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E391a Detector

Charged Veto (CV)

CsI calorimeter

Main Barrel (MB)Front Barrel (FB)
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E391a Detector

Charged Veto (CV)

CsI calorimeter

Main Barrel (MB)Front Barrel (FB)

KL
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E391a Detector

Charged Veto (CV)

CsI calorimeter

Main Barrel (MB)Front Barrel (FB)

KL
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Result from Run-I 1week
10% of Run-I data
Establish the basic analysis methods
Set a new upper limit Br < 2.1x10-7

published (PRD 74:051105, 2006)
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
Membrane

CV

Neutron

γ

γ

π
0

z=550cm

γ

γ

π
0

γ

γ

π
0

γ

γ

π
0

detected

detected

single pi0 event multiple pi0 event

2 gamma from single pi0

2 gamma from multiple pi0
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Core-n MC

Huge backgrounds
core neutrons hit
the drooping membrane

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.
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FIG. 4 (color online). Distribution of the invariant mass (left)
and the decay vertex (right) for the K0

L ! !0!0 decays. In the
top plot, the dots show the data and the histogram shows the MC.
The bottom plot shows the ratio of the data to the MC.

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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Analysis overview in Run-II
Data sets

4γ, 6γ sample : full data
estimation of the number of KL

2γ sample : 1/3 data
background study after the “membrane” problem

2γ analysis
Cuts 

photon vetoes
MainBarrel, FronBarrel
CsI, collar counters, BackAnti

charged particle vetoes
CV, BCV, BHCV

gamma quality cuts
kinematics of π0s

blind method
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Background sources

Main Background in Run-II
KL→2π0→4γ (Br~10-3) with 2γ missing
Halo neutrons around the beam

hitting CC02, CV

Pt

Z

signal region

halo-n

KL→2π0

KL→2γ

halo neutron

signal region
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KL reconstruction
Number of reconstructed KL with full data in Run-II

KL→3π0, KL→2π0 : 0.47 < m < 0.53 (GeV/c2)
KL→2γ : Pt2 < 0.001, acop. angle < 10 deg.
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 / ndf 
2!   34.5 / 61

Prob   0.9975
p0        0.162! 1.685 
p1        0.000370! -0.001615 

z-vertex(cm)

kgg

 # of rec.
with data acceptance branching

fraction # of KL decay

KL→3π0 164446 6.39x10-6 0.1956
x (0.98797)3

4.59x109

KL→2π0 11955 8.97x10-5 8.69x10-4

x (0.98797)2
5.28x109

KL→2γ 7503 2.25x10-4 5.48x10-4 5.17x109
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“Final” plot

Set blind box
wider than signal box

Tentative final plot
Halo neutron events

CC02
CV

Clear at 300-500 cm

200 250 300 350 400 450 500 550 600
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

pt vs zpt vs z

z-vertex(cm)

Pt(GeV/c)

13

Prel
iminar

y



w/ BA

KL→ π0π0 background
the background calculation with MC

count the number of events in 2γ sample
with KL→2π0 MC

result with x36 higher statistics than data
1 event in the box
0.03 events in 1/3 data (0.08 events in full data)
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Halo neutron 
Background

BG events well reproduced by MC
statistics : 1/1.76 of data

CC02 events
148±18 (data: 149) 

CV events
112±15 (data: 119)

Events around the signal box
optimizing the boundary at CC02
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Single Event Sensitivity

Acceptance by KL→π0νν signal MC
A = 1.64 x 10-2

Number of KL
NKL = 5.28 x 109

Expected Single Event Sensitivity
  w/ full data in Run-II

SES = 1 / (1.64x10-2 * 5.28 x109)
      = 1.15 x 10-8
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Summary
It is very important to measure the branching fraction of
   KL→π0νν for test of the Standard Model and New Physics
We successfully carried E391a Run-II( Feb.-Apr. 2005)
   with several crucial upgrades from Run-I
We analyzed 1/3 data in Run-II

KL parameters by KL→3π0, KL→2π0, KL→γγ 
Background well understood

KL→2π0, halo neutrons
SES =  1.15x10-8 with full data

Future Prospects
Further study for the halo neutron background

optimization for the boundary of the signal region
Check other background sources
            ⇒ Open the box in a few months

Analysis of Run-III data
Final sensitivity expected to be below 5x10-9
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Plots in Run-I 1week
with multiple CPUs. The electronics and data acquisition
system is briefly described elsewhere [7,11].

In the offline analysis, we first looked for photons in the
CsI calorimeter. Each cluster of energy deposits was re-
quired to have the transverse shower shape consistent with
a single electromagnetic shower. The effective energy
threshold of each cluster was 10 MeV. We assumed that
the two photons came from a !0 decay, and reconstructed
Zvtx requiring the two photon invariant mass to have the !0

mass.
We selected events with exactly two photons hitting the

CsI calorimeter and applied selection criteria (cuts) to
suppress background events. In Run-1, the downstream
membrane was partially hanging in the beam by error, at
z ! 550 cm. This produced a large number of background
events because neutrons in the beam core struck the mem-
brane and produced secondary !0’s. If multiple !0’s were
produced at the membrane, and two photons from different
!0’s were detected (‘‘core neutron multi-!0’’ event), it
became a serious background event because we were not
able to reconstruct Zvtx correctly and these events were
distributed in the fiducial region. On the other hand, these
events had extra photons in the final state, and thus can be
suppressed by detecting those extra photons.

In order to suppress events involving extra photons, we
required energy deposit in each photon veto detector to be
less than the threshold listed in Table I. The rejection
power of the photon veto was evaluated with four-photon
event samples from K0

L ! !0!0 ! 4" and K0
L !

!0!0!0 ! 6" with two missing photons. Figure 2 shows
the invariant mass of four photons, M4", after applying all

the cuts on the photon veto detectors. With all the photon
veto cuts, the ratio of the number of K0

L ! !0!0 events in
0:45 " M4"#GeV=c2$ " 0:55 to the number of K0

L !
!0!0!0 events in M4"#GeV=c2$ " 0:45 improved by a
factor of 11. This improvement was consistent with the
expectation of GEANT-3 based [13] Monte Carlo simula-
tion (MC) within 18%.

From the MC study, we found that the ‘‘core neutron
multi-!0’’ events had low PT and were populated at the
downstream Zvtx region. In order to minimize the number
of such background events, we used this characteristic
and required a parameter, # % PT#GeV=c$ & 8:0'
10&4 #GeV=c ( cm$ ' Zvtx#cm$ #Zvtx < 525 cm$, to be
larger than &0:225 GeV=c. Another cut, PT )
0:12 GeV=c, was applied to suppress K0

L ! "" back-
ground and ! ! !0n background, whose maximum PT
is 0:109 GeV=c. The upper boundary on PT was deter-
mined to be PT " 0:24 GeV=c from the kinematical limit
of the K0

L ! !0$ "$ decay (Pmax ! 0:231 GeV=c), allow-
ing for the smearing effect due to detector resolutions.

After applying all the selection cuts, we estimated the
number of remaining background events in the eight
PT-Zvtx regions with the signal regions (c) and (d) as shown
in Fig. 3. Except for the regions (a), (c), and (g), the
dominant background source was the ‘‘core neutron
multi-!0’’ event. We evaluated the number of ‘‘core neu-
tron multi-!0’’ events using a relational expression with
two independent selection cuts: Nbkg ! N0 '
#cut-1 rejection$ ' #cut-2 rejection$, where ‘‘cut-1’’ is a
set of cuts on CV, MB, CC03, CC04, CC06 and CC07,
‘‘cut-2’’ is a set of cuts on the cluster energy and the cluster
hit position, and N0 is the number of events with all
the selection cuts except for the cut-1 and the cut-2.
We checked that (i) #97* 3$% of the N0 was the ‘‘core
neutron multi-!0’’ events even without the cut-1 and
cut-2, and (ii) the cut-1 and the cut-2 were independent

TABLE I. List of the thresholds applied to the photon veto
detectors. EQ is the total light yield in the BA quartz layers, and
ES is the total energy deposit in the BA scintillator layers. The
signal efficiency for a cut A, "A, is the ratio of the number of
events with all cuts to the number of events with all cuts except
for the cut A. We estimated "A using MC K0

L ! !0$ "$ events
except for the cut on BA. For BA, we first evaluated "A for K0

L !
!0!0 and K0

L ! !0!0!0 decays using real data, which were
0:638* 0:022#stat$ and 0:658* 0:022#stat$, respectively, and then
assigned the average as "A for K0

L ! !0$ "$ signal.

Detector Threshold "A Detector Threshold "A

CC02 4 MeV 1.0 CC06 5 MeV 0.98
CC03 1.5 MeV 0.98 CC07 50 MeV 0.99
CC04 3 MeV 0.98 FB 2 MeV 0.91

Detector Threshold "A

CsI 3 MeV for the CsI crystals which do not belong
to the photon clusters

0.78

MB 1 MeV for the inner modules, and 0.5 MeV
for the outer modules

0.60

BA 0.5 MIP for EQ, and EQ=ES ) 10 0.65
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FIG. 2. Distribution of the invariant mass of four photons,
M4", with the cuts on the photon veto detectors and the shower
shape of photons in the CsI calorimeter. The dots show data, the
open solid histogram shows total MC, the closed solid histogram
shows K0

L ! !0!0 MC and the hatched histogram shows K0
L !

!0!0!0 MC.
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L ! !0$ "$ DECAY RATE PHYSICAL REVIEW D 74, 051105(R) (2006)

RAPID COMMUNICATIONS

051105-3

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

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

200 250 300 350 400 450 500 550 600
Zvtx (cm)

P
T
 (G

eV
/c

)

(a) 0 (0.9 ± 0.2) (b) 3 (4.0 ± 1.6)

(c) 0 (0.4 ± 0.7
0.2 ) (d) 0 (1.5 ± 0.7) (e)

(f)

(g) 0 (0.1 ± 0.7
0.1 ) (h)

(e) 1 (3.0 ± 1.4)

(h) 9 (5.6 ± 1.1)

(f) 4 (3.2 ± 1.0)

signal region
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FIG. 4 (color online). Distribution of the invariant mass (left)
and the decay vertex (right) for the K0

L ! !0!0 decays. In the
top plot, the dots show the data and the histogram shows the MC.
The bottom plot shows the ratio of the data to the MC.

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.
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%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].
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and the decay vertex (right) for the K0

L ! !0!0 decays. In the
top plot, the dots show the data and the histogram shows the MC.
The bottom plot shows the ratio of the data to the MC.

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.
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E391a Beam-line

The ”pencil” beam
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π0 reconstruction with 2γ
assume 2γ invariant mass is Mπ0
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Gamma selection cuts

Energy cuts
Shape cuts
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Acceptance

Signal acceptance for KL→π0νν
calculated with MC
decaying at the fiducial
acceptance: 1.93 %

Accidental loss
estimated with data
taken with a trigger by Target Monitor
total accidental loss: 15.5% (.845 acceptance)

Total acceptance
A = 1.93 x 0.845
   = 1.64 %

acceptance loss
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black: #(w/ the cut)/#(no cuts)
red: #(all cuts)/#(w/o the cut)



gamma, pi0 Cuts
gamma E1 > 250MeV,  E2> 150MeV
cluster size >= 3
crystal size >=5
Energy ratio > 0.88
TDI < 3.0
RMS < 5.2,  RMS-sum < 9.5
Energy balance < 0.75
gamma distance > 15cm
gamma position > 15cm
fusion NN > 0.7
Δtheta = > - 20

photon veto Cuts

FB:  1.0MeV
CC02: 2.4MeV
MB: inner 1.0, outer 0.5 

MeV
Outer CV 0.3MeV
Inner CV 0.7MeV
CsI single crystal

2.0 MeV for d>17cm
20MeV for d<17cm

Sandwich 2.0MeV
CC03 6.0MeV

CC04 sci 0.7MeV
CC04 cal 1.0MeV
CC05 sci 0.7MeV
CC05 cal 3.0MeV
BA (sci 20MeV) 

&& (qtz 0.5MIPs)
BCV 0.5MeV
CC06 10MeV
CC07 10MeV
BHCV 0.1MeV
CC00 2.0 MeV
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CsI veto

“dense” region
π0νν

17<d<30, E<5MeV
data

d>20, E<3MeV
New ideas

Fancy function
~10% loss (now 45%)
too loose

Avoid only the dense region
d>25cm: 2MeV
17cm<d<25cm: 5→2MeV
d<17cm: 10MeV for 
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Back-splash from CsI
delayed events with halon
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Halo neutron MC
Method

target simulation
12GeV proton on target

beamline simulation
inject particles from target
into collimator
collect neutrons
which hit the detector

detector simulation
inject halo neutrons

24 CHAPTER 3. APPARATUS AND RUN
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Figure 3.2: Plan view of the neutral beam line. The neutral beam line consists of a pair of
sweeping magnets, and six sets of collimators (C1 – C6).
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Figure 3.3: Beam profiles at the exit of
the C6 obtained by a Monte Carlo simula-
tion without absorber. The triangles and cir-
cles indicate those for γ’s and neutrons with
energies above 1 MeV, respectively.

0

1000

2000

3000

4000

5000

6000

0 1 2 3 4 5 6 7 8 9 10

momentum (GeV/c)

#
 o

f 
e

v
e

n
ts

Figure 3.4: KL momentum distribution at
the exit of the beam line (C6) obtained by
a Monte Carlo simulation which will be de-
scribed in Chapter 4. The average momen-
tum of KL beam is 2.6 GeV/c.
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Halo neutron MC(2)

Halo neutron generation
parameters

p, R, θ, ΦR, ΔΦ
use halon seed from the beamline simulation

w/ different random seed
uniform Φ distribution
add small fluctuation

p: 2%,  r: 1%, θ:1%, ΔΦ: 0.1%
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Accidental loss
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Data / reduction power
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signal distribution
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