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Abstract

We report on the first dedicated search for the K — 7%v decay in E391a experiment at the
12 GeV Proton Synchrotron in High Energy Accelerator Research Organization (KEK). The
K1 — mvp decay is one of the best probe to study the CP violation. In the Standard Model
of elementary particle physics, the branching ratio of the K; — 7°v decay determines the CP
violation parameter within the theoretical uncertainty of O(1%). We analyzed 10 % of data
taken in the first period of the E391a experiment. No signal candidate events were observed.
We set a new upper limit:

Br(Kp — nvp) < 210x 1077,

at the 90 % confidence level. This represents an improvement of a factor 2.8 over the current
limit.
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Chapter 1

Introduction

Symmetries and invariances have always played important role in physics. The Noether’s the-
orems introduces the connection between continuous symmetries and the conserved quantities,
e.g. the translational and rotational invariance lead the conservation of the momentum and
angular momentum. As well as the continuous symmetries, discrete symmetries have formed
an important part of our understanding of physics.

We know that nature is mostly invariant under the following three discrete transformations:

e Parity(P) — inverting the space,
e Charge conjugation(C) — exchanging particles and anti-particles, and
e Time reversal(T) — changing the time coordinate ¢ into —t .

One of important symmetry arises from the combined transformation of C, P and T: i.e. CPT
symmetry. This CPT symmetry predicts the equality of masses, lifetimes and the magnitude
of electric charge of particles and anti-particles.

An asymmetry under the Parity transformation was observed in the 3 decay of Co® by C.
S. Wu et al. in 1956 [1]. This phenomena helped us to find out the mechanism of the weak
interaction. In 1964, J. H. Chistenson, J. W. Cronin, V. L. Fitch and R. Turley discovered
the violation of the symmetry under the combination of the P and C transformations, CP,
in long-lived neutral kaons [2]. The CP violation is interesting because it implies T violation
with CPT symmetry and it also relates to one of the requirements for the matter-dominant
universe [3].

Today, the Standard Model in particle physics consistently describes the nature. The CP
violation could also be explained by the Kobayashi-Maskawa model which is a part of the
Standard Model. However, the magnitude of the CP violation in the Kobayashi-Maskawa
model is too small to explain the matter-dominant universe [4]. A new source of CP violation
can be a breakthrough to solve this issue. Recently, there are several models to introduce a
new origin of the CP violation.

This thesis describes a search for K; — 7% decay, which is one of the best probes to
understand the origin of the CP violation. In the following sections, we will describe a potential
of the K, — 70 decay to the CP violation in the Standard Model and beyond the Standard
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Model. Section 1.1 explains the phenomenology of CP violation in neutral kaon system. The
CKM matrix and the relation between the complex phase in the CKM matrix and the CP
violation is explained in Section 1.2. Section 1.3 describes how the K; — m'vi decay plays a
role in the Standard Model. Section 1.4 describes several theories for the K; — 7% decay
beyond the Standard Model and a new sources of the CP violation in those theories. Section 1.5
explains a history of the K — n%v¥ decay search. In the experimental viewpoint, Section 1.6
explains the first dedicated experiment to search for K; — 707 decay, E391a Experiment,
and the importance of this experiment. An outline of this thesis is given in Section 1.7.

1.1 Phenomenology of CP violation in Neutral Kaon

In order to understand the theoretical interest in K — n°v decay, one needs to know the
basics about the CP violation in neutral kaon system. To explain the CP violation, we will
start with the kaon phenomenology.

The K° and K9 mesons are strangeness eigenstates:

KO — <d> (S =+1), (1.1)

K0 = (J) (S=-1), (1.2)

where S denotes the strangeness quantum number. They are produced through strong inter-
actions, such as:

VA

™ +p — K'4+A, (1.3)

K +p — K+4n (1.4)

with conserving the strangeness.
However, they are not simultaneously eigenstates of CP, since

CP|K% = |KO), (1.5)

CP|KO) = |K"). (1.6)

Although there is an ambiguity on the phase between these two states, we can choose the phase
as the above because the phase is physically unobservable. Since our interest is a CP violation,
we need to introduce CP eigenstates instead of K and KO.

The CP eigenstates K and K5 can be defined as a linear combination of the K° and KO:

Ki) = —=(K% +[K0)), (L.7)

S

) = (K~ [KT). (1.9

S
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As shown in the equations:

1 —
CP|K1) = —=(IK%) +|K?) = +|K1) (CP=+1), (1.9)
V2
—
CPK2) = —=(K°) —|K?) = ~|Ky) (CP=-1), (1.10)
V2
where the CP eigenvalue is +1 for K7, and —1 for Ky. Since the two pion final states (7%7° or

7t77) have CP eigenvalue of +1 and the three pion final states (7%7°7% or 7+7~7") have CP

eigenvalue of -1, if CP conserves, K1 can decay to the two pion final states, and Ko can decay
to the three pion final states, but not vice versa. Therefore, until CP violation was observed
in 1964, it had been believed that the short lived kaon (Kg) should correspond to the K7 and
the long lived kaon (K7,) to the Ko, in which difference in lifetimes arose from the amount of
phase space available.

There are two kinds of CP violations in the neutral kaon system, one is called “indirect CP
violation” and another is called “direct CP violation”. The following two subsections briefly
describe these two phenomena.

1.1.1 Indirect CP Violation

The “indirect CP violation” arises from the K° — K° mixing (Fig. 1.1). In 1964, CP violation
was first observed in the decay K; — w"n~. To explain this process, K; and Kg were
interpreted as a superposition of the K; and Ko,

1
|Ks) = T|E|2(|K1>+6‘K2>)

I RO —
N 1+’€’2((1+ )ET) + (1= €)|K°)) (1.11)

K) = (2] + elF)

———=((1+¢)|K") — (1 - )| K?)) (1.12)

where € determines the size of K;(K3) contamination to K (Kg), and the first coefficient
are for normalization. They imply that the K0 — KO mixing is asymmetric by le|. The K;
component in the K is considered to decay into the two pion final state. Therefore, decay
processes do not contribute to the CP violation, and the small contamination of the K; caused
the CP violation.

We can evaluate the mixing parameter |e| by using the semi-leptonic decay, K° — 711y,
and KO — 7t~ (I = e, ), as shown in Fig. 1.2. The |e| is obtained from the charge
asymmetry, J, in semi-leptonic decay of K, defined as :

P(KL — 7r*l+1/l) - F(KL — 7T+lfﬁl)

0 = .
F(KL — 7T_l+l/l) + F(KL — 7T+l_171)

(1.13)
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d W s d u,c,t s
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1 1
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Figure 1.1: The box diagrams of the K° — K° mixing. The K9 and K9 oscillate via AS = 2
transition.

0|
=

%)
c

Figure 1.2: The feynman diagrams of semi-leptonic decays in neutral kaons, where [ = (e, p).

The K° decay involves positive lepton and K9 decay involves negative one.

Substituting Equation 1.12 into Equation 1.13 yields
d =~ 2Re(e) . (1.14)
Experimentally, the current world average for the charge asymmetry is [5]
§ = (3.271£0.12) x 1072 . (1.15)
The € can be evaluated by taking the phase of €, ¢ = 43.51° £ 0.05° [5], into account;
le] = (2.284+0.014) x 1073 . (1.16)

It implies that the CP violation observed in K — 77 decay is explained with the indirect CP

violation where asymmetric K — K9 mixing results in small contamination of K; component
in K.

1.1.2 Direct CP Violation

The “direct CP violation” arises in the decay process. In this context, it means that a CP
eigenstate of one type is allowed to decay into another CP eigenstate. Examples of direct CP
violation are the decay of the K5 to two pion final state or the K7 to three pion final state. An
evidence for direct CP violation in the neutral kaon system was reported in the measurement
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of a parameter Re(¢’/e). The Re(€'/e) is obtained from the double ratio of the decay widths of
the K gy — mtn~ and K5y — n'7" decays:

'Ky —7ntn)/T(Kg — ntn™)
I'(Kp — 7079) /T (Kg — w0x0)

~ 1+ 6Re(€ /e) . (1.17)

A non-zero value of Re(€'/€) indicates an existence of the direct CP violation. The world
average listed in the PDG [5] is

Re(¢'/e) = (1.6740.26) x 1073 . (1.18)

Therefore, the direct CP violation exists.

The origin of CP violation in the Kj — 70 decay is the direct CP violation, as will be
described later. In the next section, we will describe a theory which explains why CP does

not conserve in the K — K9 mixing and in the decay process within the Standard Model
framework.

1.2 CP violation in the Standard Model

In the Standard Model, the Lagrangian of the charged current in the weak interaction is given
by:
Loo = % [’L_Li‘/vijdjW_ + djVZjuZWJF] (119)

where u; = (u, ¢, t) are left-handed up-type quarks and d; = (d, s,b) are left-handed down-type
quarks, and W denote the weak bosons. Vij is the 3 x 3 unitary CKM (Cabibbo-Kobayashi-
Maskawa) matrix which connects the up-type quarks with the down-type quarks:

Vud Vus Vub
V=1 Ve Ve Va . (1.20)
Via Vis Vaw

The Lagrangian changes under CP transformation as follows:

9 13 IR —— _
Loc — 7 [d;Vijui W + w;Vi5d; W] (1.21)
Therefore, the interaction is invariant under CP transformation if V;; = sz In fact, the

CKM matrix elements are complex so that the interaction is not invariant under the CP
transformation.

1.2.1 CKM matrix and unitarity triangle

The CKM matrix was first introduced by Kobayashi and Maskawa [6], based on the concept of
flavor mixing originally introduced by Cabibbo [7]. V has 9 free parameters but the number of
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these parameters is reduced to 4 by the redefinition of the phase of quark fields. A convenient

parameterization of V with three angles 615, 63, 613 and a phase J is
c12013 $12€13 s13€’

V= —si2co3 — 12803513 c1ac23 — s12523513€0  sascrs : (1.22)

)

: s
512C23 — €12523513€"°  —C12C23 — S12523513€"  €23C13

where ¢;; = cos0;; and s;; = sin 0;;.

As shown in Equation 1.19 and 1.20, the matrix elements of V express the coupling strength
at the vertex of W# and up-type and down-type quarks. Wolfenstein [8] parameterized the
CKM matrix through an expansion in powers of A = |V,,5| = 0.22:

1-— ’\72 A AX3(p — i)
V= ~A -2 AN? + 00, (1.23)
AN(1 — p—in) —AN? 1

where 7 is the CP violation phase. In this parameterization, V is CP invariant to the order of
A2, and CP violation shows up first in the order of A\3. Numerical values of these parameters
are determined from experiments as discussed in the later subsection.

All the CP violating observables are proportional to a quantity J [9], which is independent
of the choice of phase parameterization:

J=Mm[Vi ViV Visl (i # 1L G # k) (1.24)

where [ and k denote up-type and down-type quarks, respectively. In terms of explicit param-
eterizations given above, J becomes

J = 6126236%3512523813 sind ~ )\6A27] . (1.25)

Imposing the unitarity condition to the first and third columns in the CKM matrix, we
obtain

VarVua + Ve Ved + Vi Via = 0. (1.26)

This relation can be expressed as a triangle in the complex plane, which is called the unitarity
triangle. We can take V4 =~ 1 to the first order in A, and the unitarity condition becomes
Vi 4+ Vig = AN (1.27)

Figure 1.3 shows the triangle obtained from Equation 1.26. The area of the triangle is pro-
portional to the measure of CP violation, J. This means that, in the Standard Model, a
measurement of the CP violating magnitude is equivalent to evaluating the area of the unitar-
ity triangle in Fig. 1.3.

Therefore, a measurement of an amplitude of the imaginary parameter 7, is the essence of
CP violation in the Standard Model. In Equations 1.22, 1.23, such amplitudes are introduced
with the |Vi4| or |Vis| component in the diagrams of CP violating processes.
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@) A ®  A=p7H

y
B C=(0,0) B=(1,0)

C

Vot Vi

Figure 1.3: The unitarity triangle. (a) Representation of the triangle formed by the CKM
matrix element in the complex plane. (b) Rescaled triangle with vertices A,B and C at (p, 1),
(1,0) and (0,0), respectively. In this context, p = p(1 — A\2/2) and 7j = n(1 — A?/2). As will be
described in later, the branching ratio of the K — 7% decay determines the height of the
unitarity triangle.

1.2.2 Current status of CKM parameters

As shown in Equation 1.25, A, A and 7 determine the size of CP violation in the Standard Model.
They are also used in theoretical calculations to predict the branching ratio of K — nlvw
decay, as will be discussed in the next section. Therefore, we briefly summarize the current
status of constraints on the CKM parameters, which are imposed from a combination of various
experiments.

The A = |V,s| is determined by the decay rates of strange particles. The current average
value is reported to be |Vys| = 0.2200 4 0.0026 [5]. The A can be determined with the A and
the measurement of the |V| as shown in Equation 1.20 and 1.23. The |V] is obtained from
the semi-leptonic decays in B mesons to be V| = (41.3 £ 1.5) x 1072 [5].

The constraints on (p, ) plane, where p = p(1 — A2/2) and 7 = n(1 — A\?/2), respectively,
are imposed from several experimental measurements. A detailed description can be found in
ref. [5]. The |e| and sin 23 are typical parameters in the K and B meson systems, respectively.

The |e| is connected to (p,7) through the relation [10]:

1.52
1.248(1 — p)A2 [ — "t 31
81 -7) <170(GeV)) 0.3

where By is the ratio of the true matrix element to that obtained using vacuum insertion, and
it is estimated to be 0.85 £ 0.15 [11].

The decay processes of b — c¢s give, in the time-dependent CP violation, an important
parameter sin 23, where (3 is an angle of the unitary triangle in the (p,7) plane as shown in
Fig. 1.3 (b). The present experimental results from BELLE and BaBar experiments determine
it to be [5]:

¢ = nA%By , (1.28)

sin23 = 0.736 + 0.049 . (1.29)

All the constraints on the (p,7) nicely overlap in one region as shown in Fig. 1.4. The
measurement in the K meson system, |¢|, and the measurement in the B meson system, sin 23,
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well agree. We know the Wolfenstein parameters [5]

)\_

= 0.2200 £ 0.0026 ,

A=0.85£0.03,
p =

0.20 £ 0.09 ,

(1.30)
7 = 0.33 4 0.05

(1.31)
1.3 K; — 7'vv decay in the Standard Model

An important role of the K, — 7°v decay in the Standard Model is that it can determine the

parameter, 7, precisely. In this section, we describe the theoretical cleanness of the Ky — 7
decay and interpretation of the K; — 7%v¥ decay as a probe to study the CP violation.

amplitude of the K — 7'vi decay is

77
A(Kp — i)

~

Since the magnitude of €, which implies the indirect CP violation, is small enough, the

A(Ky — nvp)
The decay process of the K — x°

(1.32)
vv is dominated by the short-distance process and are
state, the amplitude of K5 can be expressed as:

mediated by the second order diagrams of the electroweak interactions as shown in Fig. 1.5.
Since K is a superposition of K° and K9, and there can be a top quark in the intermediate

A(Ky — mvp) o« VigVis — ViiVig o< 2in .

Therefore, the branching ratio of the K — 7°vi decay, Br(Kp — 7
violation phase in the amplitude.

(1.33)
Ovp), is proportional to
n?. CP does not conserve before and after the interaction because of the existence of the CP
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Figure 1.5: The Feynman diagrams of the K;, — 707 decay. The decay is dominated by the
second order electroweak interactions by the (a) penguin diagram and (b) box diagram.
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The Br(Ky, — 7’vi) is represented in the Standard Model as [15]:
Br(Kp — i) = 6.87x107% x Br(K+ — n%tv) x A2 X?(xy) (1.34)

where Br(K*+ — n%%v) is the branching ratio of the K+ — nV*v decay, z; is the square
of the ratio of the top to the W masses, x; = m7/m3,, and X(z;) is the Inami-Lim loop
function [16] with QCD higher order corrections, respectively. We can compute Br(Kj; —
70uD) to an exceptionally high degree of precision that is not matched by any other decays of
mesons. The reasons are the facts that (1) long-distance contributions are negligible and (2)
the hadronic matrix elements are extracted directly from experimental measurements of the
Br(K* — 7%Tv). The theoretical uncertainty in Br(Kj — 7vp) is only 1 — 2 %.

Using experimental inputs of the CKM parameters, the Br(K; — 7'vp) is predicted in
the Standard Model to be Br(Ky — 7vv) = (3.0 £0.6) x 1071, The 20 % of uncertainty
comes from uncertainties on the CKM parameters and the quark masses.

Because of the theoretical cleanness, the measurement of the K; — mvi branching ratio
can be directly translated into precise information on the magnitude of the CP violation in
the Standard Model. Assuming that the branching ratio is measured within +5 %, we can
determine the CP violation phase, 7, within £3 %. On the other hand, the measurement of
the CP asymmetry in the B meson system, B — J/9¥Kg, also can determine the CP violation
phase in the Standard Model with a small theoretical uncertainty. The magnitude of the CP
violation determined by both measurements should be the same in the Standard Model.

(size of CPV) = (size of CPV) j/y ks (1.35)

VY

This relation is not only a very powerful tool to check the Standard Model, but also a useful
handle to discriminate among different new physics, which will be described in the next.

1.4 K; — 7'vv decay beyond the Standard Model

In this section, we describe a role of the K; — 7% ¥ decay beyond the Standard Model, in
particular, concerning possible new sources of CP violation. First, we describe a model inde-
pendent limit on the Br(Kj — mvi), so-called the Grossman-Nir limit. After the description
of the Grossman-Nir limit, we will describe an overview of the Kj, — 7w decay in the physics
beyond the Standard Model.

1.4.1 Grossman-Nir limit

A charged kaon decay K+ — 7 v is closely related to the K, — 7%v decay. The K+ — ntvp
decay can be illustrated by replacing the d quark with the u quark in the K° — 7%o. A
stringent constraint on the branching ratio of K; — 7w'v¥ decay can be derived using the
information on the charged mode and the isospin symmetry, as was suggested by Y. Grossman
and Y. Nir [12]. The model independent limit on the branching ratio of K; — 7’vi decay, the
Grossman-Nir limit, can be expressed as':

Br(Kp — ) < 4.4 x Br(K* — ntvp) . (1.38)

'Let define # to be the relative CP violation phase between K° — K9 mixing (indirect CP violation) and
s — dvp decay (direct CP violation) for K; — w°v decay, and consider the isospin symmetry relation,
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The AGS E949 collaboration at Brookhaven National Laboratory observed 3 K™ — 7wtuvw
decay events so far [14]. The measured branching ratio of K+ — n¥ww is [1.47F]30] x 10719,

and its upper limit is Br(KT — 7ntv) < 3.2 x 10710 at the 90 % confidence level. Therefore,
Br(Kp — ) < 1.4x107% (90 % C.L.). (1.39)

Since this is a fundamental requirement, this bound is valid in virtually any extensions of
the Standard Model. Therefore, most of models for new physics beyond the Standard Model
predict Br(Kj — 7v) below the Grossman-Nir limit as will described below.

1.4.2 K; — 7w for probing physics beyond the Standard Model

The K;, — 7'vv decay plays a special role in the investigation of new physics beyond the Stan-
dard Model. The clean theoretical character of K; — m%v# decay remains valid in essentially
all extensions of the Standard Model. Also the K, — 7%v© decay can determine the new origin
of CP violation with small theoretical uncertainties. In contrast to the Kj — 7%vi decay, the
measurement of CP violation in the B meson system, such as non-leptonic two-body B decay
(B — 7, B — K, etc.) are vulnerable to the hadronic uncertainties in the relevant observ-
ables. Moreover, the Kj, — 7% decay process is dominated by the second order processes of
the electroweak interactions, hence it is sensitive to new flavor interactions and/or CP violation
phases in the intermediate state.

An explicit example was pointed out in references [17, 18]. Buras et al. predict a large
phase of the new origin of CP violation, which leads to an enhancement of the electroweak
penguin process (“Enhanced EW penguin”). They assume this effect can be implemented in
both K and B meson system universally. It would provide a much better fit of recent B — nK
data from B factories.

Table 1.1 lists the recently considered models beyond the Standard Model and the predicted
branching ratio of the K — 7’vi decay. In the Minimal Flavor Violation (MFV) hypothesis,
there are no additional CP violation phases, and the flavor mixing can be explained only
by the CKM matrix in the Standard Model. Therefore, deviations from the Standard Model
amplitudes rarely exceed the O(20)% level. Moreover, since there are no additional CP violation
phases, the relation between the magnitude of the CP violation in the K; — 7%v decay and
the CP asymmetry measured in B — J/¢¥Kg, Equation 1.35, must be satisfied. On the other
hand, in general Minimal Supersymmetric Standard Model (MSSM), it is possible to implement
new CP violation phases. In the general MSSM, the branching ratio of K; — 7% decay can

AK® — 7%0)JA(KY — 7Tvp) = 1/v/2. A relation between two decay widths K1 — n°v& decay and
KT — ntuo decay is:
(KL — n'vp)

22
e . 1.
DK+ = atop) 07 (1.36)

Tis X

where ;s = 0.954 is the isospin breaking factor [13]. With this relation and sin?@ < 1, the model independent
limit on the ratio of two branching ratio is :

Br(Kr — 7r0y17) TK, 1
— L —= X — ~44 1.37
Br(K+ — mtuvi) < Tr+ x Tis ’ (1.87)

where Tx, [T+ = 4.17.
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Table 1.1: A list of the models beyond the Standard Model and the predicted branching ratio
of the K;, — 7% decay.

model ‘ ref. ‘ Br(Kj — wvw)/1071 ‘
Minimal Flavor Violation | [15] ~ 20 %

General MSSM [19] < afew x10
Enhanced EW penguin [17, 18] 31+10

be as large as a few times 1070, The effect of new CP violation phase to K, — 7O is

different from that of AF = 2 processes, e.g. K* — KO and B — B0 mixing. This implies
that the relationship, Equation 1.35, is naturally broken, hence some differences would appear
between the magnitude of the CP violation in the K; — 7%v7 decay and the CP asymmetry
measurement from the B — J/1Kg decay.

1.5 History of the K; — n%vi search

Although the K; — 7% decay offers a window for the study of CP violation, the present
upper limit on the branching ratio of the K; — 7% decay is

Br(Kp — nvp) < 59 %1077 (90 % C.L.) (1.40)

by the KTeV experiment [20]. This is still a few orders of magnitude higher than the SM
prediction. In this section, we describe the past experimental searches for the K; — 7°
decay from an experimental viewpoint. There are five measurements on the K; — 7%v& decay
in the past as shown in Fig. 1.6.

The first search was performed by Littenberg [21]. He extracted a limit from the experiment
of Cronin et. al. [22, 23] for the K;, — 7979 decay. The limit was

14%

Br(Kp — nvp) < 7.6 x 1072 (90 % C.L.). (1.41)

The following experimental studies on the Kj — 7'vi decay were carried out in two
different approaches.

The first approach used 7° — ete~7 decay to identify K; — 7°v decay. The current
upper limit was set by the search using this approach. The advantage of using the 7° — eTe™~
is that the decay vertex can be reconstructed with eTe™ tracks. Therefore, one can reconstruct
the invariant mass of ete™+ and require it to be m_ o. On the other hand, a disadvantage is
that the branching ratio of the 7° — e*e™y decay is so small (~1%) that one needs a larger
number of Ky ’s.

Another approach used 70 — vy decay. KTeV experiment set a limit on the branching
ratio [24]:

Br(Kp — ) < 1.6 x107% (90 % C.L.), (1.42)

based on a special run taken in one day. As shown in Fig. 1.7, one event was observed in the
signal region while 3.5 + 0.9 background events were expected. The advantage of using the
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70 — 47 decay is that since the branching ratio of the 70 — v is ~99 %, thus O(102) ~ O(10%)
times higher sensitivity than using the 70 — ete~v decay is achievable. However, the search
for K; — 7907 using the 7° — ~v decay was already contaminated by the background. The
main backgrounds were

0

e Other K, decays such as K — 7%7° where two photons were missed, and

e Beam-associated backgrounds such as A — n7? decay and 7° production by the neutron
interaction with detector materials.

The expected number of background, 3.5+0.9, was dominated by the background from neutron
interactions.

If one wants to search for Kj, — 7% decay with the 7° — ~v decay, one needs to improve
the detector system in order to catch all the extra photons, and improve the neutral beam in
order to reduce the number of A’s and neutrons. In addition, it is important to reduce the
amount of detector materials in the beam in order to avoid neutron interactions.

1.6 KEK-PS E391a Experiment

In order to discover K, — n%v¥ decay and explore new origin of the CP violation, we started
a series of experiments. We first carried out the first dedicated experiment, E391a experiment,
at the 12 GeV proton synchrotron in High Energy Accelerator Research Organization (KEK).
The E391a experiment started in February 2004 and had three data taking runs until December
2005. The purpose of E391a experiment is to establish a new experimental method. In E391a
experiment, we identified K7 — 7%v decay using 7° — v decay and introduced several new
approaches to suppress the number of background events.

To achieve the goal, we should understand background sources and analysis techniques
in our new experimental method. Based on the experience in E391a experiment, we plan to
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search for K7, — 7%v0 decay with a sensitivity of O(107!3) at a high intensity 50 GeV /c proton
synchrotron in J-Parc in the future.

In this thesis, we will describe a new result of the search for K — wvv using 10 % data
taken in the first period of E391a experiment. This is the first step of our long road to the goal
and this result led to a new understanding on background sources and analysis techniques in
the new experimental method.

0

1.7 Outline of this thesis

We will first describe the experimental technique in Chapter 2. Chapter 3 describes the ex-
perimental apparatus and run. The Monte Calro simulation of the kaon beams and detector
is described in Chapter 4. Chapter 5 explains the event reconstruction method. Chapter 6
describes the event selection to suppress the number of background events. The background
estimation is given in Chapter 7. Chapter 8 describes a discussion of systematic uncertainties
to a sensitivity of K — m'v decay in this search. Chapter 9 presents the result of this search.
Finally, we will conclude this thesis in Chapter 10.



Chapter 2
Experimental method

E391a experiment is the first dedicated experiment in the world to search for K; — 70vp

decay. In this chapter, we give a conceptual description of the E391a experiment.

2.1 Overview

K1, — 7% decay has been searched for in several experiments as a by-product of their physics
themes. We carried out the first dedicated experiment in the world, E391a experiment, to search
for K; — n%vv decay.

The purpose of E391a experiment is to establish the experimental method of the measure-
ment of K7 — 7% decays. The past experimental result is Br(Kj — 7°vp) < 5.9 x 1077, at
the 90 % C.L. which is still a few orders of magnitude higher than the Standard Model predic-
tion. Therefore, the primary physics motivation of the E391a is to explore K; — 70 decays
by improving the sensitivity down to the Grossman-Nir limit, 1.4 x 107%. In order to improve
the sensitivity to the K;, — 7%v decay, we need to increase both the number of K decays
and the signal acceptance. At the same time, we should keep the number of background events
small enough. In the following sections, we first introduce a parameter in an experiment. We
then describe a detection method, considered background sources, and features of the E391a
experiment.

2.2 Single Event Sensitivity

Here, we introduce a parameter used often in rare decay experiments, called “Single Event
Sensitivity”. For example, if we observe some K; — 7vi decays, the branching ratio of the
K1, — 1% decay would be:

7,Lobs

BT(KL — 7T07/17) = ﬁ (21)
ecay sig

where ngg’gs is the observed number of K — 7'vi decays, Ndecay s the total number of K,

decays, and As;q is the signal acceptance, which is the probability to observe the signal decay.

15
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Single Event Sensitivity (SES) is expressed as:
SES = . (2.2)

It means that, in an experiment with a SES, we expect to observe Br(K — 7’vi)/SES signal
events on average.

The number of K, decays can be measured by using other K; decay mode. We call such
a K, decay mode as “normalization mode”. The number of K7, decays, Ngecay, is :

nobs
Nd — norm (23)
coay Anorm X Br(norm)’
where n%.  is the observed number of events, Apy-m and Br(norm) are the acceptance and

the branching ratio of the normalization mode, respectively.
Substituting Equation 2.3 into Equation 2.2, the SES is :

Anm"m 1

. obs
AS@Q Nporm

SES = Br(norm) x (2.4)

Considering Equation 2.2, we should increase both the number of K, decays and the signal
acceptance in order to improve the sensitivity to the K — 7% decay.

2.3 Detection method

In E391a experiment, K’s were produced by striking protons from the 12 GeV proton syn-
chrotron (KEK-PS) on a target. The signal for K; — 7%v7 decay is two photons from 7°
decay and no other particles detected in the final state.

The only K decay modes that have only two photons in the final state are K — =«
and Kj — vy decays. All other decay modes include at least two charged particles or at least
four photons, and these decays can be removed by requiring that there are only two photons
in the final state. We can discriminate K; — 70> decay from K — ~v decay by requiring a
finite transverse momentum of the detected two photons’ system.

By detecting 7° — 77, instead of 7% — eTe~ used in previous search [20], we can get better
sensitivity because the Br(n? — ~v) is ~ 80 times larger than the Br(7® — ete™y). In the
experiment, we measure two photon energies and positions with an electromagnetic calorimeter
and reconstruct 7°. In order to make the signal acceptance large, we set the electromagnetic
calorimeter at the downstream end of the decay region because two photons from 70 decay are
boosted in the K, direction.

Oy

2.4 Background

One of the key issues in the Kj — 7907 experiment is how to suppress the number of back-

ground events. Here, we describe several background sources that we considered in the E391a
experiment.
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Background due to photon inefficiency

If we lose some photons from a K, decay or other reactions, it becomes a background event. One
example is K7, — 77 decay where two photons are missed. Figure 2.1 shows the distribution
of the transverse momentum of two photons’ system. We can discriminate between the signal
and the background event by requiring a large transverse momentum. However, if the number
of K1 — n97% background events increases, they contaminate the signal region. Therefore, we
should reduce such background events as much as possible.

> [}-signal
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}j l_i 1 T i =YY
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-
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1 E Figure 2.1: The distribution of the trans-
u }ﬂ verse momentum of two photons’ system for
Lk K, — 7% (solid), K, — 7% (yel-
low hatched) and Kj — v decays (green
hatched) obtained by a Monte Carlo simula-
0 005 01 015 02 025 03 03 04 tion.

transverse momentum (GeV/c)

One of the sources to miss photons is a so-called “fusion” where two nearby photons in
the electromagnetic calorimeter are misidentified as one photon. It mainly depends on the size
of segmentation of the electromagnetic calorimeter because almost the electromagnetic shower
lies within one Moliére radius. Also it depends on a method for finding photons.

Another sources is a detection inefficiency. There are two major mechanisms that cause the
detection inefficiency.

1. Electro-magnetic interaction
There are two effects.

(a) Punch through effect, where a photon passes through the detector without interact-
ing with the detector material. The inefficiency for this effect is described by

Inefficiency = e~ *! (2.5)

where [ is a length of the detector, o is a normalized cross section(cm?/g) and p is a
density(g/cm?). As described in Equation (2.5), with a longer detector length, the
inefficiency is reduced.

(b) Sampling effect. For a sampling calorimeter such as a lead / scintillator sandwich,

there is a sampling effect in which the energy deposit in the scintillator is below a
detection threshold due to a fluctuation.
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2. Photo-nuclear interaction
The photo-nuclear interaction is a reaction that an incident photon is absorbed by the
nucleus and this nucleus emits protons, neutrons or photons. If only neutrons are released,
the incident photon will not be detected.

The photon inefficiency depends on the incident photon energy and the type of detector. The
photon inefficiency including the effect of the photo-nuclear interaction was measured for both
a lead / scintillator sandwich detector and a CsI crystal for photons with the energies below 1
GeV [25], and above 1 GeV [26].

Background due to beam interaction
Many neutrons were also produced by the hadronic interaction at the target. If a neutron in
the beam interacts with a detector material or with residual air, and one or more 7%’s are

produced, it can become a background event.

Background due to charged particle inefficiency

Most K particles decay into at least two charged particles such as K; — = K; —
7tuFr and K — 77~ 7% In the experiment, we reject them by detecting charged particles
with a scintillator. However, the charged particle inefficiency of such detector causes additional
background sources.

ey

)

2.5 Features of the E391a experiment

We designed an experiment to search for K; — 707 decay with a high sensitivity while
suppressing the backgrounds described above. Here, we describe the ideas for our detector
system and K, beam. These ideas are also meant to be applied to high sensitivity experiments
in the future. In chapter 3 we will describe each detector component in detail.

2.5.1 Ideas to catch all the photons

We built a hermetic detector system to detect all the particles from Ky, decays and other reac-
tions. Figure 2.2 shows a conceptual view of the hermetic detector. All detector components
are located in such a way that there are no insensitive regions. We used Csl crystals as the
electromagnetic calorimeter and several sandwich type detectors to detect extra particles. In
order to suppress events that decayed upstream of the detector surrounding the K decay
regions, we built additional detector at the upstream of the hermetic detector system.

On the other hand, we still should make a beam hole in such a hermetic detector system in
order to avoid any beam interactions with the detector materials. This allows some photons to
escape down the beam hole. We put a detector at the end of the beam to catch such photons,
but its detection efficiency is lowered by the high beam flux in the detector. This increases
the overall photon inefficiency of the detector system. Therefore, the Kj beam has to be as
narrow as possible to reduce such an inefficiency.
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Figure 2.2: A conceptual view of the her-
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2.5.2 Ideas to reduce beam neutron interactions

In order to reduce beam neutron interactions producing 7%’s, we took two approaches. First, we
evacuate gas from the decay region down to 10~ Pa to avoid interactions between neutrons in
the beam and the gas. With this pressure, the number of background events will be negligible
(< 0.1 events) for an experiment searching for K — 7% decay with the branching ratio of
O(10719) [28]. However, such high vacuum is difficult with the detector components inside,
because of large amount of out-gassing from detector materials. In order to avoid this problem,
we put the detector components in a low vacuum region (~0.1 Pa). These different vacuum
region can be separated by a thin film. We will describe details of the vacuum system in
Section 3.3.

Second, we reduced the beam halo component as low as possible to minimize their inter-
actions with the detector materials. In the E391a experiment, the rate of the beam halo is 5
orders of magnitude lower than the rate of the beam core.

2.6 Summary

We summarize key issues of the our experimental method as below.

e We detect K — v requiring two photons from 7° decay (7° — 77) and no other
signal detected in the final state.

e We suppress the backgrounds, such as K; — 7%7° decays with two missing photons
and beam neutron interactions producing one or more 7¥, by following experimental
approaches.

1. We detect all the extra particles in the final state using the hermetic detector.

2. To reduce beam neutron interactions, we evacuate gas from the decay region down
to 107°. Also we reduce the beam halo components as low as possible to minimize
their interactions with the detector materials.

In the next chapter, we will explain details of the experimental apparatus which were con-
structed to satisfy these purposes.






Chapter 3

Apparatus and run

In this chapter, we will describe the experimental apparatus of the E391a experiment. The
E391a experiment was proposed to search for K; — 7°vi decay at KEK and was approved
in 2001. As shown in Fig. 3.1, the experimental apparatus consists of the 12 GeV Proton
Synchrotron in KEK (KEK-PS), a neutral beam line and a detector system. Neutral beam line
and detectors were constructed at the East Counter Hall in KEK.

Section 3.1 describes the neutral beam line. Section 3.2 explains the detector system. The
details of the vacuum system is given in Section 3.3. Section 3.4 describes the trigger system.
Section 3.4 describes the data acquisition system. Finally, we explain the run conditions in
Section 3.6.

Neutral beam line Detector system
6 collimators + V acuum vessd
2 sweeping magnets N
Pt target ;o T
ag \W . N
2 f SN
12GeV proton S BackAnti
L
L Pb absorber Front barrel Csl
KEK-PS
> 2
-11m Om 6m 10 m

Figure 3.1: Schematic view of the E391a experiment. The E391a experiment consists of the
neutral beam line and the detector system. The proton beam was delivered from KEK 12 GeV
Proton Synchrotron.

21
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3.1 K; beam

Figure 3.2 shows an overview of the neutral beam line including the production target. Protons
from the KEK-PS hit a production target and then produced K, particles. K;’s went to the
detector system through the neutral beam line.

In the following subsections, we will described the primary proton beam, the K, production
target and the neutral beam line.

3.1.1 Primary proton beam and K production target

Protons were accelerated up to the kinetic energy of 12 GeV in 2 seconds, and then extracted
slowly to the East counter Hall going through the EP2-C beam line. The extraction took 2
second (Slow Extraction mode). We call the extracted protons during the 4 second cycle as
“spill”. The protons hit the production target and produced secondary particles. Typical beam
intensity at the target was 2.5 x 10'? protons per a spill. The profile of the primary proton
beam was an ellipse with ¢ = 1.1 mm in vertical and ¢ = 3.3 mm in horizontal directions [27].
The production target was made of platinum(Pt) with 60 mm in length (0.68\7, 20X,
where A\; and X are the interaction length and the radiation length, respectively) and 8 mm
in diameter. The target and the neutral beam line set on a same axis in order to minimize
the source point of the secondary particles viewed from the detector system. The primary
proton beam struck the target with 4° horizontally with respect to the neutral beam line.
Hence, the secondary particles went through the neutral beam line with the extraction angle
of 4°. This extraction angle was chosen in order to reduce the number of neutrons compared
to the number of K ’s because the beam neutron interaction with the residual gas could be a
background source in the Kj — 7’vi decay. The neutron/K | ratio was ~ 60 at the target.

3.1.2 Neutral beam line
The neutral beam line in the E391a experiment was constructed to satisfy following conditions.

1. Pencil beam
“Pencil beam” means a narrow beam. There were two reasons. One reason was to reduce
the uncertainty of the transverse momentum of the 7%, since it is used to discriminate
between the signal and the background, as mentioned in Section 2.3. Since we recon-
structed the transverse momentum of 7° assuming that the 7° decay vertex was on the
beam axis, large beam size would increase the transverse momentum resolution.

Another reason was to reduce a probability that photons went through the beam hole
without being detected. With the pencil beam, we could make the beam hole smaller.

2. Clean beam
“Clean beam” means that halo component in the neutral beam is small. If a neutron in
the halo interacted with the detector materials, it could become a background event.

As shown in Fig. 3.2, the neutral beam line consisted of a pair of sweeping magnets, two
stages of collimation using six sets of collimators (C1 — C6), lead(Pb) and beryllium(Be) ab-
sorbers and a vacuum pipe. Total length from the target to the exit of last collimator (C6) was
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Table 3.1: Specifications of the KEK-PS accelerator and the neutral beam in the E391a
experiment.

parameter value

KEK-PS accelerator

Proton energy 12 GeV (in kinetic energy)
Typical intensity / pulse 2.5 x 1012
Repetition cycle 4 sec

Flat top 2 sec (Slow extraction mode)
Duty factor 0.5

Neutral beam line

Target Pt rod (60 mm (0.68)7) long, 8 mm in diameter)
Targeting angle 4°

Beam profile 2 mrad of a half cone angle
neutron / K, ratio 60

Average K7 momentum at C6 2.6 GeV

11 m in order to reduce the number of muons punching through the materials in the beam line.
Also, this distance helped to reduce backgrounds from some hyperon decays, such as A — nz0.
The total length of the collimators corresponded to approximately 47A;.

The lead and beryllium absorbers reduced ~’s and neutrons in the beam, respectively. The
first three collimators, C1, C2 and C3, were used to define the beam profile in an aperture of
2 mrad of a half cone angle. The last two collimators, C5 and C6, were used to trim the beam
halo. A part of halo neutrons were produced at the C6 by secondary neutrons and by charged
pions from K7, decays. In order to reject the background events due to the neutrons produced
at the C6, plastic scintillator rings with a thickness of 1 cm were installed as an active detection
element between tungsten disks in the downstream half of the C6. Scintillation light was read
out through wavelength-shifting fibers arranged at the outer periphery of the scintillator disks.

The fourth collimator, C4, was used to reduce thermal neutrons which were one of the
sources of accidental hits in the detector region. C4 consisted of the thin gadolinium-oxide(Gd0O3)
sheets. Our measurement confirmed that C4 reduced the thermal neutron flux by one order of
magnitude [27].

Figure 3.3 shows the beam profiles for 7’s and neutrons at the exit of C6, obtained by
Monte Carlo simulation. The neutral beam was sharply collimated, and the flux ratio of halo
to core was lower than 107°. Figure 3.4 shows the K; momentum spectrum at exit of the
C6 reproduced by the Monte Carlo simulation. The average momentum of Kj beam was 2.6
GeV/c at C6.



24 CHAPTER 3. APPARATUS AND RUN
~10
E Beam Dumg .
L 3 Sweeping Magnet acyum Region
0
s 6
= 1Y
.E 4 [Pt-Target ) X
@) '
S /| I | 3
T ; =4
0 § ‘,U E
nmnmml 3
2 E
g
-4 [ Beam L|>j
-6 )
C1 Cc2 C3 C4 C5 6
_8 | Be absorber
Pb ahsorper
_10 : ! L L I | I I | | | | . . | . . | . . .
0 200 400 600 800 1000 1200

Z-axis (cm)
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sweeping magnets, and six sets of collimators (C1 — C6).

©
o
=] Ay
o
—
& ¢ Neutron
IS
L
12}
c
()
>
L
ks
o
zZ
A
e
T I R L
6 8 10

Raidus(cm)
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3.2 Detector element

3.2.1 Overview

As mentioned in Section 2.3, we measured photon energies and positions by an electromagnetic
calorimeter and detected all the extra particles by a hermetic detector system.

Figure 3.5 shows an overview of the E391a detector. Kp’s decayed in the vacuum decay
region of 107° Pa. We put most of the detector components inside a vacuum vessel to avoid
any absorption of photons and charged particles.

The electromagnetic calorimeter was placed at the downstream end of the decay region
to detect two photon energies and positions. Other detector components were used to detect
photons that did not hit the calorimeter. The decay region was covered by Main Barrel (MB).
The upstream of the decay region was covered by Front Barrel (FB) and Collar-Counter-02
(CCO02) to suppress background events from K1’s decaying upstream of the decay region. To
detect photons going parallel to the beam and through the beam hole, we placed CC03, CC04,
CC05, CC06 and CCO7 perpendicular to the beam axis. These detectors were surrounding the
beam holes. Back Anti (BA) was placed at the end of beam in oder to detect photons going
through the beam hole and undetected by other detectors. To detect charged particles, three
charged veto detectors: CV, BCV and BHCV were set.

Total length of the detector system was 10 m. Table 3.2 lists positions, dimensions, brief
configurations and the number of readouts of each detector element.

We defined the E391a coordinate system. The Z was according to the beam direction.
Our reference point in the z-axis was the front surface of FB. The 3 was the vertically upward

direction of the system. The 7 satisfied the relation of the right-hand system, i.e. @ = 7 x 2.
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Figure 3.5: An overview of the E391a detector. K ’s enter from the left side.

3.2.2 Electromagnetic calorimeter

We used an array of Csl crystals as an electromagnetic calorimeter. As shown in Fig. 3.6,
the electromagnetic calorimeter was in a circular shape and 1.9 m in diameter. There was
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Table 3.2: Positions, dimensions, brief configurations and the number of readouts of the
detector elements.

detector | z position (cm) transverse size (cm) configuration | # of readouts

FB 0.0 f)uter d.lameter: 145.0 lead /scint. 32
inner diameter: 62.0

MB 134.8 | outer diameter: 276.0 lead /scint. 128
inner diameter: 200.0

BCV 134.8 outer diameter: 200.0 pastic scint. 32
inner diameter: 199.0

CC02 939.1 |  outer diameter: 62.0 lead /scint. 8
inner diameter: 15.8

Ccv 554.8 .outer diameter: 190.6 plastic scint. 32+4
inner: 12.0 (square)
outer diameter: 190.6

Csl 614.8 inner: 25.0 (square) Csl(pure) 576
outer: 25.0 (square) .

CCo3 609.8 inner: 12.0 (square) tungsten/scint. 6

Sandwich 614.8 | (outside of CsI calorimeter) lead /scint. 24

CCo4 710.3 outer: 50.0 (square) lead /scint. 4
inner: 12.6 (square)

CCo5 874.1 outer: 50.0 (square) lead /scint. 6
inner: 12.6 (square)

CCo6 go5.6 |  Outer: 30.0 (square) lead glass 10
inner: 15.0 (square)

CCo7 10006 | outer: 30.0 (square) lead glass 10
inner: 15.0 (square)

BHCV 1029.3 20.0 (square) plastic scint. 4

BA 1059.3 24.5 (square) lead /scint. 36

Quartz 42

CCO03 inside of the calorimeter with 12 cm x 12 c¢m hole. The electromagnetic calorimeter was
located on z = 614.8 cm. It consisted of 576 pure Csl crystals locating on a cylindrical support
structure. Most of them were square shape Csl crystals. In order to fit the calorimeter inside
the support structure, we used no-square shape Csl crystals, “Edge CsI”, and lead / scintillator
sandwich, “Sandwich module”, at the outer edge of electromagnetic calorimeter.
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Figure 3.6: An overview of the electromagnetic calorimeter. It consists of 576 Csl crystals
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Csl crystal and Sandwich module

Csl crystal
We used two different sizes of Csl crystals. One of them was 7 cm X 7 cm x 30cm(= 16X))

crystals. We call them “Normal CsI”, and there were 496 of them. The other was 5cm X
S5ecm x 50cm(= 27Xj) crystals. Since we borrowed them from KTeV experiment, we call them
“KTeV CsI”, and there were 24 of them.

For Normal Csl, we wrapped each crystal with a 100 um thick Teflon sheet and then
wrapped with a 20 pgm thick Aluminized mylar in order to optically isolate each crystal and to
make the light collection effective. The Normal Csl crystal yielded typically 15 photoelectrons
per MeV of the energy deposit. The scintillation light produced by the electromagnetic showers
in the CsI crystal was detected by the photo-multiplier tube (PMT) mounted on the back of
each crystal. As shown in Fig. 3.7, each crystal was viewed by a 2 inch Hamamatsu R4275-02
PMT through a 3 mm thick silicone cookie, and a UV transmitting filter to reduce the emission
spectrum of the slow component of the scintillation light from Csl crystal. Since these modules
were operated in vacuum, we modified the PMT divider to reduce heat dissipation and heat
conduction from the divider to the PMT. This was achieved by decreasing the divider current
and taking a larger gap between the PMT and the divider circuit board as shown in Fig. 3.7.
We also filled the PMT divider with a 5 mm thick heat conductive glue (METACAST 5448).
The PMT divider was connected to a cooling water pipe. The cooling water system is described
in Section 3.3.

We put 24 KTeV Csl crystals at the inner edge of the calorimeter. Each KTeV Csl was
wrapped with a 13 pum thick mylar. The KTeV Csl yielded typically 20 photoelectrons per
MeV of the energy deposit. Each KTeV Csl was viewed by a 1.5 inch Hamamatsu R580-UV
PMT through a 5 mm thick silicone cookie and a UV transmitting filter, as shown in Fig. 3.7.
We used the PMT divider with same the structure as the ones for the Normal Csl crystals.
We filled the PMT divider with a heat conductive glue (EN11) and connected the divider to a
cooling water pipe.

Edge Csl
For the outside edge, we cut 7 cm x 7 cm x 30cm(= 16X() crystals to fit the calorimeter

inside the support structure. There were 56 such crystals in seven different shapes as shown in
Fig. 3.8. The optical treatment and its light yield was almost the same as the Normal Csl. We
used 1% inch Photonis XP 2978 PMTs for smaller 32 crystals and 2 inch Hamamatsu R4275-02
PMTs for the rest. These PMTs were directly attached to the crystal.

Sandwich module
In order to fill gaps between CsI calorimeter and the support structure, we used lead /

scintillator sandwich, so-called “Sandwich module”. There were 24 Sandwich modules. The
Sandwich modules consisted of the 1 mm thick lead and 5 mm thick plastic-scintillator layers.
As shown in Fig. 3.9, there were three different types: type-A, type-B and type-C, according
to the number of layers. The scintillation light produced by the electromagnetic shower in the
Sandwich module was absorbed by wavelength-shifting (WLS) fibers. WLS fibers were 1mm
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Figure 3.9: Sandwich module. There were three different types of modules. Type-A, type-
B, and type-C modules consisted of four, five and two pairs of the lead / scintillator layer,
respectively.

in diameter with a multi-cladding(KURARAY Y-11) and were glued to grooves on the surface
of the scintillator plate. The light from the WLS fiber was detected by a 1% inch Hamamatsu
H1398 PMT. The other end of the fiber was polished and treated with an aluminum coating.
Typical light yield was 10-20 photoelectrons per MeV energy deposit.

Xenon gain monitoring system

Figure 3.10 shows a schematic view of the calibration system to monitor the stability of the
PMT’s gain. A Xenon lamp flashing at 1.1 Hz was located in the constant temperature box.
The light from the Xenon lamp was distributed into the PMT of Csl crystals through a clear
fiber. In the constant temperature box, there were seven monitor PMTs for monitoring. One of
them was used for triggering. Three of them were used to monitor the light yield of the Xenon
lamp distributed to Csl crystals. Other three PMTs were used to monitor the light yield of
the Xenon lamp itself by directly connecting clear fibers from the Xenon lamp. We checked a
stability of each monitor PMT with a stable light source attached at the front surface of the
PMT.

Figure 3.11 shows the average gain of PMT as a function of the operation days, monitored
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Figure 3.10: Schematic view of the Xenon Figure 3.11: The gain stability of CsI’s
gain monitoring system. PMT as a function of the operation days.

by the Xenon system. The fluctuation of the gain was within + 2.8 %.

Performance of the electro-magnetic calorimeter

We measured the energy resolution of the electromagnetic calorimeter using a positron beam.
Figure 3.12 shows the energy resolution as a function of the incident energy, F, as measured
with 25 Normal Csl crystals. As a result, we obtained the energy resolution:

oE 1%

F(GeV) ~ BGoV) o 1% . (3.1)

We continually calibrated the energy scale factor using cosmic ray muons and minimum
ionization particles in the beam during the operation [29, 30]. We also studied the energy scale
factor using the data as described in Chapter 5.

3.2.3 Charged veto

Most K7, particles decay into at least two charged particles such as K — n¥e¥v, K; — ntuTv

and K; — 77 7% In order to reject these decays, we installed the “Charged Veto” (CV)
detector in the front of Csl calorimeter.

We grouped CV into the outer CV and the inner CV as shown in Fig. 3.13. The outer CV
consisted of 32 plastic scintillator plates with a thickness of 6 mm. They were 50 cm away from
Csl surface and bent at outside of the calorimeter, and extended to phototubes. The inner CV
consisted of 4 plastic scintillator plates with a thickness of 6 mm. They were located parallel
to the beam axis. We used 2 inch Hamamatsu R329 PMT for all the CV counters.
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Figure 3.13: Schematic drawings of CV. Right drawing shows a detail structure of the outer
CV.

Figure 3.14 shows the light yield as a function of the distance from the PMT, which was
measured with a 3 source [32]. The light yield increases at the far end due to the scintillator’s
wedge like shape.

3.2.4 Main barrel

Main barrel(MB) surrounded the K decay region to detect photons from the Ky decay and
other reactions. MB consisted of 32 modules as shown in Fig. 3.15. The overall size of MB
was 2.76 m in the outer diameter, 2.00 m in the inner diameter and 5.5 m in the longitudinal
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Figure 3.14: The light yield of the outer
CV as a function of the distance from the
PMT [32].

Each module was in a trapezoid shape as shown in Fig. 3.16. It consisted of 45 pairs of
a b mm thick plastic-scintillator plate and a lead sheet. For inner 15 layers, each lead sheet
was 1 mm in thickness. For the rest of 30 layers, each lead sheet was 2 mm in thickness. Each
scintillator plate was sandwiched by white reflecting sheets. Total thickness of the module was
317.9 mm which corresponds to 13.5Xy. These layers were compressed between a 3 mm thick
steel plate at the inside and a 28.6 mm thick steel backbone plate at the outside with 52 screw

bolts.

Backbone plate

Support ring

Module main barrel

Figure 3.15: An overview of the detectors
in the middle section. Main barrel (MB) and
Barrel charged veto (BCV) are supported by
the vacuum vessel.
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199.9 mm

Figure 3.16: Schematic drawing of MB
module. We call the first 15 layers from the
bottom as “inner module” and the remaining
30 layers as “outer module”.

Scintillator plates were made of a MS resin (a copolymer of methylmethacrylate and styrene)
infused with the fluors PPO(1 %) and POPOP(0.02 %). In order to increase a strength of
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the scintillator plate to sustain its long detector length, we used the MS resin instead of usual
polystyrene. The scintillator plate had 1.3 mm deep grooves at a 10 mm interval to insert
wavelength shifting fibers described in the next paragraph.

Wavelength shifting fiber

In order to reduce attenuation loss of the scintillation light, we used wavelength-shifting(WLS)
fibers glued in grooves of the scintillator plate. The WLS fiber was 1 mm in diameter with
a multi-cladding structure(KURARAY Y-11). The scintillation light produced by the elec-
tromagnetic shower in MB module was absorbed in the WLS fibers. The WLS fiber has an
absorption peak at A = 430 nm and emission peak at A = 476 nm.

Connection between fibers and PMT

At both edges of fibers, we grouped the fibers from the layers with the same lead thickness.
We call the inner 15 layers as “inner module” and the outer 30 layers as “outer module”. We
attached four PMTs on each MB module: two PMTs at the farthest side from CsI calorimeter,
and two PMTs at the nearest side from Csl calorimeter. A schematic view of the fiber readout
for MB module is shown in Fig. 3.17. The WLS fibers were glued with a optical cement
(BICRON BC-600) in the acrylic ring and fibers were cut and polished. The light from the
fibers was guided to the PMT through a 3 mm thick silicone cookie and a 10 mm thick light
guide.
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PMT / divider

We used 2 inch Hamamatsu R329-EGP PMT, which we newly developed with Hamamatsu
Photonics K.K. [33]. In order to increase the quantum efficiency for the WLS emission light,
we established a prism-shape photo-cathode (Fig. 3.18) and modified the material of the photo-
cathode to be sensitive to a green light region to match the emission spectrum of the WLS
fiber. The R329-EGP was 1.8 times more sensitive to the WLS emission light than a standard
PMT, R329.

In order to reduce heat dissipation and heat conduction from the PMT divider to the PMT,
we connected the divider with a cooling water pipe, and used a new PMT divider which was
similar to the ones for the Csl crystals described in Section 3.2.2.

Gain monitoring system

To check the detector stability, we monitored the PMT gain by using a LED calibration system.
A Dblue LED at the outside of the vacuum vessel was flashed with 1.1 Hz, and its light was
guided through an acrylic flange and clear fibers to each PMT.

The gain shift between the on-beam period and the off-beam period was less than 1 %.

Performance

Performance of MB was measured using cosmic ray muons both before and after its installation.
Typical pulse width (FWHM) was 16 nsec [36]. Figure 3.19 shows the distribution of the light
yield of MB module as a function of the distance from PMT. Typical light yield was 35 (10)
photo-electrons per MeV energy deposited at the nearest (farthest) point from the PMT. As
shown in Fig. 3.20, the timing resolution was 0.6 nsec for 15 MeV energy deposit (inner module)
and 0.5 nsec for 30 MeV energy deposit (outer module), respectively.

Barrel Charged Veto

In order to identify charged particles, a plastic scintillator plate was placed in front of MB.
Figure 3.21 shows a schematic view of Barrel Charged Veto(BCV) detector. BCV was made
of two 5 mm thick scintillator plates glued together with optical cement. Properties of the
scintillator plate were the same as MB. Total size was 550 cm in longitudinal length, 1 cm in
total thickness and 20 cm in width. WLS fibers(KURARY Y-11) were sandwiched between the
scintillator plates. The scintillator light was read out by the 1 inch Hamamatsu R7899-EGP
PMT with a prism photo-cathode optimized for the WLS emission light.

3.2.5 Front barrel

Front barrel (FB) had a similar structure with MB. It was surrounding upstream of the K7,
decay region. As shown in Fig. 3.22, FB consisted of 16 modules. The overall size of FB was
1.45 m in outer diameter, 0.62 m in inner diameter and 2.75 m in longitudinal length.

A schematic drawing of FB module is shown in Fig. 3.23. It consisted of 59 pairs of a 5
mm thick scintillator plate and a 1.5 mm thick lead sheet. Total thickness of the module was
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plastic scintillator WLS(KURARY Y-11), Immg

(200 mm x 5 mm x 5500 mm)

413 mm which corresponds to 17.2X,. These layers were compressed by five steel belts (100
pm in thickness) with six screw bolts.

In FB, we used a different WLS fiber: 1 mm in diameter with a multi-cladding structure
(BICRON BCF-91a). At edge of the fibers, we grouped the fibers into two bundles: the inner
27 layers and the rest of 32 layers, and attached 2 inch Hamamatsu R329-EGP PMT to each
bundle. Opposite edge of the fibers was covered by an Aluminized mylar to reflect light.

Performance of FB was measured using cosmic ray muons both before and after installation.
Typical light yield was 20 (10) photo-electrons per MeV energy deposit at the nearest (farthest)
point from the PMT.
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3.2.6 Collar counters

In order to detect photons going parallel to the beam, we placed a series of photon veto
detectors perpendicular to the beam axis. These detectors were surrounding the beam holes
(so-called “Collar Counter”). There were six collar counters: CC02, CC03, CC04, CC05, CC06
and CCO7. (There was no CCO1 for historical reasons.) Here, we describe the structure and
performance of these detectors.

CCo02

CC02 was located at the downstream edge and inside the cylinder formed by FB and sur-
rounding the beam hole as shown in Fig. 3.22. Figure 3.24 is a schematic drawing of CCO02.
CCO02 consisted of 8 modules and forms an octagonal shape. Inner beam hole was 158.4 mm
in diameter. To detect photons coming along the beam axis, CC02 had a shashlik structure in
which radiators were set perpendicularly to the beam axis. Each module consisted of 43 pairs
of a 5 mm thick scintillator plate and a lead sheet. For middle 29 layers, each lead sheet was
2 mm in thickness. For the rest of 14 layers, each lead sheet was 1 mm in thickness. Total
radiation length was 15.73.Xy. These layers were compressed between 1.5 cm thick aluminum
plates.

We used the same type of WLS fibers as FB to read out the scintillation light. The WLS
fibers were 2.5 m long, and attached to photontubes through a 5 mm thick silicone cookie. We
used 2 inch Hamamatsu R329-EGP PMT.

Typical light yield was 10 photo-electrons per MeV energy deposit.

ccoz 2mm lead /
Front barrel (FB) 5mm scint. (29 layers)
Imm lead/ Imm lead/
5mm scint. (7 layers) 5mm scint. (7 layers)

fiber (BCF-91A)

v additional scint. (5mm)
support plate(Al)

B y
Vd \ ) ‘—’
PMT(R329-EGP) fiber holder ,

X 618.0 mm sdlicone cookie 5mm

(optical pad)

Figure 3.24: Schematic drawing of CC02. Left drawing shows a view from the downstream.
Right drawing shows details of CC02 module.
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CcCo03

CCO03 was located at the center of the electromagnetic calorimeter. CC03 detected photons
coming from K decays near the electromagnetic calorimeter. The size was 250 mm x 250 mm
x 400 mm with a 120 mm x 120 mm beam hole. The detector consisted of six modules. FEach
module consisted of 26 pairs of a 3.4 mm thick scintillator and a 1 mm thick tungsten plate.
These plates were parallel to the beam direction.

CC04 and CCO05

CC04 and CCO05 were located downstream the electromagnetic calorimeter in order to detect
photons escaping from the decay region. Both CC04 and CCO05 were 500 mm x 500 mm in
cross section with a 126 mm x 126 mm beam hole.

CC04 consisted of 32 pairs of a 5 mm thick scintillator and a 2 mm thick lead plate. In front
of the first lead / scintillator layer, there were two additional scintillator plates with higher
PMT gains in order to detect charged particles effectively. The total thickness was 11.4X.

CCO05 consisted of 32 pairs of a 5 mm thick scintillator and a 2 mm thick lead plate. There
were two additional scintillator plates with higher PMT gains, at downstream side of CC05 in
order to detect charged particles effectively. The total thickness was the same as CC04.

For both detectors, we used WLS fibers to read out scintillation light. The light from the
fibers was viewed by 2 inch Hamamatsu H1161 PMT’s directly.

CCO04/CCO05 (front view) CCO4(top view) beam
< 500 mm . ‘
\ Q - scintillator layers (5mm x 2)
PMT<C 2mmlead /5 mmscint. x 32 layers
Y
500 mm

| }
7 ¥
Beam hole
(126 mm x 126 mm) PMT < 2mmlead /5 mmscint. x 32 layers
\4

scintillator layers (5mm x 2)

Figure 3.25: Schematic drawing of CC04 and CCO05.

CC06 and CCo07

CC06 and CCO7 were located downstream of CCO05. These detectors also detected photons
escaping from the decay region. They had the same structure and consisted of 10 lead glass
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blocks as shown in Fig. 3.26. Each lead glass block was 300 mm x 150 mm in cross section
and 150 mm long. The chemical composition of each lead glass was 55 % of PbO, 4 % of
K20, 39 % of SiO2 and 2 % of NayO. Its density was 4.08 g/cm? and the refractive index was
1.7. Total radiation length was 6.3Xy. Electrons and positrons which were produced by an
electromagnetic shower in CC06 / CCO7 emitted a Cherenkov light, which was detected by a
5 inch Hamamatsu R1250 PMT which was directly attached to the lead glass with a optical
cement.

CCO6/CCO7 (front view) Lol gless

(300 mm x 150 mm x 150 mm)

Figure 3.26: Front view of CC06 and CCO07.
CC06 and CCO7 had the same dimensions
and consisted of 10 lead glass crystals.

Beam hole
(150 mm x 150 mm)

3.2.7 Back anti and Beam hole charged veto
Back anti

Back anti (BA) was located at the end of the neutral beam. BA covered the beam core region.
The purpose of BA was to detect photons going through the beam hole.

There were many neutrons in the beam hit BA. If we mis-identified them as photons, it
caused some signal loss. Therefore, we should discriminate photons and neutrons hitting BA.
We also had to make BA tolerant to its high rate.

In order to satisfy these requirements, BA was constructed as shown in Fig. 3.27. It
consisted of six lead / scintillator modules and six quartz layers. Each lead / scintillator
module consisted of six pairs of a 5 mm thick plastic-scintillator and a 2 mm thick lead plate.
Each quartz layer consisted of seven quartz crystals which were 35 mm x 245 mm in cross
section and 30 mm thick. Total radiation length was 14.Xy. Cherenkov light was emitted in the
quartz crystal with the refractive index of 1.46. Since most of secondary particles from neutron
interactions in BA had a momentum lower than the Cherenkov light threshold (5; = 1/n where
n denotes the refractive index), there were no signal in the quartz crystals. On the other hand,
secondary particles from both photon and neutron interactions deposited their energy in the
scintillator. Therefore, we would discriminate between photons and neutrons by comparing
signals in the lead / scintillator layers and in the quartz layers.

Scintillation light in each scintillator plate was transmitted along WLS fibers glued on the
scintillator plate. The WLS fiber was 1 mm in diameter and with multi-cladding (KURARY
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Y-11). The WLS fibers from each plate were viewed by a 1% inch Photonis XP 2978 PMT.
Cherenkov light in each quartz crystal was directly detected by the PMT. We used an active
PMT dividers (Photonis VD109/T : transistor-based divider) for all the read out channels in
BA in order to reduce gain shift due to the high rate.

In actual operation, the typical rate was 3 MHz per channel. It causes a 10 % gain shift
between beam on and off periods.

X

L.

——

Beam

/ \

lead/scint. module Quartz module
(6 lead sheets + 7 scint. sheets) (7 quartz crystals) 30 mm
P 245 mm
5mmscint.  1mm lead 35 mm ¢

— s
Beam quartz crystal =

WLSfiber I I I I

\ ~
| PMT

PMT —»

Figure 3.27: Back Anti (BA), which consists of six lead / scintillator modules and six Quartz
modules.

Beam hole charged veto

+ 0

The purpose of Beam hole charged veto is to detect charged particles from K; — #7777
decays, which was one of the background sources as described in Section 2.4.

BHCYV consisted of four plastic scintillators with a thickness of 1 mm. The scintillator light
was directly detected by the PMTs from the both edges. The PMT was EMI 9954B and the

PMT divider was an active PMT divider which was developed by FNAL KTeV experiment.
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Figure 3.28: Front view of BHCV, which consists of four plastic scintillators.
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3.3 Vacuum system

One of background sources was events where neutrons in the beam interacts with residual air
in the decay region and then produces one or more 7¥. As described in Chapter 2, we need
10~* Pa to suppress such backgrounds to < 0.1 events level [28].

For this purpose, we built a vacuum system. Except for CC05, CC06, CC07, BHCV and
BA, all the detector components were located in the vacuum.

Overview

It is difficult to evacuate gas down to 107® Pa level with the detector components inside,
because of large amount of out-gassing from detector materials. In order to avoid this problem,
we separated the vacuum region into two, and placed the detector components in a low vacuum
region. Hereafter, we define the high vacuum decay region as Region-2, and the region with
detector components as Region-1.

Figure 3.29 shows an overview of the vacuum system. Total volume and surface area for
both regions are summarized in Table 3.3. We evacuated gas from the Region-2 down to 107°
Pa, and the Region-1 down to 0.1 Pa. Therefore, the pressure difference between two vacuume
regions was AP ~ 0.1 Pa.

Table 3.3: Total volume and surface area for the fiducial region and the outside region as
shown in Fig. 3.29.

Volume Surface area Pressure in the operation
Region-1(outside region) 100 m? 220 m? 0.1 Pa
Region-2(fiducial region) 10 m? 40 m? 1075 Pa

We used a thin film to separate two vacuum regions. Requirements for such film were:

e the film should be thin as much as possible in order to avoid any absorption of photons
and charged particles, and

e the film should be made of a low out-gassing material in order to achieve 10~ Pa, for the
40 m? surface area.

For these requirements, we used a multi-structure film. Figure 3.30 shows a schematic drawing
of the film which is usually used for blimps. We call this film as “membrane”. Total thickness
was 190 pm which corresponds to 4 x 107* X,. The membrane consisted of a low-density
polyethylene with a thickness of 80 ym, a Aluminized EVAL film with a thickness of 15 pym, a
nylon film with a thickens of 15 um and a low-density polyethylene with a thickness of 80 pm.

We fixed the membrane to the inner surface of detectors surrounding the decay region using
a support structure, which was a combination of aluminum pipes.
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Pumping system and their performance

Two sets of the Rotary-pump and the Roots-pump system were used to evacuate gases to 0.1
Pa level. They were attached to a large manifold (10 m long, 30 cm in diameter). The manifold
was connected to the vacuum vessel with eight pipes (10 cm in diameter). Throughput of the
Roots pump was 0.27 m3/s. For high vacuum, we used four Turbo Molecular pumps (TMPs),
which were able to evacuate gas down to a high vacuum (1072 to 1079 Pa level). Operation
of the TMP should start from at least 1 Pa level. Throughput was 3200 m?/s using all the
TMPs.

Figure 3.31 shows the pressure level for both low vacuum region and high vacuum region
as a function of the evacuation time. It took a half day to reach 10~ Pa and two weeks to
reach 1075 Pa.

Operation of the PMT in the vacuum

Since we operated PMTs in the vacuum, we were unable to not use convection to cool the
PMT bases. For Csl calorimeter, this was a serious problem since the light yield of Csl has a
temperature dependence of -1.3 %/°C. In order to cool the bases, we installed a water cooling
system. Cold water with a temperature of 10 °C flowed in a cooper pipe behind the Csl
crystals. Heat conducting cables made of copper were attached between the PMT dividers and
the cooper pipe. The temperature for both the Csl crystal and its divider was approximately
20°C during the operation. In addition, we also used the water cooling for FB, MB and BCV.

The electric discharge in the vacuum depends on the arrangement of the HV terminals in
the PMT divider. Figure 3.32 shows the discharge voltage as a function of the vacuum pressure.
In order to avoid the discharge, we applied the HV only after the pressure was < 1 Pa.
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air flow
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Figure 3.29: The E391a vacuum system. Region-2 corresponds to the high vacuum decay
region, and Region-1 corresponds to the region in which all the detector components were

located. There are two sets of the Rotary-pump and the Roots-pump systems, and four Turbo
Molecular pumps (TMP).
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Figure 3.30: Cross section of the film,
“Membrane”, used to separate the high vac-
uum region and the low vacuum region.

Figure 3.31: The vacuum pressure for the
low vacuum region and the high vacuum re-
gion as a function of the evacuation time.
First, we turned on the Rotary pump and
evacuate gas from the whole area down to 10
Pa level. Next we turned on the Roots pump.
After the pressure reached to 1 Pa, we closed
the gate valve (A) in order to separate the
low vacuum region and the high vacuum re-
gion and then turned on the all TMPs.

Figure 3.32: The discharge voltage as a
function of the vacuum pressure. Typical HV
value in the actual operation was 1.0 kV — 1.6
kV.
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3.4 Trigger

We used a single-level trigger system. There were four kinds of triggers for specific purposes.
In the following subsections, we will described detailed of each trigger decision.

3.4.1 Physics trigger

As mentioned in Section 2.3, the signal for K; — 7w decay is two photons from a 7% decay
and no other particles detected in the final state. Physics trigger was designed to select such
final state while rejecting most of the background events. To decide the physics trigger, we
counted the number of photons hitting Csl calorimeter using “Hardware cluster counter”, and
rejected events involving extra particles requiring no energy deposit in CV and several photon
veto detectors.

In these processes, we used a module named “AmpDiscri (AD)”. In the following para-
graphs, we will describe the AD module, the “Hardware cluster counter” and the requirements
of the physics trigger.

AmpDiscri (AD) module

We developed a new module, “AmpDiscri (AD)”, which was a multi purposes NIM module for
the front-end system, with the help of the KEK Electronics Online Group. This module was
used for all the detector readout. The purposes of the AD module were:

e to make a sum of PMT signals to be used in the trigger decision, and

e to discriminate PMT signals with a low threshold to make TDC signals without any
electronic noise.

FEight PMT signals from the same detector entered the AD module. The AD module
provided:

1. analog output (through) signal for each PMT signal,
2. two outputs of the analog sum of eight PMT signals, and
3. discriminated (ECL level) pulse for each PMT signal.

The analog outputs were used to measure charge (ADC) and the discriminated pulses were
used to measure timing (TDC). In order to avoid any electronic noise during signal transfer,
we placed the AD modules right behind the detector system. In reality, since there were no
serious noise, we applied 1 mV threshold for CsI.

The analog sum signals were used for the “Hardware cluster counter” of the calorimeter
and for vetoes the other detectors.
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Hardware cluster counter (HCC)

We made a hardware cluster counter (HCC) in order to count the number of photons in Csl
calorimeter. We grouped eight neighboring Csl crystals and made 72 regions in total as shown
in Fig. 3.33. The analog sum of signals from each region was formed by an AD module. We
counted the number of regions whose analog sum exceeded 30 mV ! and defined the number
as Nyc.

Figure 3.34 shows the distribution of Ny from the real data. Since there were many events
with Ngc = 1 due to beam associated events, we required Ngc > 2 in the trigger.
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Figure 3.33: Schematic view of Csl crys- Figure 3.34: The distribution of the hard-

tals with 72 regions for the Hardware cluster ware clusters from the real data. Since there

counter. were large amount of Ngc = 1 events due to
beam associated events, we required Nyc > 2
in the physics trigger.

Requirements of the Physics trigger

To select events where two photons and no other particles detected in the final state, we
required energies deposited in CV and each photon veto to be less than the threshold shown
in Table 3.4.

The K; decay rate in the decay region was approximately 2.8 x 10° events per 2 second
spill with typical intensity of 2.5 x 10'2 protons on the target. After requirements described
above, the trigger rate was reduced to 800 events per 2 second spill.

Tt corresponds to approximately 60 MeV energy deposited in CsI calorimeter.
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Table 3.4: Requirements for CV and each photon veto detector. E. is a summed energy in
each eight channel in the detector. Fyy is the total energy deposit in the detector.

Detector  Requirement | Detector Requirement
(A Eqs < 1.5MeV MB FEior < 15MeV
FB Eqs < 30MeV CCo02 FEip < 15MeV

CCo03 Eipr < 15MeV CCo4 FEip < 45MeV
CC05 Fior < 25MeV

3.4.2 Other trigger

Besides the physics trigger, there were following triggers.

e (Calibration triggers : Xenon trigger was used to flash the Xenon lamp with a 1.1 Hz

clock, for gain monitoring of Csl calorimeter as described in Section 3.2.2. LED trigger
was used to flash the LED with a 1.1 Hz clock, for gain monitoring of MB as described
in Section 3.2.4. The frequency of 1.1 Hz was chosen not to synchronize with the spill to
check the gain of these detector during whole protons delivering period.

Cosmic trigger and Muon trigger collected muons passing through the detector vertically
and horizontally, respectively, to calibrate each detector system.

Minimum bias triggers : In order to check the performance of the physics trigger, we
formed a set of triggers with relaxed conditions. One of them was a trigger requiring
Nyc > 1 without any vetoes. Another was a trigger requiring Npc > 2 without any
vetoes.

Accidental trigger : In order to collect events to monitor the detector’s accidental
activities, the accidental trigger was formed. Since the accidental activities depended
on the beam intensity, we used a signal from a counter which was located nearby the
production target.

3.5 Data acquisition system

The data acquisition (DAQ) system in the E391a experiment was built to collect data with a
high efficiency. Figure 3.35 shows an overview of the E391a DAQ system. The total number
of detector channels was approximately 1000. Charge and timing information of each detector

channel were recorded every event.

We used a network distributed system with multiple CPUs. Three CPUs were used to read

out two Fastbus-VME systems and a TKO-VME system. The dead time of the DAQ system
was 600 ps/event, which was dominated by a processing time of the Fastbus-VME. Therefore,
it corresponded to 78 % live time with 800 events/spill(~ 400 Hz) trigger request. In such a
trigger rate, typical data size was 10 Mbyte/spill.

In the following paragraphs, detail of the DAQ system is described.
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Figure 3.35: Schematic view of the E391a DAQ system.

3.5.1 Detail description of the E391a DAQ

The E391a DAQ system consisted of two Fastbus-VME systems, one TKO-VME system and
one Linux PC for the event-building. In addition, it consisted of several Linux PCs for an
online monitoring, an environment monitor and a HV control. All the CPUs and the PCs were
connected each other through the GbE network.

The charge information (analog signal) from each detector channel was transmitted from
the AD module to the 1885F ADC through a 90 m coaxial cable. For BA and BHCV, the timing
information(ECL signal) was transmitted from the AD module to the 1877 MTDC through
a 30 m twist-pair cable. The 1885F and 1877 modules were mounted in two Fastbus crates.
Their data was read out by the two Fastbus-VME system. We used two sets of a Fastbus-VME
interface(SIS4100 NGF) and a VME CPU (FORCE54 UltraSPARCH 500 MHz boads). After
waiting for the 1885F conversion time of 256 us which was started by the gate signal with a
width of 200 nsec, an event sequence signal started the data transfer both from the 1885F and
the 1877 to NGF’s FIFO buffer(2 kbyte) in a DMA block transfer mode. The data in the FIFO
was moved to the CPU’s memory every event. The data in the CPU’s memory was transferred
to the Linux PC for the event-building every spill. Total processing time was 600 us/event.

The timing information(ECL signal) except for the BA and BHCV was transmitted from
the AD module to the TKO HR-TDC through a 30 m twist-pair cable. The data of the HR-
TDC was read out by the TKO-VME system. It consisted of two TKO-SCH controllers with
the TKO crates and one VME CPU. The HR-TDC operated with a common-start mode and
a full range was 100 ns. After waiting for the HR-TDC conversion time of 100 us, an event
sequence signal started the data transfer. The TKO-SCH module controlled the data transfer
from the HR-TDC to the VME memory module(SMP) every event. The data in the SMP was
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transferred to the Linux PC for the event-building every spill. Total processing time was 500
us/event.

In order to confirm that partial data in the three data buffers were from the same event,
we sent 8 bit event ID to each buffer.

The data from the Fastbus-VME systems and the TKO-VME system were combined and
written in the local Hard-Disk-Drive(HDD). The data in the local HDD was transferred to a
large storage system in the KEK Computing Center (HPSS system) through the KEK Giga-bit
network every run. Typical data size per a day was 90 Gbyte. We checked the event consistency
of the combined data in the beginning of the offline analysis.

3.6 Run

We carried out the first data taking (E391a Run-I) from February 2004 to June 2004. We
took the physics runs for sixty days. In addition, there were some special runs mainly for
a calibration purpose. In this section, we will describe the running conditions for both the
physics runs and the special runs.

3.6.1 Physics Run

The running condition in the physics runs is summarized in Table 3.5. During the physics
run, we monitored the number of reconstructed K; — 79770 events every spill. This number
depended on the proton intensity, the detector stability, etc.. Hence, we were able to monitor a
data quality at the online stage. There were also other online monitoring for the beam profile,
and the trigger quality.

Table 3.5: Summary of the condition of the physics data taking.

3.6.2 Special Run

We carried out several special runs. In the followings, we will describe their purposes and

running conditions.

Typical proton intensity | 2.5 x 1012
Beryllium absorber ouT

Lead absorber IN

HCC threshold 30 mV

Physics trigger rate 750 events/spill
High vacuum 1 x 1075 Pa
Low vacuum < 0.1 Pa




3.6. RUN 51

7T0 run

The purpose of the 70 run is to calibrate the electromagnetic calorimeter.

An aluminum(Al) target with a thickness of 5 mm was inserted in the beam at z = 280.5
cm (behind CC02) in order to produce 7° by neutrons in the beam.

Since we know that the 7% decay vertex is at the Al target, we were able to measure the
invariant mass of the two photons from the 7 decay. By requiring the invariant mass to be
the 7%’s mass, we adjusted the gain of each CsI crystal. This data was also used to check our
event reconstruction performance.

We had the 7° run for one week in the last period.

Other calibration run

Other calibration run was mainly a muon run using muons coming from the production target
by turning off the sweeping magnet in the neutral beam line. These muons were used to
calibrate the energy scale in each detector.

Air run

As shown in Table 3.5, we carried out the physics runs with 10™° Pa in the fiducial region. In
order to check the rate of the neutron interaction with the air, we took data at an atmospheric
pressure (10° Pa).

High intensity run

Accidental activities in the detector depended on the instantaneous beam intensity. In order
to check this dependence, we carried out the high intensity run. To increase the instantaneous
beam intensity, we carried out short spill runs with 1.0 sec, 0.5 sec and 0.2 sec on-beam period
instead of 2 sec. It means that the instantaneous beam intensity is 2, 4 and 10 times larger
than the normal instantaneous beam intensity, respectively.






Chapter 4

Monte Carlo simulation

In order to calculate our signal sensitivity, we need to know the acceptances of both the signal
and the normalization mode. We used a Monte Carlo simulation, MC, to estimate these
acceptances. The MC was also used to study background sources. For these purposes, the MC
should reproduce events by simulating the parent particles’ production, the decays of particles,
the interactions with the detector materials and the detectors’ response. We used the GEANT3
package [34] as a framework of the MC. As mentioned in Section 2.4, we considered several
background sources. In order to study the background due to the hadronic interactions of the
neutron in the beam, we use the GFULKA code [34].

In the MC, we obtained an energy deposited in the detector and a timing of particles
hitting the detector, and converted them to quantities which had the same definition with the
real data. It enables us to analyze both the real data and the MC using the same analysis
routines and applying the same event selection criteria (cuts).

In this chapter, we will describe the MC in detail. We will describe the event generation
in Section 4.1. A study of the detector response is described in Section 4.2. Since the detector
has many accidental activities in the real data, we simulated this effect in the MC. We will
explain how the effect is included in the MC in Section 4.3.

4.1 Event generation

In the MC, we generate a parent particle(K, or neutron) with an initial momentum vector and
a position, and then let it propagate and decay. In this section, we will describe the generation
of the parent particle and the decay.

4.1.1 Parent particle generation

Initial position and momentum vector of K7,’s and neutrons were obtained from an independent
Monte Carlo simulation (“beam line simulation”). In the beam line simulation, we struck a
proton with 12 GeV in kinematic energy on a platinum(Pt) target, 60 mm in long and 8 mm in
diameter. We set the collimator C1 through C6 downstream of the target and the Pb absorber
according to the correct relative positions. The interactions of the secondary particles in those
collimators were simulated. The profile for K;’s and neutrons were collected at the z position

23
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Figure 4.1: The distribution of the momentum (left) and the beam density (right) for the
halo neutron beam at the z position of the C6.
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Figure 4.2: The distribution of the momentum (left) and the beam density (right) for the
core neutron beam at the z position of the C6.

of the last collimator, C6. At the same time, we collected the profile of the neutron’s in order to
study background sources associated with the beam neutron interactions. Further information
of the beam line simulation can be found in ref. [27, 28].

The profiles of the K and the neutron beam were measured by past experiments. As a
result, the ratio of the halo to the core beam was 107°, and the momentum distribution of
neutrons in the beam was consistent with the result from the beam line simulation. Further-
more, we had an engineering run using same the electromagnetic calorimeter to measure the
K7, beam profile. We fed the measured K; momentum and the beam size into our Monte Carlo
simulation.

The momentum distribution of the Kj beam is shown in Fig. 3.4. For further analysis,
we defined neutrons going through the beam hole of the electromagnetic calorimeter as core
neutrons and anything else as halo neutrons. Figure 4.1 and 4.2 show the distribution of
the momentum and the beam density at the C6 for the halo neutron and the core neutron,
respectively.
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4.1.2 Decay

To generate a decay, we first picked its initial momentum and position according to the distri-
butions obtained with the beamline simulation. The decay vertex was determined according
to the K, proper time, 7, and its Lorentz factor. The distribution of the decay vertex, z, with
a momentum, pg, , is expressed:

f(z) x exp (—é) , (4.1)
where
_ _ PK;, {GeV/C]
Az = etfBy = e % —mKL[GeV/C2] . (4.2)

At the decay vertex, the parent particle was forced to decay into secondary particles of
a specific decay mode. Except for K; — w'vi decay, we used the GDECAY routine in the
GEANTS in order to calculate a four-momentum vector for each secondary particle and boosted
them in the K7, direction. The secondary particles decayed according to their life times and
branching ratios which were defined in the GEANT3 package.

K1 — 1% decay

The distribution of the 7° momentum in the K — 7% decay was calculated as follows [35,
21]. Here, we assumed V—-A interaction at the decay vertex. From the Standard Model calcu-
lation, the differential decay rate can be represented as

2 2)\2

T
~ AT [(my —m2 —q —— +miqh)], (4.3)

dE; >

where my is the mass of the Kr, and E; and m;, are the energy and the mass of the 7Y,
respectively,

m3 +m?2 — 2myE, ,and (4.4)

<
Il

A = [(m%( + m?r — q2)2 — 4m%(mfr]1/2 . (4.5)

The form factor, f,, was parameterized as fi = 1+ Ayq¢?/m2 with A, = 0.032, which was
measured by experiments [5]. The kinematical constraint,

my < Er < (m% 4+ m?2)/2my, (4.6)

is also required.

Once the 70’s energy was chosen, following the spectrum expressed in Equation 4.3, its
direction was determined isotropically in the K7, rest frame. The 7¥ was then boosted in the
K, direction and it immediately decayed into two photons with a branching ratio of 98.8%.
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4.2 Detector response

We simulated the detector response using GEANT except for BA. For BA, we used data to
study its response, because hadronic interaction took too long CPU time to simulate.

For other detectors, we simulated particles’ interactions with the detector material, such
as pair production, multiple scattering, etc., according to their cross sections. We traced their
interactions until particle’s energy was below a cut off energy. The cut off energy was set
at 0.05 MeV for electrons, positrons and photons, and 0.1 MeV for hadrons and muons. We
summed energy deposits in the sensitive detector material for each detector channel. The hit
“timing” was simulated as the time when the summed energies exceeded the discriminator
threshold used in the data taking. The summed energy deposit in each detector channel was
defined as “energy” in the detector except for MB and CV. For MB and CV, we simulated
their light propagation and attenuation in the plastic-scintillator. In the following paragraphs,
we describe how we simulated the light propagation and attenuation in the MB and the CV.

MB

Since MB detector was 5 m long, the attenuation of scintillation light in MB should be taken
into account. The scintillation light from MB was transmitted through WLS fibers and detected
by phototubes at the edge of the fibers. When a particle hits MB at a distance [ from the
phototubes, the energy measured by the phototubes is expressed as

l l

E = Ep(are >t +age *2) (4.7)

where Ej is the energy deposit at the incident position, A\j(Az2) is the attenuation length and
a1 (az) is a normalization factor for the long (short) term component. Using cosmic ray muons,
we measured the attenuation lengths: A\; = (6.08 £0.56) m, Ao = (1.13+£0.15) m and a; /ag =
1.11 £ 0.02 [36]. We used these parameters for all the MB modules.

We defined the energy detected at the phototubes for a minimum ionization particle passing
through the center of MB to be 15 MeV for the inner module and 30 MeV for the outer module.
Figure 4.3 shows the relative energy detected at the phototubes as a function of the distance
from the phototube, which is normalized by the energy at the center of MB.

In addition, we simulated the hit timing of the incident particle at the phototubes by taking
the light propagation into account. In the MC, we used the speed of the light propagation,
(17.7+£0.1) cm/nsec, as measured with cosmic ray muons [36].

Ccv

As mentioned in Section 3.2.3, the scintillation light in outer CV was affected by its odd shape.
We corrected the effective light yield of the outer CV by using the relative light yield as a
function of the hit position, as shown in Fig. 3.14.
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4.3 Accidental activity

In the actual experiment, detector had many accidental activities, which were caused by par-
ticles coming either from the target or from other reactions. These accidental activities caused
additional energy deposit in the detector, and it affects the acceptance. Also, a coincidence of
two accidental hits on the electromagnetic calorimeter is an additional background source.

In order to simulate the effect of the accidental activity, we overlaid the data collected
by the accidental trigger on the generated MC events. The energy deposit was simply added
together channel by channel. As for the timing information, we kept the earlier hit of the hits
among the accidental data and the MC.






Chapter 5

Event reconstruction

The signal of K — 77 decay is two photons with no other particles detected in the final
state. The events were reconstructed in the following two processes.

1. find two photons in the CsI calorimeter (photon finding), and

0

2. reconstruct the 70 decay vertex by assuming the 7° mass (7 reconstruction) .

Figure 5.1 shows a flow chart of the event reconstruction. In this chapter, first, the method of
the photon finding is given in Section 5.1. The reconstruction method of the 7¥ decay vertex
is described in Section 5.2.

Are there any
non-isolated
cluster ?

Photon
identification

Cluster Finding

discard event

Photon’s
energy&posit
yes | caluclation

# of photon-cluster
is equal to 2

11° reconstruction

Y

discard event

0

Figure 5.1: A flow chart of the event reconstruction for the K; — n"vv signal.
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5.1 Photon finding

When a photon hits the CsI calorimeter, it generates an electromagnetic shower and its energy
is spread over multiple Csl crystals. Figure 5.2 shows an example of K; — 7
which each 70 decays into two photons, producing six photons hitting the CsI calorimeter.
The task of the photon finding is to reconstruct photons from the energy deposit in Csl
crystals. It is important to reconstruct all the photons hitting the calorimeter because, if we
miss some of them, it causes additional photon detection inefficiency. In particular, we should
distinguish two photons hitting close to each other in the calorimeter. Therefore, we first
find clusters, which are contiguous groups of the Csl crystals with energy deposit exceeding a
threshold. We then required that each cluster shape is consistent with a single photon.

7979 decay in

Figure 5.2: An example of a Kj — 707070
decay in which each 7° decays into two pho-
tons, producing six photons hitting the Csl
calorimeter. Hatched boxes are the Csl crys-

tals which have energy deposit above 1 MeV.

AHABHBAAHBHEEIEE

=|le|z|e|2|E|a(d|E

5.1.1 Cluster finding

We defined cluster as a group of neighboring Csl crystals with finite energy deposit. First, we
picked Csl crystals with energy deposit exceeding 5 MeV and defined them as “cluster seeds”.
We then grouped the neighboring cluster seeds to form clusters. The neighboring crystals are
defined as crystals sharing an edge. An example of forming a cluster is shown in Fig. 5.3. We
started the cluster growth from the Csl crystal which has a maximum energy deposit among
the cluster seeds, because such a crystal is generally at the center of an electromagnetic shower
generated by a photon. This algorithm was run over until all cluster seeds were used.

5.1.2 A criterion to reject non-isolated clusters

After the cluster finding, the number of local maxima in each cluster was counted. A local
maximum was defined as a crystal whose energy was greater than any of the neighboring
crystals. If a cluster had two or more local maxima, it was defined as a non-isolated cluster.
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Figure 5.3: The diagram of the cluster finding algorithm. First, we sorted the cluster seeds
by their energy deposit in descending order. We then grouped the neighboring cluster seeds to
form clusters according to the procedures (2) through (5). The neighboring crystals are defined
as crystals sharing an edge.
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In this step, we rejected events with indistinguishable clusters, because those clusters had
a potential to have more than one photons. On the other hand, even a single photon can
produce a cluster with multiple local maxima due to a fluctuation of the electromagnetic
shower. This caused some acceptance loss. A MC study found that the acceptance loss was 5
% for the K1 — n%vw decay, 15 % and 8 % for the K — 7%7%7® (6 on the calorimeter) and
K1 — 7070 (44), respectively.

5.1.3 Photon identification

Next procedure was to identify clusters consistent with photon showers. In order to identify
photon-clusters, we compared the number of Csl crystals in the cluster, a connection pattern,
a timing dispersion and an energy dispersion of the cluster, against actual photon hits of the
K1 — 7197979 decays in the real data. A detailed description of the requirement of the photon-
cluster is given in Appendix A. In particular, we required each cluster to have tow or more Csl
crystals in the photon identification.

5.1.4 Energy and position calculation
Energy

The energy deposit of the photon was defined as the sum of energies in the cluster:

n

Bap= e, (ei>5MeV) (5.1)
=1

where e; is the energy deposit in each crystal and n is the number of the crystals in the cluster.
However, Eg., was not the true energy of the photon because some energies of the photon
leaked out of the cluster.

The fraction of the energy leakage was evaluated with a MC study. Figure 5.4 shows the
fraction of the energy leakage as a function of the energy deposit (Fgep). The fraction of the
energy leakage was defined as the mean of reconstructed energy deposit. In order to get the
true incident energy of the photon, we applied an energy leakage correction to the Eg.,. The
energy of photon was calculated as :

Eine = (14 F) - Egep (5.2)

where F' = 0.034 + 0.023/+/ Eg4ep(GeV) is the fraction of the energy leakage obtained from the
MC. After applying the energy leakage correction, the average of the difference between the
incident energy and the reconstructed energy is zero as shown in Fig. 5.5.

Position

The position of the photon in the calorimeter was calculated in two steps. First, we recon-
structed the position of the photon, Pc. = (zr, yr, zr), where z, is the position at the front of
the Csl calorimeter, z, = 614.8 cm. The z, and y, were reconstructed independently using a
same method. In the position reconstruction, we used the energy deposit in the Csl crystals
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The fraction of the energy leakage was ex- energy for photons from 7° produced at the

pressed as F' = pl + p2/\/Eqep(GeV). Al target before (white) and after (dashed)
the energy leakage correction, as studied with
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in each cluster. We looked for the CsI crystals with a maximum energy deposit among the
neighboring crystals. We defined a center column consisting of the crystals, in which = (y)

position was same of the crystal with the maximum energy deposit. Energy sums, Eg (y), Ei(y)

and Ef(y), were defined as the total energy deposit in the center column, the left side column
and the right side column, respectively, for x, (y,) as shown in Fig. 5.6. A ratio, ¢, was defined
as:

max( Ei(y)’ Ef(y))
Eév(y)

q =

(5.3)

The distribution of ¢ was measured by the real data'. Moreover, we measured six different
distributions depending on the total energy deposit in the cluster. One example is shown in
Fig. 5.7. The most likely values of ¢ were small corresponding to events in which the central
part of the shower was mostly contained within the center column.

"We studied K, — 7°7°7° decays in the real data with six photons. These samples had no background
contamination so that clusters on the Csl calorimeter were actual photons from K, decay.



64 CHAPTER 5. EVENT RECONSTRUCTION
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The hit position, Zyee (Yrec), Was calculated:

q
h/of(q)dq
2 1 ’

/dl
/Of(q) ’

where h is the size of the Csl crystal with the maximum energy deposit and f(q) is the
distribution of the ratio, ¢, as shown in Fig. 5.7. Based on the MC simulation where we
injected photons in perpendicular to the Csl crystals at the random position of the surface,
the reconstructed position with Equation 5.4 was consistent with the incident position within
+0.7 cm. However, a finite difference would arise when photons injected with an angle.
Second, we corrected this difference between the reconstructed position and the incident

(5.4)

LTrec =
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Figure 5.8: A schematic view of the po-
sition correction. Taking the shower length
(L) into account, the incident position (Pj,.)
was calculated from the reconstructed posi-
tion (Pyec) and the incident angle.

position. We calculated the incident position of the photon at the upstream surface of the Csl
calorimeter, Pj,c = (Tin, Yin, Zin), Where z;y, is the position of the Csl calorimeter, z;, = 614.8
cm. As shown in Fig. 5.8, the incident position was calculated as a function of the shower
length(L):

Tin = p—L-sinf-cos¢, (5.5)

Yin = Yr— L-sinf-sing , (5.6)

where 6 is the polar angle of the photon from the z-axis and ¢ is the azimuth angle of the
photon around the z-axis. In order to estimate the incident angle of the photon, we temporar-
ily reconstructed a 7% decay vertex from a combination of two photons according to the 7°
reconstruction as will be described in Section 5.2. For this purpose, we used the position of
the photon, P,... Once we obtained the direction of the photon, from the decay vertex to the
photon position P,., we calculated the 6§ and ¢. The shower length L is expressed as:

|Pinc

Pine = Precl _ 4 in(B(GeV)) (5.7)

L(cm/Xo) = X,

where X is the radiation length of the CsI (1.85 ¢cm), F is the incident energy, and py, pa are
free parameters. Using MC, we estimated p; and ps to be 6.22 and 0.98, respectively (Fig. 5.9).
After applying the position correction, the hit position of the photon was reconstructed cor-
rectly within 0.5 cm in a standard deviation as shown in Fig. 5.10.

Performance of photon reconstruction

We checked the performance of the photon reconstruction by using the data collected in the
79 run with an Al plate inserted in the beam. The invariant mass of the two photons from the
70 decay was calculated with the known vertex and the reconstructed energy and position of
the photons.

The peak position of the invariant mass, M., is correctly on the 70 mass after applying
both the energy and position corrections as shown in Fig. 5.11. Also as shown in Fig. 5.12, the
peak position of M, does not depend on the minimum photon’s energy after the energy and
position corrections. These facts indicate that the energies and the positions were correctly
reconstructed.
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Figure 5.10: The distributions of the dif-
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Once we obtained two photon-clusters, we calculated a 70 decay vertex, Zyiyx, by assuming
the 7% mass. In this calculation, we also assumed that the vertex is on the z-axis, (0,0, Zyx).
Figure 5.13 shows the relation between several measured quantities and dz = Zcgr — Zvix-

From the geometric conditions, there are following relations:

7«%2 = d% + d% — 2dido cos (5.8)
di = y/r?+(dz)? ,and (5.9)
dy = r3 + (dz)?, (5.10)

where r19 is the distance between the two photons, # is the angle between the two photons’
directions, dy, do are the distances between the decay vertex and the hit positions, r1, ro are
the distances of the hit positions from the z-axis. In addition, assuming that the invariant
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mass of the two photons is the 7° mass(M,0), we get:

2

g1 Muo 5.11
cos) = BBy’ (5.11)

where F; and FEs are the energies of the photons. Therefore, the decay vertex, Zytx, was
calculated from the Equation 5.8, 5.9, 5.10 and 5.11. Also the standard deviation of the decay
vertex, oyix, was calculated from the standard deviation of the measured quantities: og,, 0y,
and oy, for each photon(i = 1,2), using the error propagation from these equations.

After reconstructing the vertex (0,0, Zytx), the momentum vector of the 7¥ was calculated
as the sum of two photon momenta. The transverse momentum of the 70, Pr, is expressed as

Pr= (PP + (P72, (5.12)

where Pgo and P;O are x and y components of the 7° momentum, respectively. The Pr is
independent of the reference frame, and stays within a kinematical limit. This feature played
an important role in background suppression as will be discussed in Chapter 7.
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Figure 5.13: A schematic view of parame-
ters used to reconstruct the 70 vertex.



Chapter 6

Event selection

As discussed in Chapter 2, one of the important steps in the analysis is to suppress backgrounds.
In this chapter, we will describe the event selection criteria in detail.

Before starting the discussion on the event selection, in Fig. 6.1, we show the distribution
of the Z,ix versus Pr of the reconstructed 7° after online trigger requirements. Unexpectedly,
a large number of events are clustered at Z,tx = 550 cm. We later found that the membrane,
which is a thin separator between low and high vacuum regions, was partially hanging in the
beam at z = 550 cm. The neutrons hitting the membrane were producing secondary particles
including 7°’s.

Even though there were many background events caused by the membrane problem, we
developed the event selection cuts to suppress total background events to be less than 1 event
while keeping a reasonable signal acceptance. For developing the selection cuts, we temporary
defined a signal region in the Zy and Pp : 300 < Zyix(cm) < 500 and 0.12 < Pp(GeV/c) <
0.24. The selection cuts were tuned by monitoring the number of background events outside
the signal region.

Section 6.1 describes several background sources including the background from the mem-
brane problem. Section 6.2 explains event selection cuts in order to suppress those background
events. Section 6.3 summarizes a signal acceptance which was estimated using the MC. Sec-
tion 6.4 describes the analysis of the normalization mode.

6.1 Background sources
Figure 6.2 shows the MC distribution of the Zyy versus the Pr for K; — %% decay and

several background sources after the online trigger requirements. In this section, we will explain
the characteristics of each background source.

6.1.1 Background from beam interactions

Here, we will describe two types of backgrounds caused by neutrons.

69



fred eemaaas a7

CHAPTER 6. EVENT SELECTION

Z,. (cm)

A P

OpOo0O0o00O0o0ooOoooon

ooo

OO00Ooooooo!

< Ty ™ To)
o ™ o N
S o

(O/Ae9) *d

70

O200 250 300 350 4(50 450 500 550 600

Figure 6.1: The distribution of Pp versus Zyi of the reconstructed 7° after online trigger

requirements for the real data.
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Figure 6.2: The distribution of Pr versus Zy for the signal MC (upper left), the background
caused by Ky — 7°7° (upper right), core neutron interactions (lower left) and halo neutron
interactions (lower right).
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Core neutron background

The “core neutron background” was caused by neutrons in the beam core striking the membrane
at z = 550 cm and producing secondary particles. In order to understand the phenomena of
the core neutron background, we ran a Monte Carlo simulation with a hypothetical material:
1 g/cm? in density and 0.2 mm in thickness, in the front of the CV at z = 550 cm. The
core neutron was simulated according to the momentum spectrum and the profile as shown in
Fig. 4.2. The core neutron background was categorized into three sources as shown in Fig. 6.3.

The first source was events in which two photons from a single 7° were detected. Hereafter,
we call it the “core neutron single 7°” event. In this case, we could reconstruct the decay
vertex, Zyix, correctly at the position of the membrane in the beam (Zytx = 550 cm).

The second source was events in which the two photons from multiple 7’s were detected
(“core neutron multiple 7°” event). In this case, we could not reconstruct the decay vertex
correctly by assuming 7% mass, and these events were distributed in the fiducial region (300 <
Zux(cm) < 500), as shown in Fig. 6.4. On the other hand, these events had extra photons in
the final state, and thus can be suppressed by detecting those extra photons.

The third background source was events in which the n-mesons were produced at the mem-
brane and the two photons from the 7 were detected (“core neutron n” event). Since we
reconstruct Zyix assuming that the two photons came from 70, the Zyiy is shifted upstream.
However, if we reconstruct the vertex assuming the 7 mass, there is a clear peak at z = 550
cm in data as shown in Fig. 6.5. In the core neutron MC, these background events were not
reproduced, because GEANT-3 package did not generate 7 in the neutron interaction.

Halo neutron background

The “halo neutron background” was caused by the neutrons in the beam halo interacting with
CC02 and CV. In order to understand the phenomena of the halo neutron background, we
ran a Monte Calro simulation for halo neutrons with the momentum spectrum and the profile
shown in Fig. 4.1. The bottom right plot in Fig. 6.2 shows the reconstructed Pr versus Zyx
for these background events.

Similarly to the core neutron background, the events at z = 550 cm and 280 cm were the
single 7° background events produced at CV and CC02, respectively. We call them as “halo
neutron CV” event and “halo neutron CC02” event. The events in the fiducial region were
multiple 7° background events, in which the 7%’s were mainly produced at CV.

6.1.2 Background from K; decay

The background from K; — 7970 decay was caused by missing photons from the decay. The
photons were missed due to two effects: (i) photon detection inefficiency, and (ii) overlapping
photons that were not resolved (fused cluster). As described in Chapter 2, the K — n%7°
background could remain even after applying a kinematical constraint, such as a Pr cut.
Therefore, the probability of the missing photons determined the size of the K; — 7n%7°
background.

K7 — 77 decay was the only other decay with two photons in the final state. However,
the K — ~v decay could be isolated from the Kj — 7% decay by kinematical constraints
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because the Pr of the two-photons system is zero.

Other background sources were charged decay modes. The Kj, — 7~ eTv decay mode was
a possible source if the following three things happened in CV:

1. the 7~ went through 7~ + p — 7%+ n and two photons decayed from the 7% overlapped
in the electromagnetic calorimeter,

2. the et went through a pair annihilation (e + e~ — 7 + ), and these two photons also
overlapped, and

core neutron background
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Figure 6.3: Overview of the core neutron background.
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Figure 6.5: The top plot shows the dis-
tribution of the decay vertex reconstructed
with assuming the 7 mass. The bottom plot
shows the distribution of the decay vertex re-
constructed with assuming that the two pho-
tons came from an 1 — <7 decay. A clear
peak at z = 550 cm was observed.

Figure 6.4: The distribution of the recon-
structed vertex, Z,ix, of the core neutron
background studied with the MC. The events
were categorized into the core neutron single
70 events (cross hatched) and the core neu-

tron multiple 7% events (dashed).

3. the energy deposit in CV was too low to be detected.

In addition, K;, — ntn~ 7" decays with the 7+ and 7~ going through the beam hole
without being detected by the BHCV, were another source of background.

6.2 Event Selection Cuts

Of these backgrounds described above, the core neutron backgrounds was dominant in the first
data taking of E391a experiment. In the following subsections, we will describe the details of
the event selection cuts to suppress the backgrounds.

6.2.1 Photon veto cuts

The backgrounds involving extra photons were suppressed by applying cuts to all the photon
veto detectors. In the following paragraphs, we will describe the cut on each photon veto
detector. The performance of these cuts is given in the last subsection.
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Csl

We used the Csl calorimeter also as a photon veto. For signal events, we required only two
photon clusters with energies more than 10 MeV each. In order to make sure that there are
no other photons in the calorimeter, we applied the following three requirements.

o We required that all the CslI crystals which do not belong to the clusters have energies
less than 3 MeV. Here, we also required that such CsI crystals should be 35 cm away from
the nearest photon cluster to be insensitive to the fluctuation of the tail of the photon
cluster.

e In photon identification, we required each photon cluster to have two or more crystals.
Therefore, some of clusters consisting of only one Csl crystal with a finite energy deposit
(so-called a “single-box-cluster”) were lost. We required that single-box-clusters have
energies less than 10 MeV.

e Some photons hitting near the outside edge of the calorimeter were lost because its shower
leaked out of the calorimeter depositing only small energy in the calorimeter. In order
to veto such photons, we required the energy deposit in the Csl crystals near the outer
edge of the calorimeter (> 80 cm from the center) to be less than 1.5 MeV, and less than
1 MeV for the non-square Csl crystals.

MB

In order to make the effect of the cut on MB detector independent of the photon’s hit position,
we defined the energy in MB as!:

FEup = c [EPMT-dn X EPMT-up}l/2
214 L—zp; 1/2
- ¢ [(Eoe_ }it) X (Eoe_%
L
= CEoe_X ’ (61)

where ¢ is a calibration factor, Epyr.dan(up) 18 the size of the signal from the PMT at the
nearest (farthest) side from the CsI calorimeter. Ej is the incident photon’s energy, zp;; is the
hit position, A is the light attenuation length and L is the length of the MB (~500 cm). The
last formula does not depend on the photon’s hit position, zp;;. We calibrated the energy scale
of MB with cosmic ray muons passing the module perpendicularly, which deposit 15 MeV (30
MeV) in the scintillators of inner (outer) MB module.

We found that some particles in the electromagnetic shower in the Csl calorimeter went
back to the MB. We will call this phenomenon as “shower-splash-back”.

We studied the shower-splash-back with four-photon event samples from Kj — 797% — 4~
decays, and K; — 797%7% — 67y decays with two missing photons in data. Figure 6.6(a)
shows the distribution of the relative timing difference between the photon hitting the Csl

0

'Here, we approximately expressed the signal from the phototubes of the MB as: Epyr = Eoe™X.
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Figure 6.6: The distribution of the relative hit timing difference between the MB (Typ) and
the CsI (Tgr) versus the hit position for (a) inner module and (b) outer module.

calorimeter and the photon hitting the MB, AT = Ty — Tcsr, versus the hit position in
the inner MB module. There are two components. First component consists of photons from
the K; — 797%7% decays where some of photons hitting the MB. Since the photons from
the K7, decays in the fiducial region usually hit the MB earlier than the photons hitting the
Csl calorimeter, the AT was negative. Second component consists of photons which were
in the “shower-splash-back” from the Csl calorimeter. In this case, the photons flew from
the Csl calorimeter to the MB, thus the AT was positive. The slope of this component
was approximately equal to the speed of light. The K; — 7%v signal would also produce
the shower-splash-back. Figure 6.6(b) shows the same distribution for the outer MB module.
Unlike the inner MB module, there was only one component, which corresponds to the photons
from the K decays. This was because the photons of the “shower-splash-back” had smaller
energy than the photons from the K decays and deposited most of its energy in the inner MB
module.

Figure 6.7 shows the distributions of Fj;p in the inner and outer MB module for the four-
photon event samples in data. We required timing of the PMT at the either end was within 200
nsec from the timing of photons hitting the CsI calorimeter. The Ejy/p for K1, — 770 decays
in which four photons were detected in the Csl calorimeter comes from the shower-splash-back.
The Eyp for K — 77970 decays with two missing photons comes from photons hitting
MB. We discriminated between the two decays with the invariant mass of four photons. We
required that energy deposit to be less than 1 MeV and 0.5 MeV in the inner and outer MB
modules, respectively. The threshold on the inner module was set higher, to be less sensitive
to the shower-splash-back.

In addition, to detect photons hitting the outside edge of the Csl calorimeter, we also used
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Figure 6.7: The distribution of energy in the inner MB module (a) and the outer MB module
(b). The red dashed histogram consists of events from K — 7%7%7% decays where four photons
hitting the Csl calorimeter and some of photons hitting the MB. The blue dashed histogram
consists of events from Kj — 7%7° decays in which the MB signal consisting of photons in the
shower-splash-back.

MB. Since MB surrounded the CsI calorimeter, some shower leaked into MB. If a photon hits
near the outside edge of CsI calorimeter (> 70 cm from the center), we required that total
energy deposited in the MB module nearest to the photon hit position in the Csl calorimeter
and the neighboring two modules, to be less than 0.5 MeV.

BA

To minimize the signal acceptance loss, we should not veto events with neutrons hitting BA.
The signal from the quartz layer and the scintillator layer in the BA enables us to discriminate
between photons and neutrons.

We first defined “hit” as a layer having a TDC value within +10 nsec of prompt timing.
The TDC threshold for quartz layers and scintillator layers were 0.1 MIP? and 0.5 MeV,
respectively. The total light yield in the quartz layer, Eg, was defined as the summed light
yield for all the quartz layers having the hit. The total energy deposited in the scintillator
layer, Fg, was defined as the summed energies for all the scintillator layers having the hit.
Figure 6.8 shows a correlation between the Eg and Eg for photons and neutrons studied with
the MC. We identified the hit as a photon if Eg > 0.5 MIP and Eg/Egs > 10.

However, if there was an earlier hit within 80 nsec, the hit with the prompt timing was not
registered in the Multihit TDC because the TDC stop signal was 80 nsec long. In order to
avoid losing photons due to this problem, we did the following;:

e Re-define “hit” as a layer having energy deposit exceeding a threshold, where the thresh-
old was 0.5 MIP for quartz layers, and 1.0 MeV for scintillator layers.

2The light yield in the quartz layer was normalized by the light yield from minimum ionization particle(MIP).
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e Find six or more hits in continuous layers, and calculate EEQIS (the sum of energies in

the continuous hit quartz layers), and Egls (the sum of energies in the continuous hit
scintillator layers). If there were two or more such continuous hits, we only used the one
having the maximum Egs among them.

e Identify the continuous hits as a photon if they satisfy Egs / Egls > 30.

If the hit was identified as a photon, we rejected this event.
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Figure 6.8: The left plots show the correlation between the total light yield in the quartz
layer (Eg) and the total energy deposit in the scintillator layer (Eg) of BA for photons and
neutrons studied with the MC. The right plots show the distributions of the ratio of the total
light yield in the quartz layer to the total energy deposit in the scintillator layer.

Other detectors

We applied a cut on energy deposits in other photon veto detectors: FB, CC02, CC03, CC04,
CC05, CCO06 and CCO7. The cuts on the CC02, CC04, CC0O6 and CCO7 were performed with a
+15 nsec timing window. For each detector, the energy deposit was calibrated with minimum
ionization particles®. Each threshold value is listed in Table 6.1.

3In particular, for FB, we used minimum ionization particles passing through the farthest point from the
PMT.
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Performance

We studied what fraction of K; — 790 signal events could pass each cut. The signal efficiency

of the photon veto cut A was defined:

(# of events with all the cuts)
(# of events with all the cuts except for the cut A)

A =

(6.2)

Table 6.1 lists €4 for each photon veto cut, studied with MC. The signal efficiency of the MB
cut (emp) was lower than the others because of accidental activities in the MB and the shower-
splash-back from the Csl calorimeter. For the BA photon veto, we used data to estimate the
signal efficiency (epa). The signal loss was mainly caused by the neutrons accidentally hitting
the BA. We will discuss the effect of the cut in section 6.3.

Table 6.1: The list of the thresholds applied to the photon veto detectors. The signal efficiency
for each cut, €4, was defined as Equation 6.2 and estimated with the MC.

Detector threshold | €4
CCo02 4 MeV | 1.0
CCo03 1.5 MeV | 0.98
CCo04 3 MeV | 0.98
CCo06 5 MeV | 0.98
cco7 50 MeV | 0.99
FB 2 MeV | 0.91
Csl 3 MeV | 0.78
MB 1 MeV for the inner modules, and

0.5 MeV for the outer modules | 0.60
BA 0.5 MIP for Eg, and

Eqg/Es >10 | -

The rejection power of the photon veto cuts was studied with four-photon event samples
from K; — 7°7° — 47 decays, and K; — 79797 — 67 decays with two missing photons.
Similarly to the K; — 7Y background to the K; — 7w decay, the sources of missing
photons in the K — 7%7%Y were the photon detection inefficiency and fused clusters. As
shown in Fig. 6.9, we identified the events with the invariant mass My, in the range: 0.45 <
My, (GeV/c?) < 0.55 as K, — 7°7Y events, and My, (GeV/c?) < 0.45 as K, — 97070
events. The rejection power of each photon veto cut was measured with the reduction factor
for K7, — m%7%70 events in the selected mass region. Table 6.2 lists the rejection power of each
photon veto cut. With all the photon veto cuts, the ratio of the number of K — 7979 signal
to the number of K; — 7%7%7° background improved by a factor 11, which was consistent

with the MC expectation within 18 %.
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Table 6.2: The rejection power of photon veto cuts measured with the real data as described
in the text. The photon veto using the CC02, CC03, CC04, CC05, CC06, CC07 and FB were

combined.

photon veto rejection power
CC02-CCo07, FB 2.96 + 0.25
Csl photon veto 5.54 + 0.45
MB veto 3.76 + 0.32
BA veto 3.56 + 0.30

6.2.2 Charged particle veto cuts

A cut on the energy deposit in the CV was applied to reject events involving charged particles.
In particular, the K, — 7~ e v decay with the 7~ and the et depositing only small energies was
a possible background source, as described in Section 6.1. Figure 6.10 shows the distribution of
the energy deposit in the CV for minimum ionization particles collected during the calibration
(muon) run. We required the energy deposit in each CV counter to be less than 0.5 MeV by
applying a cut on the ADC counts*. However, according to the MC, the lower threshold on
the CV induced 9 % additional loss to the K; — 7% signal because sometimes particles

4Since we are cutting on the ADC counts, we are actually cutting on the light yield. We defined the light
yield of the CV counter as 1.2 MeV if a minimum ionization particle passed through the farthest point from the
PMT.
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splashed back from the electromagnetic calorimeter and deposited a finite energy in the CV.
For confirmation, we evaluated the acceptance loss due to the cut on CV for K; — 7%7%7° and
K — 7979 decays. It was 10 % (8.5 %) for K; — n%7%7% (K — 7%7°) and was consistent
with the MC within 2.6 % (1.7 %).

A cut on the energy deposit in the BHCV was also important for suppressing the background
from K; — ntn~ 70 decay, where 7 and 7~ went through the beam hole. Figure 6.11 shows
the distribution of the maximum signal® among four plastic scintillator plates in the BHCV for
minimum ionization particles collected during the calibration (muon) run. We required that
all the four BHCV counters have less than 0.1 MeV energy deposit by applying a cut on the

ADC counts. This caused a 9 % signal loss as estimated with the MC.
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Figure 6.10: The distribution of energy Figure 6.11: The distribution of energy de-

deposit in the CV for a minimum ioniza- posit in the BHCV. We required that all the

tion particle collected. during the cahbratlo'n four BHCV counters have less than 0.1 MeV
(muon) run. We required the energy deposit :
energy deposit.

in the CV to be less than 0.5 MeV.

6.2.3 Shower shape cut

The background involving fused clusters, where two nearby photons were misidentified as one
photon, could be suppressed by a cut on the transverse shower shape. To represent the trans-
verse shower shape of photon clusters, we introduced a quantity:

n
E ei’l“?
1=1(e;>5MeV)
)
Edep

SWe defined the signal from the BHCV in each plastic scintillator plate as a summed signal from PMTs at
the both edges.

RMS = (6.3)
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Figure 6.12: Four-photon event samples contained K, — 779, and K; — 797970 with one

or more fused clusters.

where e; is the energy deposit in the Csl crystal, n is the number of crystals which has energy
deposit exceeding 5 MeV associated with the photon cluster, and r; is the relative distance
between each Csl crystal and the center (=Pj,.) of the photon cluster.

We studied the RMS using four-photon event samples. Some of the events in My, (GeV /c?) <
0.45 were K; — 77970 with one or two fused clusters, as shown in Fig. 6.12. Figure 6.13
shows the distributions of the maximum RMS among the clusters in the four-photon event
samples in data. The Kj — 7979 decays with two missing photons contained clusters with
larger RMS than clusters from the K; — 7%7° signal. Therefore, we rejected photons hav-
ing large RMS. The distributions of the RMS for photons from the K; — 77" signal and
K1 — 797979 background depended on the number of crystals in the cluster, n. Therefore,
cut on the maximum RMS depended on the number crystals in each cluster. The shower shape
cut reduced the K; — 79799 background by a factor 2.6 as measured with the real data,
which was consistent with the MC expectation within 20 %. On the other hand, the shower
shape cut rejected 16 % of the Kj, — 7% signal events as estimated with the MC.

6.2.4 Photon energy cut

We also applied a cut on the energy of the photons. Some photons that were associated with
the “core neutron multiple 7" background had slightly smaller energy than the K — v
signal, as shown in Fig. 6.14. Figure 6.14 also shows the distribution for the real data. In
order to suppress the contamination of the core neutron background, we required each photon
in the calorimeter to have more than 200 MeV. Furthermore, this cut suppressed background
events with photons which traveled back from the downstream of the calorimeter, because such
photons had small energies. MC studies showed that the cut on the photon energy rejected 39
% of the “core neutron multiple 7°” background and 27 % of K — 7%vv signal.
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Figure 6.13: The distributions of the maximum RMS among the photons measured with
the real data (four-photon event samples). The top left through the bottom right figures
correspond to the distribution for the number of cluster size of 3 through 11. The solid and
dashed histograms show the distributions for the K; — #%7%7° and K; — 7% events,

respectively.
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6.2.5 Time difference cut

We required that the difference between two photon hit timings to be in +4 nsec in order to
suppress additional background contamination caused by the accidental activity. For example,
two accidental photon clusters on the Csl calorimeter could become a background event.

Figure 6.16 shows the distribution of the difference between the two photon hit timings
as measured with the real data. The signal survival probability was estimated to be 0.971 £+
0.005stat.)-

6.2.6 Hit position cuts

We required that photons hit outside the 17.5 cm x 17.5 cm square area centered on the Csl
calorimeter. This is because, as shown in Fig. 6.15, the photons produced by the core neutron
hitting the membrane made hits closer to the beam hole than the K; — 7’vi signal.
We also required that all the photons on the calorimeter to be within 80 cm from the center
of the Csl calorimeter. This was to reject photons with energy leaking out of the calorimeter.
The cut on the hit position rejected 26 % of the “core neutron multiple 79"

and 23 % of Kj — 7w signal.

background,

6.2.7 Acoplanarity angle cut

The transverse momentum of the two photons from Kj — vy decays basically balanced while
it did not in the K; — mvi decay. Therefore, we suppressed the K — 77 decay by requiring
large transverse momentum, Pr > 0.12 GeV/c, as described later. However, if the energy
of a photon is mis-measured, the transverse momentum of the reconstructed 2y will have a
larger transverse momentum as shown in Fig. 6.17. Since the probability that the transverse
momentum exceeds the cut point is small, K; — vy could not be a serious background in this
analysis, but it would be serious in the future analysis.

In order to suppress events having such large transverse momentum, we introduced a quan-
tity, “acoplanarity angle”. The acoplanarity angle was defined as a supplement of the angle
spanned by the momentum vectors projected on the plane perpendicular to the beam axis
(Fig. 6.19), and this does not use photon energies. Figure 6.18 shows that, in contrast to
the transverse momentum, the acoplanarity angle is small even if the photon’s energy is mis-
measured.

The acoplanarity angle distributions are different between K — 7vv signal and Kj, — 7
background, as shown in Fig. 6.20. We required the acoplanarity angle to be larger than 30°.
Even without the Pr cut, it rejected 99.93 % of K; — v decays while 89 % of K; — n%vi
signal passed this requirement.

6.2.8 Kinematic cuts for the core neutron background

The following two kinematic cuts were additionally applied in order to suppress the core neutron
background.
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Figure 6.14: Top figure shows distributions
of the smaller energy of the two photons for
the signal (solid) and the “core neutron mul-

Figure 6.15: The distribution of the pho-
ton’s hit position closer to the beam hole.
The hit position was centered on the Csl

calorimeter. Top plot shows the distributions
between two photons for the signal (solid)
and the “core neutron multiple 7°” back-
grounds MC (dashed). Bottom figure shows
the distribution for the real data.

tiple 79” background MC (dashed). Bottom
figure shows the distribution for the real data.

n cut

We rejected n-mesons produced at the membrane in the beam. For all the two photon events,
we assumed that the two photons came from the 7 decay and reconstructed the decay vertex,
Zy. The Z,) and Z (reconstructed with assuming the 70 mass) were correlated as shown in
Fig. 6.21. We rejected the events which had 525 < Z, (cm) < 575, as shown in Fig. 6.22. The
cut, however, rejected 25 % of the K — w’vi signal because their Zy, were in the cut region.

7V projection length cut

In order to reject the “core neutron multiple 7°” background events, we applied another kine-

matical cut. The 7¥ projection length (R,0) was defined as the distance between the beam axis
and the projection of the 7% momentum vector on the CsI calorimeter, as shown in Fig. 6.23.
Figure 6.24 shows the MC distribution of R, o for the core neutron background and the signal.
We required R0 > 21 cm. It rejected 60 % of the core neutron background, while the 78 % of
the signal passed this requirement.
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6.2.9 Vertex cut

Figure 6.25 shows the distribution of the Zyi, with the loose photon veto cuts ¢ for the real
data. The “core neutron single 7°” background events and “halo neutron single 7" background
events correspond to the events at Zytx = 550 cm and 280 cm, respectively. We required the
reconstructed 7¥ vertex to be in 300 < Zytx(cm) < 500 to reject both background events. The
cut positions were chosen to suppress the number of each background events to be less than
0.1 events. The distribution of the Z¢, for the signal MC is shown in 6.26. The 90 % of signal
passed this requirement.

6.2.10 Pr — Z,ix correlation cut

In order to further suppress the “core neutron multiple 7°” background, we applied a cut

on the correlation between Pr and Zix. As shown in Fig. 6.2, the “core neutron multiple
79 backgrounds are populated at low Pr — downstream region. If energetic photons from
the membrane hit the calorimeter, the decay vertex is reconstructed at the upstream of the
membrane, and the reconstructed Pr becomes smaller, according to Equation 5.11. On the
other hand, if soft photons from the membrane are detected by the calorimeter, the decay
vertex will be reconstructed downstream with a large opening angle, and the Py will be large.

Therefore, we used this characteristics to suppress the “core neutron multiple 797 back-
ground. A parameter « was defined as:

a = Pr(GeV/c) —8.0 x 1074(GeV/c-em) x Zyix(em)  (Zyiy < 525¢m) (6.4)

where the coefficient, 8.0 x 10~* was obtained by fitting the Pr distribution from the “core neu-
tron multiple 707 background as a function of the Z,ix using the core neutron MC. Figure 6.27
shows the parameter « for the core neutron background and the Kj, — 7%v signal. The lower

5The energy threshold on the photon veto detectors were set slightly higher than the photon veto cuts as
described in Section 6.2.1.
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Most of these events are n’s produced by the
core neutron at the membrane in the beam.

cay. If Z, is in the range: 530 < Z,(cm) <
575, the event was identified as the n pro-
duced at the membrane in the beam.

boundary for the o > —0.225 GeV/c was determined by minimizing the contamination of the

“core neutron multiple 7°” background while keeping a reasonable signal acceptance.

6.2.11

Another cut, Pr > 0.12 GeV/c, was applied to suppress 70 from A decay (A — 7° n) whose
maximum Pr is 109 MeV/c. This decay was not a serious background in this analysis, but it
would be serious in the future experiments. On the other hand, the upper boundary on Pr
was determined to be Pr < 0.24 GeV/c from the kinematical limit on the K — 7Ov0 decay
(Prmaz = 0.231 GeV/c), allowing for the smearing effect due to detector resolutions.

Finally, Fig.6.28 and Fig.6.29 show the MC distribution of Zyix versus Pr for the K; —
79v0 signal and the core neutron background, respectively, with the signal box overlayed on
top of them.

PT cut
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Figure 6.27: The distribution of the
parameter « = Pp(GeV/c) — 8.0 x
104(GeV/c-cm) x Zyix(cm) for both the
Kr — 7w signal (solid) and the
core neutron background (dashed) for the
events in 300 < Zy(cm) < 500.
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6.3 Acceptance

All the event selection cuts have been determined. In this section, we summarize the signal
acceptance and a survival probability of each selection cut. We define the survival probability

for the cut A:
(# of events after cut A)

‘= (# of events before cut A)

(6.5)

We used MC to estimate the survival probabilities for each cut, except for”,
(a) cut on the timing dispersion of the photons,
(b) cut on the hit timing difference between two photons, and
(¢) photon veto cut on the BA,
because it was difficult to accurately measure their effect with the MC. The total signal accep-

tance was defined as:
NT@C

N, decay

Asig = “€a) " €b) " €) > (6.6)
where the N, is the number of reconstructed MC events after applying all the event selection
cuts except for the cuts (a), (b) and (c), and Ngecqy is the number of Ky, decays in the MC.

Table 6.3 lists the survival probability and acceptance for each selection cut studied with
the 6.8 x 10° K, decays in the MC. Applying all the selection cuts except for the cuts (a),
(b) and (c), we obtained the ratio: Nyec/Naecay = [1.08 £ 0.01(nc stat.)] X 1072, The main
component of the acceptance loss was the photon veto cuts.

The survival probability for the timing dispersion cut, €(,), was evaluated by using the
K; — 7n9%7% and K — 7%97% data. The survival probability in the K; — 79" and K; —
707070 was 0.896 4 0.008 and 0.937 + 0.028, respectively. Taking the number of photons into
account, we obtained €(,) to be 0.966 & 0.008(g¢,¢.) for the K — 7Ovi decay.

The survival probability for the hit timing difference cut, €, was evaluated by using
the two photon event samples, as described in subsection 6.2.5. We estimated €(,) to be
0.971 =+ 0.005 (ggat.) -

The survival probability for the BA photon veto cut, €(), was evaluated by using the
K — 797°% and K — 7%7%70 data. In the K7 — 7%7% and the K; — 7%7%70 analyses®,
we compared the number of reconstructed K ’s with and without the cut (¢). The acceptance
loss in the K; — 7970 and K — 7% 7% was 0.638 + 0.022 and 0.658 + 0.022, respectively.
Taking the average of them, we estimated €(.) to be 0.648 & 0.012,¢ -

Finally, we obtained the signal acceptance:

Agig = [0.657 +0.016] x 1072 . (6.7)

We will consider the error on A4 as a source of a systematic error on the single event sensitivity,
as will be discussed in Chapter 8.

"The cut on the timing dispersion was one of the selection cuts in the photon identification described in
Section 5.1, and Appendix A
8 A detailed description is given in Appendix B.
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Table 6.3: The acceptance for the K; — w’vi signal estimated by the MC. The survival
probability for each selection cut is also listed. We used 6.8 x 10° K, decays in the acceptance
estimation. Each number is normalized by the number of events with two clusters on the Csl
calorimeter.

Cut survival prob. acceptance
Cluster finding 0.67 6.70 x 107!
Online Trigger 0.51 3.40 x 1071
Photon finding 0.78 2.65 x 1071
70 reconstruction 0.97 2.57 x 1071
vertex cut 0.67 1.71 x 1071
Photon veto cuts except BA 0.36 6.22 x 1072
Charged veto cuts 0.82 5.09 x 1072
Shower shape cut 0.86 4.36 x 1072
Photon energy cut 0.77 3.34 x 1072
Hit position cuts 0.77 2.57 x 1072
Acoplanarity angle cut 0.90 2.32 x 1072
7 cut 0.75 1.73 x 1072
70 projection distance cut 0.80 1.39 x 1072
Pr cut 0.78 1.08 x 1072

We summarized the survival probabilities for each background source obtained by the MC
study, in Table 6.4 and 6.5. The cut on the CV and BHCV (= “Charged veto cuts” in the table)
were effective in suppressing the “core neutron single 7°” and the “core neutron multiple 7%”
background because those background interactions often involved charged particles. The cut on
the photon veto detectors (= “Photon veto cuts except BA”) was effective for the background
sources involving extra photons.

For the backgrounds associated the neutron interaction, i.e. the core neutron background
and the halo neutron background, we did not use the MC in the background estimation, as
will be described in next Chapter. The reason was that it was difficult to properly produce the
rate of the neutron interaction with the detector material.

6.4 Normalization

In order to estimate the number of K decays in this search, we analyzed the K; — 7%7°

decays as the normalization mode.

As discussed in Section 2.2, the systematic uncertainties in the single event sensitivity
mainly comes from the acceptance ratio between the K — 7%v signal and the normalization
mode. In order to reduce the systematic uncertainties, we made the selection criteria for the
070 v .

K —r almost the same as for the K;, — 7
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The invariant mass of the four photons and the reconstructed decay vertex for the K —
7970 decay are shown in Fig. 6.30. The MC correctly reproduced the real data. We defined the
K — 7979 signal region: 0.47 < M4,Y(GeV/CQ) < 0.53, and 300 < decay vertex (cm) < 500.
The contamination of the K — 797%7% background in the K; — 7n%7° signal region was
estimated by extrapolating the side band to the invariant mass range. We estimated 30 K; —
797970 background events in the 2111 events observed in the K; — 7979 signal region. Based
on the MC study, we estimated that the acceptance for the K; — 7970 decay is 1.41 x 1073.
By subtracting the K7 — 7%7%7° background, we obtained the number of K decays:

Niecay = [1.67 £ 0.04(5a¢.)] x 107 . (6.8)

Furthermore, the expected number of K7, decays was confirmed by checking the consistency
between K; — 7970 decay and K — 7%797° decay samples, where the same selection cuts
were applied on both decay modes except for the requirement of the number of photons.
Figure 6.31 shows the distribution of the invariant mass and the decay vertex for the K; —
797970 decay. We observed 2.55 x 10* K1, — 797979 decays in the same invariant mass region
with the acceptance of 7.19 x 107°. The ratio of the decay widths of K; — 7979 decay to

K1, — 197979 decay was measured as:
obs
Foo . Tl27r0 % Agﬂ.o (6 9)
— = . )
Tooo ngs  Aggo

2081 y 7.19 x 107°
25521 © 1.41 x 10—3

= [4.16 £ 0.09star.) + 0.04(\C star)] ¥ 1077

where ngb% (ngi’r%) is the number of observed decays, and Ay 0 (Asz,0) is the acceptance for

the K; — 970 (K — 7%7%7% ) decay. This result was consistent with the PDG value,
[4.455+0.023] x 1073 [5], within 7 %. This difference mainly came from the mismatch between
data and MC in the energy distribution in MB detector and the transverse shower shape of the
photon. We assigned this difference as one of the systematic uncertainties in the single event
sensitivity, as described in Chapter 8.
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Table 6.4: The lists of the survival probabilities for each background source studied with the
MC. The numbers in this table were based on the order of cuts actually applied in the analysis.

core neutron single 7° core neutron multiple 7%

Cut survival prob. | # of events || survival prob. | # of events
after 70 reconstruction — 355500 — 834920
vertex cut 2.98 x 1072 10576 || 1.51 x 10~ ¢ 125820
Photon veto cuts except BA | 2.95 x 1072 312 3.06 x 1072 3844
Charged veto cuts 9.61 x 1073 3 1.20 x 1072 46
Shower shape cut - 0 5.65 x 1071 26
Photon energy cut - 0 6.15x 107! 16
Hit position cuts - 0] 812x107! 13
Acoplanarity angle cut - 0 3.08x107! 4
7 cut - 0 1.00 4
79 projection distance cut - 0 5.00 x 1071 2
Pr cut - 0 - 0

halo neutron single 7°

halo neutron

multiple 7°

Cut survival prob. | # of events | survival prob. | # of events
after ¥ reconstruction - 4110 - 28735
vertex cut 3.33 x 1072 137 | 1.00x 107! 2891
Photon veto cuts except BA | 5.11 x 1072 71 2.32x1072 67
Charged veto cuts - 0 2.84 x 107! 19
Shower shape cut - 0 5.26 x 1071 10
Photon energy cut - 0 1.00 x 1071 1
Hit position cuts - 0 - 0
Acoplanarity angle cut - 0 - 0
n cut - 0 - 0
79 projection distance cut - 0 - 0
Pr cut — 0 — 0
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Table 6.5: The lists of the survival probabilities for each background source studied with the
MC. The numbers in this table were based on the order of cuts actually applied in the analysis.
The ratio of the number of K decays between MC and data were 9.16, 1.45, 0.81, 0.65 for

K — %% K; - vy, K, — n etv and K, — 77~ 70 decay, respectively.
K; — 7970 K — vy
Cut survival prob. | # of events | survival prob. | # of events
after 70 reconstruction - 80553 - 57961
vertex cut 511 x 1071 41151 || 3.52x 1071 20420
Photon veto cuts except BA | 9.33 x 1073 384 3.51 x 107! 7163
Charged veto cuts 7.34 x 107! 282 7.86 x 1071 5628
Shower shape cut 8.23 x 107! 232 || 5.59 x 1071 3144
Photon energy cut 8.45 x 107! 196 1.00 3143
Hit position cuts 7.86 x 1071 154 | 5.43 x 1071 1709
Acoplanarity angle cut 3.70 x 107! 57 - 0
n cut 7.72 x 107! 44 - 0
79 projection distance cut 3.41 x 1071 15 - 0
Pr cut 1.30 x 1071 2 — 0
Kp —n ety Ky —ntr—nd

Cut

survival prob.

# of events

survival prob.

# of events

after ¥ reconstruction
vertex cut

Photon veto cuts except BA
Charged veto cuts
Shower shape cut

Photon energy cut

Hit position cuts
Acoplanarity angle cut

7 cut

70 projection distance cut
Pr cut

6.32 x 1071
223 x 1071

1172300
741190
165470

O O O O o o o o

5.93 x 1071
1.86 x 1072

99013
56888
1092

o O O O O o o o




Chapter 7

Background Estimation

We estimated the number of remaining background events in the signal region. Furthermore,
we estimated the number of background events outside the signal region and compared them
with data in order to check our background understanding.

Section 7.1 describes how we used the MC to estimate the amount of background from K,
decays. Section 7.2 describes how we used the real data to estimate the number of background
events associated with the neutron interaction. Section 7.3 summarizes our background esti-
mation. Section 7.4 compares the number of background events outside the signal region with
our estimation.

7.1 Background from K; decay

7.1.1 K; — 7°7° background

We estimated the number of K7 — 7%7° background events with the MC.

The K; — 7%7% decay became a background if two photons were undetected in the final
state even though the cuts on all the photon veto detectors were applied. Therefore, the number
of K; — 7% background was determined by the probability that two photons were missed.

First, we studied whether the MC reproduced the probability of missing two photons from
K — 97979 decays in the sample with four photons detected in the CsI calorimeter.

We first considered the rejection power of the cuts on the photon veto detectors. The upper
plot in Fig. 7.1 shows the distribution of the invariant mass of four photons with the cuts on
photon veto detectors except for the BA and without the cuts on the identification and the
shower shape. Events with the invariant mass, My, in the range, My, (GeV/c?) < 0.45, were
K — 7979 decays missing two photons. As shown in the lower plot in Fig. 7.1, the uniform
ratio of the data to the MC indicates that the MC reproduced the rejection power of the cuts
on the photon veto detectors in the real data within 18 %.

We studied the distribution of the energy deposit in the MB detector, shown in Fig. 7.2 and
Fig. 7.3 for confirmation. Even though the inner MB module has a discrepancies at the region
below 0.5 MeV, the distributions agreed around and above the MB cut threshold (1 MeV for
inner MB module, 0.5 MeV for outer MB module).

97
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We studied the rejection power of the photon veto cut on the BA using the real data.
Here, we assumed a constant rejection power, r, for a photon with the incident energy above
a threshold at 100 MeV. As we described in Section 6.3, the signal survival probability for the
BA cut was 0.65. In the MC K7 — 7°7° background study, we applied a weight on each event
depending on the number of photons entering the BA. We set the weight, w, as follows.

e if no photons above the threshold entered the BA, we used the signal survival probability,
w = 0.65.

e if one photon above the threshold entered the BA, we assigned w = r.

e if n photons with an incident energy above the threshold entered the BA, we assigned
w=r7r".

We tuned 7 to reproduce the number of events in the low mass region: My, < 0.45, and found
r = 0.26. Figure 7.4 shows the distribution of the invariant mass of four photons with applying
the rejection power of the BA cut. The ratio of data to MC was still uniform.

Second, we considered the rejection power of the cuts on the photon identification and the
shower shape. The upper plot in Fig. 7.5 shows the distribution of the invariant mass of four
photons with the cuts on the photon identification and the shower shape. We also applied the
cuts on the photon veto detectors and the rejection power of the BA cut. As shown in the lower
plot in Fig. 7.5, the MC is about 40 % lower than data in the lower mass region, My, < 0.45.
This is because MC does not properly reproduce the transverse shower shape of the photon.
Therefore, we assigned this discrepancy, 40 %, as an uncertainty in the estimated number of
K1 — 797970 background events in the four-photon event samples. We assumed that the
uncertainty in the estimated number of K; — 7% background events for K; — 7°v> decay
was also 40 % due to the mismatch between data and MC in the transverse shower shape.



7.1. BACKGROUND FROM K DECAY

2 3
5 10 o:Data:::
I o —=""MCiotal r
5 2 72 MCK 52
* 10 MEK 3
o 7 ee
o 2 E icerer0%20s AN ARARNAARSNN N
s 18 1
T 16 by
8 14 Rty
Q 12 | T
1B A | |
T N P S G I T H
06 = e
84 | bt
0005 T 18 2 25 3 35 4 45 5

deposit energy in the MB inner module (MeV)

Figure 7.2: Top: The distribution of the
energy deposit in the MB inner module for
the data (dots), the MC K — 7%7° (blue
hatched) and the MC K — 7%7%% (red
hatched). Bottom: The ratio of the data to
the MC.

99
2 at
8 o Data
] —-ME total
E Ciid - MEK:2
L MeK T
¢ b, 4
Lt At
o 2 RN
s 18
S 16 !
s %:g b+ L S e 1
CR SN e gl A i T
0.8 ¥ i | I
06 by
0.4
0.2
0

0O 05 1 15 2 25 3 35 4 45 5
deposit energy in the MB outer module (MeV)

Figure 7.3: Top: The distribution of the
energy deposit in the MB outer module for
the data (dots), the MC K — 7%7° (blue
hatched) and the MC K — 7%7%7% (red
hatched). Bottom: The ratio of the data to
the MC.

The number of K;, — 7%7” background in the search for K; — 7'vi decay was estimated
using the MC with r = 0.26. We produced K — 7%7% MC with 20 times larger statistics than
the real data. Figure 7.6 shows the distribution of Zyi, versus Pr for the K; — 77 MC.
We observed 3 events with the total weight of 0.04 £ 0.03 events in the signal region, where
the second term represents combined uncertainty on the MC statistics and the systematic
uncertainty.

7.1.2 K; — ~v background

We considered two possibilities for the Kj — v background.

The first case is where halo K ’s decay into two photons. Since we assumed the decay
vertex to be on the z axis (0,0, Zytx), the halo K decay could be wrongly reconstructed to
have a finite transverse momentum. In addition, if the Ky in the region farther than 8 cm
from the beam axis decays into two photons, this event passes the acoplanarity angle cut. The
number of such events was estimated as:

N9 = Niecay X Phatorc, X Br(Kp —y7) x A, (7.1)

where Ppq0k, is the fraction of K7’s in the region more than 8 cm away from the beam axis,
and A is an acceptance with all the selection cuts except for the Pr cut and the acoplanarity
angle cut. We estimated the P40k, to be 1075 from real data, and the A to be 1.2x 1073 from
a MC study. Based on these values, the remaining number of K; — ~v background events due
to the halo K7, is 0.01.
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Another case for K — =7 background was the events whose Pr became larger as shown
in Fig. 6.17 because of mis-measured photon energy. To have a large transverse momentum
satisfying the Pp cut, Pr > 0.12 (GeV/c), we considered a case where photon’s energy was mis-
measured due to the photo-nuclear interactions!. The probability of such reaction for photons
had been measured by the experiments for the CsI crystal and it was less than 10~* for 200
MeV photons and 107% for 1 GeV photons [25, 26]. Therefore, the number of background
events in such a case was negligible.

7.1.3 Other K backgrounds

The inefficiency of the plastic scintillator for the charged particles caused K; — w7 7°

background. If two photons from the 7% decay hit the CsI calorimeter and the remaining
charged particles went through the beam hole, the inefficiency of BHCV would determine the
background level. The inefficiency of the BHCV for the charged particle was slightly larger
than other detectors; due to its thin thickness (~1 mm), the light yield was smaller and the
energy deposit had a larger fluctuation. We estimated the inefficiency of the BHCV for charged
particles using the distribution of the energy deposit collected during the calibration (muon)
run as shown in Fig. 7.7. We fitted this distribution for a function:

e [ (z — p2)®
flw)=nt p( v2[p3 +p4(w—p2)]2> ’ 72

(asymmetric-gaussian) and estimated the fraction of the number of events below the threshold
of 0.1 MeV to be 1.6 x 107°.

!The photo-nuclear interaction is a reaction in which an incident photon was absorbed by the nucleus and
this nucleus emits only neutrons.



7.1. BACKGROUND FROM K DECAY 101

o «— 04
153 * Data 4 MCK, - 21’ - L2
810 e RS t e 77;} 3 0.025
9 e O 0.35
D-P—
102 @m ‘ 0.3 1 0.02
5 . =
SN Ny 0.25
10 m\tﬁ 3 7 3 signal region [ 0.015
o 2 - 0.2
218
©1.6
C14 015 =0.01
12 S .
1 T 1 01
0.8 |
o DS =N AR o | 0.005
oq bt 0T N e 0.05
0.2 ‘
0 0 ! 0
0.25 0.3 0.35 0.4 0.45 0.5 (%.55 200 250 300 350 400 450 500 550 600
M,, (Gev/c?) Z,, (cm)
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The number of the K — nt 7~ 7% background was estimated as follows:

NP9 = Naecay X Br(Kp — 777 7% x A

rta—70
x (Inefficency for charged particles)? (7.3)

where A = 7.4 x 1078 is the acceptance with all the selection cuts except for the BHCV cut?.
Based on those parameters, the remaining number of K; — 777~ 7 background was estimated
to be negligible.

In case of K;, — m e'v, the inefficiency of the CV for charged particles increased the
number of background events. In particular, if following three things happened at the same
time, it became a background event.

(1) the 7~ went through 7= +p — 7°+n and the two photons decayed from the 7° overlapped
in the electromagnetic calorimeter,

+

2The maximum momentum of the 7° from the K; — n 77~ 7° decay in the center-of-mass system of K, is

133 MeV/c. It caused a large suppression.
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(2) the e™ went through a pair annihilation (e™ 4+ e~ — ~ + ), and these two photons also
overlapped, and

(3) the energy deposit in the CV was too low to be detected.

The number of K; — m etv background events was conservatively estimated assuming the
probability of overlapping photons to be 1 :

ngfg = Ndecay X BT(KL — 7T7€+V) x A
X (Inefficency for 77)

x (Inefficency for e™) | (7.4)

where A = 2.5x 107 is the acceptance where 7~ and e hit the CV and passed all the selection
cuts except for the CV cut. We estimated the inefficiency of the CV due to the fluctuation
of its light yield using the distribution of the energy deposit collected during the calibration
(muon) run. As shown in Fig. 7.8, the inefficiency of the CV was estimated as 1.0 x 1073, The
inefficiency due to the reactions (1) and (2) was measured as 3.0 x 10~ for 7~ and 1.6 x 1074
for et [31]. Combining these inefficiencies, we obtained the inefficiency for 7= and et to
be 1.3 x 1073 and 1.2 x 1073, respectively. Based on these parameters, 0.01 K; — 7 eTv
background events were expected.
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7.2 Backgrounds associated with the neutron interaction

We estimated the number of background events associated with neutron interactions using the
real data, because the amount of the membrane in the beam was not surely known.

Figure 7.9 shows the Zyx versus Pr for events after applying all the event selection cuts.
The region, 300 < Zyix(cm) < 525 and 0.05 < Ppr(GeV/c) < 0.4, was masked in order to avoid
any biases in this background study. The masked region was categorized into eight regions
because it was expected that the contamination of each background source depended on the
Zwtx — Pr plane. The signal region defined in the previous chapter corresponds to the region
(3) and (4).

The “halo neutron CC02” events were located upstream of the signal region. The “core
neutron 7" events were also located around the same region but most of those events were
eliminated by the 7 cut. The “core neutron single 7°” events and the “halo neutron CV”
events were located downstream of the signal region.

In subsection 7.2.1, we will estimate the number of “core neutron multiple 7°” background
events. In subsection 7.2.2, we will estimate the number of other background events.

0%

7.2.1 Core neutron multiple 7°

0”7 background events® as follows.

9” background events

We estimated the number of “core neutron multiple 7
We first made the events dominated by the “core neutron multiple 7
by removing following cuts.

e cuts on CV and the photon veto detector: MB, CC03, CC04, CC06, CC07 and BA, and

e cuts on the photon energy and the photon hit position in the Csl calorimeter,

Hereafter, we call the combined cuts of the first item as “PV” cut and the second item as “EH”
cut. We first checked how many other background events contaminate in the data without the
PV cut and the EH cut. The number of K; — 7%7% background events was estimated with
the MC by removing the PV cut and the EH cut. In each Z,ix — Pr region, the fraction of
K1 — 770 background events was less than 0.5 %. We estimated the number of background
events associated with the neutron interactions after removing the PV cut and the EH cut with
the method that will be described in Section 7.2.2. In the regions, (3) and (7), the fraction of
the “core neutron 7 background” events was [2 £ 1] %, and the fraction of the “halo neutron
CC02” background events was [0.24 + 0.07] %. Since we removed the photon energy cut,
an additional background source, in which two accidental photons were reconstructed, could
increase. In the regions, (2), (4), (5), (6) and (8), there were [3 + 3] % of such background
events®.

Now, let us consider the number of background events for the four combinations of the PV
cut and the EH cut, as shown in Fig. 7.10.

3The halo neutron background events where two photons came from the multiple 7° produced at the CV
were also reconstructed in the signal region, but its rate would be smaller than the “core neutron multiple 7°”
background because the rate of halo neutron was 10° times smaller than the core neutron.

4We estimated the number of background events from two accidental photons were reconstructed as follows.
First, using the accidental trigger, the rate of one accidental cluster with energy deposit greater than 10 MeV
was estimated as 15 kHz. We applied 44 nsec timing window in the event selection. Therefore, during 1.8 x 10°
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Figure 7.9: Zy versus Pr with all the event selection cuts. The region with 300 < Zyx(cm) <
525 and 0.05 < Pp(GeV/c) < 0.4 was masked, and divided into eight regions for a background
study.
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1. combination A : N4 events passed the EH cut, but failed the PV cut,
2. combination B : Ng events failed both the EH cut and the PV cut,
3. combination C : N¢ events passed the PV cut, but failed the EH cut, and

4. combination S : Ny, events passed both the EH cut and the PV cut.

The final number of the “core neutron multiple 7°” background was determined by applying

both the PV cut and the EH cut, hence it was Np,. If the PV cut and the EH cut were
independent of each other, then we get:

kag _ & (7 6)
N¢ N’ '
and
kag _ & (7 7)
Ny N~ '
Therefore, the final number of the background events is:
NA X NC
Nokg = ——— - (7.8)
B

We confirmed the independence of the PV cut and the EH cut as follows. For each selection
cut in the EH cut, we examined the ratio of the number of events passing the cut and the
number of events failing the cut. If both ratios did not vary with and without the PV cut, the
EH cut and the PV cut were independent of each other. Figure 7.11 shows the distribution of
the photon energy and the photon hit position on the Csl calorimeter with and without the PV
cut. The ratio for the photon energy cut was 0.73 4+ 0.03 without the PV cut and 0.79 + 0.12
with the PV cut. The ratio for the photon hit position cut was [5.2 & 0.6] x 10~2 without the
PV cut and [5.1 £ 2.6] x 1072 with the PV cut. These results indicated that the EH cut and
the PV cut were independent.

Table 7.1 shows the estimated number of the “core neutron multiple 7”7 background events
in each region on the Zyty — Pr plane with the method described above. In this table, if No = 0,
we defined the number of background events according to the Bayesian method?®.

0

seconds data taking time, the number of events in which two accidental photons were observed was:
Niotab — (15 x 10%[/s])? x (8 x 10™%[s]) x (1.8 x 10°[s]) = 3.2 x 10° . (7.5)

Next, we reconstructed 7° from two accidental photons. These background events were reconstructed all over in
the region (2), (4), (5), (6) and (8). We then estimated the survival probability of all the selection cuts except
for the PV cut and the EH cut using the real data. It was [1.1 4+ 1.1] x 10~*. Therefore, the estimated number
of the such background events was [35 + 35] events in the regions (2), (4), (5), (6) and (8) and it corresponded
to [3+ 3] %.

SLet H be the unknown probability that an event passes the PV cut. The probability that we get a set of
data, {data}, with No (Ng) events passing (failing) the PV cut for an assumed H is:

P(H|{data}) «c H¢ (1 — H)"" . (7.9)

If No¢ = 0, the most probable H is zero. We then calculated the number of background events according to
Equation 7.8 and took the 90 % confidence interval as an uncertainty in the estimated number of background
events.
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The numbers of the remaining “core neutron multiple 7°” background events in the signal
region were 0.0797 and 1.5 4+ 0.7 for the regions (3) and (4), respectively.
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Figure 7.11: The distributions of the photon energy (left) and the hit position (right). Solid
(dashed) shows the distribution before (after) the PV cut. The shape of both distributions did

not depend on the PV cut.
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Table 7.1: The list of the number of events in each cut combinations measured by the real
data.

Region Ny Np N¢ Nikg

(2) 52 103 8 4.0+ 1.6
(3) 39 129 0 0.0797
(4) 53 183 5 1.5+0.7
(5) 24 48 6 3.0+ 1.4
(6) 39 165 13 3.141.0
(7) 58 187 0 0.0%0¢
(8) 75 470 34 54+1.1

7.2.2 Other backgrounds associated with neutron interactions

)

The decay vertex of the “core neutron single 7°” events and the “halo neutron CV” events
were properly reconstructed at Zyix = 550 cm as shown in Fig. 7.12. Their contamination in
the signal region was negligible assuming a Gaussian.

The number of the “core neutron 7’ events was similarly estimated by extrapolating the
distribution of Z,), the decay vertex calculated by assuming the 7 mass. As a result, the number
of the “core neutron n” background events was estimated to be 0.4 + 0.2 in the signal region.

The contamination of the “halo neutron CC02” events in the signal region was estimated as
follows. First, we estimated the fraction of the two photons produced at CC02 reconstructed
in the fiducial region, 300 < Zytx(cm) < 500, using the data collected in the 7° run with an
Al plate inserted in the beam. Figure 7.14 shows the distributions of the reconstructed vertex,
Zyix, assuming the 7° mass, and Pr after applying the cuts on the photon veto detector
as for the K; — n'v& analysis. Taking the ratio of the number of events in the region:
200 < Zyix(cm) < 300, to the number of events in the fiducial region, the fraction of the events
contaminating the fiducial region was A = [3.5 + 0.4] %. We then estimated the number of
events in the region (1) and (3).

region(1): there were 25 events in the side band region, 200 < Zytx(cm) < 300 and Pr > 0.24
(GeV/c). Using the fraction A, the number of events in the region (1) was estimated as
0.88 £ 0.20.

region(3): there was 1 event in the side band region, 200 < Zy(cm) < 300 and 0.12 <
Pr(GeV/c) < 0.24. Using the fraction A, the number of events in the region (3) was
estimated as 0.04 + 0.04.

7.3 Summary of background estimation

In this section, we summarize the background estimation described so far. Table 7.2 lists
the number of background events in each region. Here we only considered the K; — 7070
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Figure 7.12: The Z,. distribution for the Figure 7.13: The distribution of the decay

“core neutron single 7" events and the “halo vertex assuming the n mass. Events in the
neutron CV” events where the Zy, was prop- region: 530 < Z,(cm) < 575 were removed
erly reconstructed. The contamination in the by the 7 cut.

signal region was estimated by assuming a
Gaussian shape.

background for the K, background because each background level from other K decay modes
were less than 0.01.

The total number of background events in the signal region was estimated to be 0.4J_r8:;
events in the region (3) and 1.5 + 0.7 events in the region (4). The largest source came from
the “core neutron 7” events in the region (3) and the “core neutron multiple 7°” events in the
region (4). In almost all the regions, the contamination from the Kj — 7°7° background was
~30 times smaller than the background associated with the neutron interactions.

7.4 The number of background events outside the signal region

In order to confirm our understanding of the background and the background estimation, we
compared the number of events outside the signal region.

Figure 7.15 shows the distribution of the Zyx versus the Pr with all the selection cuts along
with the observed and estimated number of events in each region. The estimated number of
events in each region was consistent with the observed number of events.

Therefore, we conclude that we understand the backgrounds and their contributions. We
will discuss the comparisons in the signal region in Chapter 9.
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Figure 7.14: The distribution of the reconstructed vertex, Zyix, (left) and the transverse
momentum, Pr (right) measured in the 7° run with the Al target. We estimated the fraction
of the event contamination in the fiducial region to be 3.5 + 0.4 %.

Table 7.2: The list of the estimated number of background events in each region.

Background source # of events || Background source # of events
Region (1) Region(2)

halo neutron CC02 0.9+0.2 core neutron multi. 7% 4.0+1.6
Total 0.9+0.2 Total 40+1.6
Region (3) Region(4)

core neutron 7 0.4+£0.2 core neutron multi. 7% 1.5+0.7
core neutron multi. 79 0.0fg:g K — w070 0.04 £0.03
halo neutron CC02 0.04 £0.04

Total 0.473% || Total 1.5+0.7
Region (5) Region(6)

core neutron multi. 7° 3.0+14 core neutron multi. 7° 3.1+1.0
K — 7070 0.01 £0.01 || K, — 707" 0.07 £0.05
Total 3.0+1.4 Total 3.2+1.0
Region (7) Region(8)

core neutron multi. 7° 0.0fg:g core neutron multi. 7° 54+1.1
K — 770 01+0.1 | K, — %" 0.240.1
Total 0.1707 || Total 5.6+ 1.1
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Figure 7.15: The Ziix versus Pr with all the event selection cuts. The number of events
observed (Nyps.) and expected (in bracket) for the all the regions except for the signal region
are shown.



Chapter 8

Systematic Errors

Before discussing the final result, we will summarize the systematic uncertainties on the Single
Event Sensitivity (SES) in this search.

Using the variables defined so far,
Agro 1
Asig ng?rso .

SES = Br(Kp — n'7%) x (8.1)

The uncertainties on the SES came from three components:

1. systematic uncertainties on the branching ratio of the Ky — %7 |

2. systematic uncertainties on the acceptance ratio, Ay 0/Asig, and

obs

3. statistical uncertainty in the observed number of the normalization mode, ng’5.

For the first item, we will summarize the branching ratio and its error in Section 8.1. The
second item was caused by a discrepancy between data and MC. A detailed description for
the second item is given in Section 8.2. In addition, we defined the statistical error in the
acceptances as a part of the systematic error in the SES, as explained in Section 8.3. Finally,
we will summarize the systematic uncertainties in Section 8.4.

8.1 Branching ratio
The branching ratio of the K; — 7n%7? are [5]:
Br(Kp — n%7%) = [8.83+£0.08] x 107*. (8.2)

We thus assigned 0.9 % as systematic uncertainty in the SES.

8.2 Acceptance ratio

The acceptance for both the K — 7vv signal mode (Asig) and the K7, — 7970 normalization

mode (Ayr0) mode were evaluated with the MC. Therefore, the discrepancy between the data

111
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and the MC in the distributions of quantities used in the selection cuts can introduce an error
in the acceptances. In order to keep the systematic uncertainty in the A 0/As, small, we
made the event selection cuts for the signal and the normalization mode as similar as possible,
so that many of the effects of the discrepancy cancel out in the ratio. However, the different
final states, two photons for the K; — 7%v¥ signal mode vs. four photons for the K — 7%7°

normalization mode, caused some systematic uncertainties in A o/Agig.

8.2.1 Different reconstruction methods

We reconstructed K, vertexes for the normalization mode !, while we reconstructed 7° vertexes
for the signal mode. In the K; — 770 reconstruction, we applied a cut on the vertex x?.
However, since there is a small discrepancy in the vertex y? distribution between data and MC,
we could not correctly estimate the signal survival probability for the vertex x? cut using the
MC.

We evaluate the systematic uncertainty caused by this difference using the distribution of
the vertex x? measured with K; — 7%7%7% decays because this samples had no background
contamination. Figure 8.1 shows the distribution of the vertex y? for K; — 797979 decays in
data and MC. We found 3 % difference in the fraction of events that passed the vertex y? cut
between MC and data. We assumed that the same fraction for K7 — 7°7° decays also has an
uncertainty of 3 %, and then assigned it as a systematic uncertainty in the SES.

' A detailed description is given in Appendix B.
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Table 8.1: The shift in the I'gg/I'gpp due to the energy fluctuation of MB detector.

What is changed | Change | Shift in I'gg/T000
MB inner thr. -10 % -4.2 %
MB inner thr. +10 % +1.5 %
MB outer thr. -10 % -0.1 %
MB outer thr. +10 % +0.2 %

8.2.2 Discrepancy in I'yy/Igoo

The discrepancy in the ratio of the number of K — 7970 decays to the Kj — 797970 decays,

Too/Tooo, mostly came from the mismatch between data and MC in the transverse shower
shape of the photon and the energy distribution in MB detector. We considered these effects
on the SES.

Transverse shower shape of photons

We required that the transverse shower shape is consistent with a photon by using several
quantities in the photon identification and the shower shape cut. However, some signal survival
probabilities for these selection cuts were different from the MC estimation. For example, the
probability for the shower shape cut measured with K; — 7%7%7% — 6+ decays differed by
4.53 £0.05 %.

Even though we applied almost the same selection cuts on the signal and normalization
modes, and took the acceptance ratio, the differences in the signal survival probabilities for the
photon identification and the shower shape cut could arise because of the different number of
photons in the final states. The T'gg/Tgo0 shifted by 4 % if the photon identification and the
shower shape cuts were applied. Therefore, we assumed that the uncertainty in Ay 0/Agg is
also 4 % due to the photon identification and the shower shape cuts.

Energy distribution of MB detector

We found the mismatch between data and MC in the energy distribution in MB detector. This
caused some errors in the acceptance of K; — 7070 and K; — 7770 decays because there
were some activities in the MC due to the shower-splash-back from the CsI calorimeter. Even
though we applied the same cut on both decay modes, this difference did not cancel out in the
T'oo/To00-

We varied the energy threshold by =10 % to cover accuracy of calibrations. Table 8.1
summarizes the variation in the I'gg/T'oo0 when we changed the threshold on the inner MB
module and the outer MB module. By adding each shift in quadrature, we get a 4.2 %
uncertainty in I'og/Topo. Assuming that the same effect applies to Asyo0/Asig, we assigned a
systematic uncertainty of 4.2 % in Ago0/Asg-
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8.2.3 The energy measurement by the Csl calorimeter

Furthermore, we consider a systematic uncertainty in the acceptance ratio caused by the ac-
curacy of the energy measurement with the Csl calorimeter. The photon energy was used in
several variables: the decay vertex, the transverse momentum, the 7° projection length etc..
Uncertainty in the energy calibration of Csl crystals produces an uncertainty in the signal
survival probabilities of those selection cuts.

We estimated that we understand the CsI energy calibration to £3 %, based on the moni-
toring of MIP peaks. When we shifted the energy scale by £3 % in MC, the Ay,0/As;, changed
by 1.4 %. We assigned it as a systematic uncertainty in the A 0/Agg.

8.3 Statistical uncertainty

The additional uncertainty in the acceptance ratio was the statistical uncertainty. The error
on the Ay, consists of the statistical uncertainty of the MC and the data. The statistical
uncertainty of the MC was 1.2 %. We used data to evaluate the survival probabilities for the
particular three selection cuts: (a) cut on the timing dispersion on the photons, (b) cut on the
hit timing difference between two photons, and (c) photon veto cut on the BA. The statistical
uncertainties were 0.8 %, 0.5 % and 1.9 % for the cut (a),(b) and (c), respectively. Adding
these uncertainties in quadrature, we assigned a SES systematic uncertainty of 2.4 %.

The statistical uncertainty of 0.5 % in the Ay.0 came from the MC statistics error and it
was assigned a SES systematic uncertainty.

The statistical uncertainty came from the observed number of events of the normalization
mode. We observed 2081 K, — 7°7° decays as described in Section 6.4, hence the statistical
uncertainty was 2.2 %.

Table 8.2 lists the statistical uncertainties in the K — =
ization mode and the observed normalization mode events.

0 0.0

vy signal, Kj — 7w °m° normal-

8.4 Summary

The systematic uncertainties in the SES are summarized in Table 8.3. We assigned the total
systematic uncertainty of 7.0 % on the SES.

The large source of the systematic uncertainty came from the mismatch between data and
MC in the transverse shower shape of the photon and the energy distribution in MB detector.
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Table 8.2: The list of the statistical uncertainty in the acceptance estimation and the observed
number of normalization mode, K — 77 decay. A detailed description of the acceptance
estimation is given in Section 6.3.

source size

K — m%vp MC statistics 1.2 %

€(a) (Data stat.) 0.8 %

€ (Data stat.) 0.5 %

€(c) (Data stat.) 1.9 %

Agig total statistical uncertainty 2.4 %

K1 — 7079 MC statistics 0.5 %
Agro total statistical uncertainty 0.5 %

the observed number of Kj, — 77 decays (n5%) ‘ 22 %

Table 8.3: The systematic and statistical uncertainties in the SES.

source size (%)
Br(Ky — 7°7%) branching ratio 0.9
different reconstruction 3.0
transverse shower shape 4.0
MB energy distribution 4.2
stat. error for the Ay 2.4
stat. error for the As o 0.5
Total systematic error 7.0

Statistical error 2.2







Chapter 9

Result and Discussion

All the analysis procedures have been carried out so far. In this chapter, we will describe the
result of this search for the K — 7'vi decay. Section 9.1 describes the comparison of the
remaining events with all the selection cuts between the data and the MC. Section 9.2 gives
the result of this search. We will discuss this result in Section 9.3.

9.1 Data with all event selection cuts

All the event selection cuts described in Chapter 6 were performed on the two-photon event
samples to suppress the number of background events. We estimated the remaining number
of background events in both the signal region and outside the signal region. The expected
number of background events outside the signal region was consistent with the observed number
of background events. The number of background events in the signal box was estimated to
be 1.9:1):9 events in total, which mostly came from the core neutron background.

Figure 9.1 shows the distribution between the Z,x and the Pr with the all selection cuts.
We observed no events in the signal box. This result was consistent with the background
estimation.

9.2 Result
The Single Event Sensitivity (SES) in this search is:

SES = [9.11 4 0.20 gt ) & 0.64(5ysty] X 1075 . 9.1
(stat.) (syst.)

Yu0 events were observed, we set a new upper limit of the branching ratio:

Since no K, — 7
Br(Kp — 7o) <210 x 1077, (9.2)

at the 90 % confidence level (C.L.)'. We improved the current limit on the branching ratio [20]
with a factor 2.8.

"We calculated Equation 9.2 with the Poisson mean for the 90 % confidence level upper limit, 4 = 2.3 without
regard for the number of background events. On the other hand, we calculated another upper limit with taking
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Figure 9.1: The 2-dimensional plot between Zyt, and Pr with all the event selection cuts.
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9.3 Discussion on physics

Observing no K; — 7v events with the SES of 9 x 1072 is consistent with the Standard
Model prediction. This result did not play an important role to constrain the interesting CP
violation phase in the Standard Model because it only led an upper limit, n < 28 at the 90 %
C.L., according to Equation 1.34 while the current value is n = 0.34 [5].

We came closer to the Grossman-Nir limit improving the upper limit on Br(Kj — 7°vp)
with a factor 2.8 using only 10 % of data taken in the first period of E391a experiment. The
SES is 64 times larger than the Grossman-Nir limit. As we will describe below, we can improve

this difference in further analysis in the E391a experiment and future experiments.

9.4 Discussion on the model in Monte Carlo simulation

To estimate the signal acceptance, we used a Monte Carlo simulation (MC) as described in
Chapter 4. In MC, we assumed V-A interaction in K; — 77 decay. The 7¥ energy is
according to Equation 4.3. If we did not assume V-A interaction, the 7" energy is according
to three body phase space. As shown in Fig. 9.2, the distributions of 7° energy is different.
Since we selected higher Pr, the signal acceptance without V—A interaction descrease 10 %. If
we use the signal acceptance without V-A interaction, Br(Kj — 7'vp) < 2.33 x 1077 at 90 %
C.L.

9.5 Discussion from experimental point of view

We carried out the first dedicated search for the K — 7907 decay. The purpose of this search
was to establish the experimental method for the next higher sensitivity experiment to observe
the Kj, — 7% decay. As described in Chapter 2, the new detection methods were:

e require two and only two photons in the final state,
and with mainly three approaches:
e detect all extra photons with the hermetic detector system,
e make the neutral beam clean and narrow, and
e place detector in the vacuum.

In this section, we will discuss our experimental approaches and conclude that it is possible to
search for K7 — m%v decay in future experiments with our approaches.

the estimated number of background events into account:
Br(Kp — n’vi) <1.03x 107", (9.3)

at the 90 % C.L. using Feldman-Cousins prescription [37]. However, we finally set the upper limit as Equation 9.2
because the uncertainty of the estimated number of background events was large. A detailed discussion of this
limit is given in Appendix C.
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9.5.1 Detection method

In this search, we defined the signal of K; — 70 decay as the event where two photons
and no other particles are detected in the final state. Although there were unexpected single
7Y background from the core neutron interaction, we were able to reject it by the vertex cut.
K| — 77 decay was the only other Ky, decay with only two photons in the final state, but we
were able to discriminate K; — v decay from Kj — 7 decay by requiring a finite Pr.
Other background sources we found in this search had extra photons and/or charged particles,
thus we were able to suppress them by applying the cuts on the photon veto detectors and the
charged veto detectors, except for the core neutron background. As will be described later, we
fixed the membrane to remove the core neutron background in the subsequent E391a runs.

Therefore, we found no problem with this detection method requiring only two photons
with high Pr.

9.5.2 Background

For the core neutron background, we fixed the membrane to the correct position and ran the
second and third period of data taking in E391a experiment (E391a Run-II and Run-III).
Although the analysis of this data is still on going, in Fig. 9.3, we show the Z,x distributions
after online trigger requirements for both the data used in this search and Run-II. The number
of events are normalized by the number of K decays. The events in the upstream section,
200 ~ Zyix(cm) ~ 400, consist of the K — v decays because we reconstructed Zyi assuming
the 70 mass, and their amounts are more or less consistent with each other. On the other hand,
the number of events at z = 550 cm decreased by a factor 4. We expect that the core neutron
backgrounds will not be a big issue in the data from the Run-II.
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Furthermore, with no core neutron background, we can remove several event selection cuts
applied to suppress the core neutron background. For example, if we remove the 1 cut, the 7°
projection length cut, and the Pr — Zy correlation cut, we gain 55 % in the signal acceptance.

We will discuss the halo neutron background and the K; — 7%7% background in following
subsections.

9.5.3 Hermetic photon veto

Since the remaining number of K — 7%7° background events was estimated to be 0.04 events,
we conclude that the hermetic photon veto worked well in this search.

Based on the MC study, we can suppress the K; — 7970 background furtherly improving
the photon detection inefficiency of MB and BA in future experiments. For example, we can
improve the photon detection inefficiency caused by the punch through effect by increasing the
detector thickness. Considering Equation 2.5, additional 3 X for the MB detector improves
the photon inefficiency with a factor 10. Moreover, we are now studying several types of BA
detector in order to improve photon inefficiency.

On the other hand, only 36 % of the signal remained after the cuts on the photon veto
detector, as described in Section 6.2.1. The largest loss was caused by the cut on MB detector,
in which only 60 % of the signal remained after the cut. Based on the MC study, we found that
the cut on MB removed 18 % of the signal because shower-splash-back from the CsI calorimeter
deposited their energies in the MB. In addition, a 27 % of signal was lost due to the accidental
activities in MB detector because we did not apply any timing window cut. Based on data,
the accidental rate in the overall MB is 1.6 MHz with the energy deposit greater than 1 MeV.
Moreover, we expect that the accidental rate will increase as the K flux increases in future
experiments. In order to reduce those signal loss, we need a good timing resolution for MB,
and apply a narrow timing window cut such as +5 nsec.
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In terms of the K7 — 7970 background, we also considered the probability of having fused
clusters in the Csl calorimeter. Figure 9.4 shows the MC distribution of the distance between a
missed photon and the nearest two photon-cluster event samples in K; — 797% decays. Even
though we applied the cut on the shower shape (“RMS cut”), there are events in which the
distance is less than 14 cm.

In order to suppress the probability of having fused clusters, we should use Csl crystals

with a smaller cross section to see detailed transverse shower shape and identify fused clusters
with such as “RMS”.

Neutral beam

A new technique in the experiment is the very narrow and small halo (clean) K beam, and
it worked well. The beam size was 8 cm at 16 m downstream from the target. Even with such
narrow K7 beam, the number of K ’s per 2.5 x 10'? protons? was 7 x 10°.

We also succeeded in making a clean beam whose rate is 10™° times the core component.
The number of background events where a 7° was produced by halo neutrons hitting CC02,
was negligible in this search. In the future experiments, we can suppress the number of halo
neutron background events in two ways. One is to add more collimators to suppress the beam
halo. Another is to move CC02 farther from the fiducial region. For example, assuming the
same background shape as shown in Fig. 7.14, if we move the CC02 40 cm upstream, we can

2This number typically corresponds to one pulse deliver from the KEK-PS.
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Table 9.1: Summary of the E391a experiment. Run-I, Run-II and Run-III are the first, second

and third period of the data taking, respectively. “abs.” means a short of the absorber. We
fixed the membrane before stating the Run-II.
period # of K, decay abs. comments
Run-I Feb.,’04 — Jul.,’04 1.6 x 1010 Pb abs. same condition
Run-II | Mar.,’05 — Apr.,’05 3 x 10° Be,Pb abs. | CC00 + fixed TDC stop
Run-IIT | Nov.,’05 — Dec.,’05 3 x 10° Be,Pb abs. | + new BA

reduce the halo neutron background events to 0.2 events at the sensitivity as of the Standard
Model prediction.

Detector in the vacuum

We put most of the detector components in vacuum. The detector worked well without any
serious troubles. We also achieved the high vacuum of 107> Pa in the fiducial region. A fact
that the membrane was partially hanging in the beam was an error, and we fixed this problem
by changing the support for the membrane. Therefore, the use of the membrane, which is new
idea, also worked well.

9.6 Further K; — 7'vi search

The new result was obtained from 10 % of data taken in the first period of E391a experiment.
In following paragraphs, we first describe a prospect of the result from E391a experiment.
Next, we describe K — 7000 experiments in the future.

Prospect of E391a experiment

The E391a experiment ran until December 2005 in three data taking periods, Run-I, Run-II
and Run-III, as shown in Table 9.1.

Run-I was carried out with completely the same condition as this search. We need further
background suppression for the analysis of the remaining data taken in the Run-I, because
there still are core neutron backgrounds.

Before starting Run-II, we fixed the membrane to the correct position. In addition, we also
made following changes based on what learned in this search.

1. Installed a new detector, CCO00, at the end of the neutral beam line in order to reduce
the number of halo neutrons.

2. Installed a Be absorber in the beam in order to reduce accidental activities on BA.

3. Shortened TDC stop signal from 80 nsec to 20 nsec to reduce losing photon hits in the
cut on BA, etc..
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For Run-III, we installed a new BA with additional transverse segmentation to improve the
photon identification in the BA.

For the data taken in the Run-II and Run-III, we expect smaller background. Also we
expect to improve the signal acceptance up to a few % by improving selection cuts.

As a prospect of the E391a experiment, we expect the final single event sensitivity with all
the collected data to be close to the Grossman-Nir limit.

Future K; — 7m°v0 experiment

As described in Chapter 1, our final goal is to discover K; — 707 decay and explore new
origin of the CP violation. Based on things we leaned in this search, and will be learned from
further analysis in the E391a experiment, we take the next step to achieve the goal. We will
start an experiment at Japan Proton Accelerator Research Complex (J-Parc).

The high power proton accelerator at J-Parc enables us to generate a high intensity K,
beam. The generated number of K is expected to be ~ 1 x 10® per a pulse. Each pulse
contains 3 x 10'* protons with a 30 GeV /c in kinetic energy. One of the features of the J-Parc
K1 — 70 experiment is a cleaner K beam with the ratio of neutron to Ky, ratio (n/Kp)
of 10, compared to 60 in th E391a. This small n/K ratio can be made by the high energy
proton beam and a larger target angle. It would reduce contaminations of the beam neutron
backgrounds.

In the beginning of the J-Parc Kj; — w’vv experiment, the E391a detector will be used
again with some modifications. One of them is the Csl calorimeter. We plan to use long Csl
crystals (25X, in longitudinal length) instead of current one (16Xy). It reduces the photon
inefficiency due to the punch through effect where the photon passes through the detector
without any interaction. Also we will have fine segmentation. The size of new Csl crystals is
2.5 x 2.5 cm? (5 x 5 cm? for outer region of the calorimeter) instead of the current 7 x 7 cm?.
It enables us to identify fused-clusters because we can know a detailed transverse distribution
of the photon’s shower. Another modification is to increase the thickness of the MB detector
by 3 ~ 5Xg in order to reduce the photon inefficiency due to the punch through effect.

With these modifications, we expect the sensitivity to be O(107!2) with the signal to
background ratio of 1.1. Furthermore, we plan to build new beam line and a detector in order
to study the K, — v decay with a sensitivity of O(10713).

0



Chapter 10

Conclusion

We performed the first dedicated experiment to search for the K — 7°vi decay. We analyzed
10 % of data taken in the first period of E391a experiment. The Single Event Sensitivity of
this search was [9.11 &+ 0.20(stat.) £ 0.64(Syst.)] x 1078, No signal candidate events were observed
while the expected number of background events was 1.9:1):9. We set a new upper limit on the
branching ratio of K — 7’vi decay:

Br(Kp — np) <210x 1077,

at the 90 % confidence level. This represents an improvement of a factor 2.8 over the current
limit [20].

We searched for the K — 70 decay requiring two photons and no other particles detected
in the final state, and introduced new experimental methods to suppress several background
sources. Based on this search, we led new understanding.

First, we understood the backgrounds. The core neutron background was a big issue in
this search, but it would be suppressed by fixing the membrane. In the future experiments, we
have to suppress the K7, — 770 background with two missing photons by improving detection
inefficiency of the detector. The background by halo neutrons interacting with the detector
material and producing one or more 7%’s must be reduced by modifying the beamline and
detector configuration in the future experiments.

Second, we found several issues which we have to solve in the future experiments. One
is “shower-splash-back” from the Csl calorimeter to the MB detector. Since it caused some
signal loss, we must solve this issue by utilizing timing information. Another is “fused photon
cluster” where two nearby photons overlap in the Csl calorimeter and are misidentified as one
photon. We must solve this issue by using a fine segmented calorimeter to see the detailed
transverse shower shape and identify such overlapping photons.

We conclude that, in the future high sensitive experiments, some modifications are necessary
to search for K — m%v decay. Now, based on this new result, we will start next high sensitive
experiment at J-Parc. We expect that this new result would be a large step on the path to
discover K7, — 7°v decay and explore new origin of the CP violation.

125






Appendix A

Identification of photon cluster

Some of the clusters found with the cluster finding process were accidental hits, charged par-
ticles, electronic noises, etc.. In order to identify clusters consistent with photon showers
(“photon cluster”) from them, we applied the following four selection cuts on clusters:

1. cluster size,

2. cluster shape,

w

. energy dispersion, and

4. timing dispersion.

Each selection cut was studied with K; — 7%7%70 decays in data with six detected photons.

The samples had no background contamination so that clusters on the Csl calorimeter were
actual photons from the Ky decay.

A.1 Cluster size

In order to identify photons using the transverse cluster shape of the photon cluster, we cut
on the size of the cluster. We defined two kinds of cluster sizes.

e csize-5 : The number of Csl crystals with the energy deposit greater than 5 MeV,

e csize-1: The number of Csl crystals with the energy deposit greater than 1 MeV touching
the cluster plus the number of Csl crystals with the energy deposit greater than 5 MeV.

An illustration of the csize-5 and the csize-1 is shown in Fig. A.1.

Figure A.2 and A.3 show the distributions of the csize-5 and the csize-1 as a function
of the total energy deposit in the cluster, respectively, for the K; — 7%7%7° decays. On
the other hand, Fig. A.4 and A.5 show the distributions for events collected with a trigger
requiring at least one hardware cluster. These data mostly consists of accidental hits, charged
particles, electronic noises, etc.. There were small csize-5 (csize-1) clusters in lower energy
region. Therefore, We defined a threshold on the csize-5 (csize-1) depending on the total
energy deposit in the cluster, as listed in Table A.1.
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5 MeV

15 MeV,

Table A.1: The list of the requirements on the csize-5 and the cisze-1 to identify clusters as
photons.

csize5 =7 Figure A.1: A schematic drawing of the
csize-5 and the csize-1.

csize-1=10

Cluster energy region (GeV) | csize-5 | csize-1
0.0 0.1 >2 | >2
0.1 0.2 >2 | >3
0.2 0.3 >92 | >4
0.3-04 >3 >9
0.4 0.5 >3 | >5
0.5 0.7 >4 | >6
0.7~ 1.0 >4 | >38
1.0 - 1.5 >6 | >9
1.5 -2.0 >7 > 11
2.0-3.0 > 8 > 12
3.0 - > 8 > 12

The 71 % of the Kj, — 797970 decays in data satisfied the cut on csize-5 and csize-1, which
was consistent with the MC expectation. The MC study showed that 87 % of K — 7lvi
signal passes these cut.

A.2 Cluster shape

We defined a cluster-shape as the number of crystals sharing edges with the crystal with a
maximum energy deposit. An illustration of the cluster-shape is shown in Fig. A.6. Crystals
were required to have an energy deposit greater than 1 MeV.

Figure A.7 shows the distributions of the cluster-shape as a function of the csize-1. We
defined a threshold on the cluster-shape depending on the csize-1, as listed in Table A.2. We
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Figure A.2: The distribution of the csize- Figure A.3: The distribution of the csize-
5 (horizontal axis) versus the cluster energy 1 (horizontal axis) versus the cluster energy
(vertical axis) for the K — 707979 decays (vertical axis) for the K — 707970 decays
in data. in data.

required the cluster-shape to accept more than 90 % of events in each bin.

The 91 % of the K, — 7%7%7% decays in data satisfied the cut on the cluster-shape, which
was consistent with the MC expectation. The MC showed that 97 % of the Kj — v signal
passes this cut.

A.3 Energy dispersion

We defined the energy dispersion, ER, as:

( 61
N <2
Edep o
el + ez
N=3
Ep = ) (A1)
el +esx+e€3 N >4
Edep o

where N is the number of the crystals with energies greater than 1 MeV in the cluster (equal
to the csize-1), and Egp is the total energy deposit in the cluster. The e, ez and e3 are
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Figure A.4: The distribution of the csize- Figure A.5: The distribution of the csize-

5 (horizontal axis) versus the cluster energy 1 (horizontal axis) versus the cluster energy
(vertical axis) for events collected with the (vertical axis) for events collected with the
trigger requiring at least one hardware clus- trigger requiring at least one hardware clus-
ter. ter.

the largest, the second largest and third largest energy deposits in the crystals in the cluster,
respectively.

Figure A.8 shows the distributions of the Er as a function of the csize-1. We defined a
threshold on the Er depending on the csize-1, as listed in Table A.3, to accept more than 90
% of events in each csize-1 bin.

The 78 % of the K;, — 797970 decays in data satisfied the cut on the Eg, which was
consistent with the MC expectation. The MC showed the 93 % of the K; — 7lvi signal
passes this cut.

A.4 Timing dispersion

We defined the timing dispersion, TDI:

N n
1 1
TDI = E-—1: (T; — T,n)%, T = - E-—1: T; (A.2)
(e¢>11_MeV) (e¢>l_MeV)

where e; is the energy deposit in each Csl crystal, n and N are the csize-5 and the csize-1,
respectively, and T}, is the mean timing among the crystals in the cluster.
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Table A.2: The list of the requirements on the cluster size: csize-5 and csize-1 to identify
clusters as photons.

csize-1 | cluster-shape || csize-1 | cluster-shape
2 >1 12 >3
3 >1 13 >4
4 >2 14 >4
5 >2 15 >4
6 >2 16 >4
7 >2 17 >4
8 >2 18 >4
9 >3 19 >4
10 >3 20 >4
11 >3 > 21 >4

Table A.3: The list of the requirements on the energy dispersion, Fgr, to identify clusters as
photons.

csize-1 Egr csize-1 Er
2 > 0.53 12 > 0.89

3 > 0.56 13 > 0.89

4 > 0.62 14 > 0.89

5 > 0.72 15 > 0.89

6 > 0.82 16 > 0.89

7

8

9

> 0.87 17 > 0.89
> 0.89 18 > 0.88
> 0.89 19 > 0.87
10 > 0.90 20 > 0.88
11 >0.89| >21 | >0.88

Figure A.9 shows the distribution of the TDI obtained by the K; — 7%7%7° data. We
required the TDI to be less than 3. The 90 % of the K — 79770 event samples passed this
requirement.

Since the MC did not reproduce the TDI distribution, we estimated the signal loss with the
real data. The number of reconstructed Ky — 7%7%7° (K — 7n%70) decays was reduced to 90
% (94%) with the TDI cut. Thus, the efficiency of the TDI cut per photon was 0.98340.004(g¢a )
on average. Based on this value, we estimated the signal acceptance for the TDI cut to be
0.966 4 0.008. On the other hand, the TDI cut reduced the two photon event samples in the
region, 300 < Zyix(cm) < 500, by a factor of 0.778 + 0.005.
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A.5 Summary

Table A.4 summarizes the survival probability for the K; — 7%7%7% data, the K; — 707070
MC and the K, — 7% MC. In this table, we defined events in the region, 300 < decay vertex (cm) <
500 and 0.47 < invariant mass (GeV/c?) < 0.53, as K — 7%7%70 decays. Also we defined
two photon events in the region, 300 < Zyx(cm) < 500 and 0.12 < Pr(GeV/c) < 0.25, as the
K1 — 7% in the MC. Each cut efficiency by the K — 7770 data was consistent with the
MC prediction.
The result after applying these selection cuts on the two cluster data is also summarized in
the Table A.4. In total, 70 % of two cluster events were removed by the photon identification
cuts, while the signal loss was 22 %.
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Figure A.8: The distribution of the energy

Figure A.9: The distribution of the timing

— 7197970 data.

dispersion versus the csize-1. dispersion for the Kp,

Table A.4: The summary of the cut efficiency for each photon identification cut except
for the cut on the TDI. The number for each cut in the upper two columns is the ratio:
N (all cuts)/N(all cuts except for the specific cut) for K; — 7°7%7% events. The numbers in
the column “Kj — 70v MC” are the ratio for K; — 7% 2 MC events. The numbers in the
last column show the ratio for two photon event samples in the region, 300 < Zyx(cm) < 500.

data set cluster-size and csize | conn. pattern Er Total

K; — 797970 data 0.707 £ 0.003 0.911 £0.004 | 0.785 £ 0.004 || 0.497 £ 0.003
K; — 797970 MC 0.703 £ 0.005 0.905 £ 0.005 | 0.780 £ 0.005 || 0.488 £+ 0.005
K — m%w MC 0.869 £ 0.005 0.970 £ 0.005 | 0.925 £ 0.005 || 0.776 &+ 0.005
2~ data 0.524 £ 0.006 0.863 £ 0.007 | 0.592 £ 0.007 || 0.289 % 0.006







Appendix B

K; — n'797Y (797Y) reconstruction

In this appendix, we will describe the reconstruction method for K; — 7%79%% decays and
K1 — 770 decays. We reconstructed both decay modes with the same method. We will
explain the reconstruction of the K — 797970 decay.

When we reconstructed K7, in six-photon event samples, there were fifteen possible photon
pairings to form three 7°’s, as shown in Table B.1 (Table B.2 for K; — 77% reconstruction).
For each photon pair, we calculated the 7° decay vertex, Zyi(i), and calculated a quantity

(vertex x?) :

3 .
2 = Z ZKk), — Zux(9)]? (B.1)

i1 Ovtx (Z) '

where the Zk, is the z component of the decay vertex of the Ky, defined as a weighted mean
of the three 70 verticies:

3
D [ Zvis(i) ovix(i)]

Zr, = - , (B.2)

S (1 /owex(i)?)

i=1

where oyix () is the error on Zyi (7).

For each event, we selected the photon pairing with the smallest x? (so-called best x?
combination). We then calculate the following quantities.

e Ky energy :

Ex, = ZEV(i)’ (B.3)

where E, (i) is the ith photon’s energy.
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e K decay vertex :

6
sx Y E,X,(i)/Ex,
XKy i=1
Y, = 6 , B.4
e s x Y BY,(i)/Ex, (B4)
ZKL =1

Zk, |[see Eq. B.2]

L

s — ZKL - Ztarget : (B5)
ZC’SI - Ztarget
where (X, (%), Y,(4)) is the hit position of the ith photon on the Csl calorimeter, Z;q;get
is the position of the production target (-1180 cm) and Z¢cg; is the position of the Csl
calorimeter (614.8 cm).

e Invariant mass :

2 2 2

Mg, = | [Br,)? - - - . (B6)

6 6 6
Y P = Do P ()| = | D Pry(i)
=1 =1 =1

where Px (i), Py~(i) and Pz.,(i) are z, y and z components of the momentum vector of
the ith photon calculated with the K vertex and the photon’s energy and hit position
on the Csl calorimeter.

In order to remove mis-reconstructed K ’s, we required the x? of the K candidate to be
less than 5 (best x? cut). Figure B.1 shows the distribution of the x? of the K candidate for
the six-photon-event samples in data, which was consistent with the MC.

Moreover, we required additional condition in order to make sure that we have selected the
correct photon pairing. Sometimes, the photon pairing with the next smallest x? (so-called
second x? pairing) had the invariant mass closer to the K mass than the photon pairing
with the minimum y2. Since events with such the second x? pairing had a potential to be
mis-reconstructed, we rejected events in which the invariant mass of the second x? pairing
(Mgy-ona.y2) Was in the region: 0.47 < Mg, 9,4 2 (GeV/c?) < 0.54, and the difference (Ax?)
between the smallest y? and the next smallest x? was less than 15 (second best x? cut).
Figure B.2 shows the distribution Mg, 5,4_,2 versus Ax?. Figure B.3 shows the distribution
of the next smallest x2. The distribution of the next smallest x? measured with the real data
was also consistent with the MC.

As shown in Fig. B.4, the second best x? cut reduced the number of mis-reconstructed K7,
appearing as the events in the side band region. The 35 % of signal was lost due to these
requirements, which was consistent with the MC study within 3 %.
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Table B.1: The fifteen possible photon pairings to form three 7%’s from six photons. In the
table, [i,j] means that a 7" is formed with two photons with indexices, i and j.

comb. tag photon pairing comb. tag photon pairing
comb|0] [0,1], [2,3], [4,5] comb§] [0,3], [1,5], [2,4]
comb|1] [0,1], [2,4], [3,5] comb|9] [04], [1,2], [3,5]
combl2] 01], [25), [34 comb[10] 04, [13], [25]
combl3] 02, [13), [45 combl11] 04, [15], [23]
combl[4] 02], [14], [3,5] combl[12] 05], [1,2], [3.4]
combf5 02, [15), [34] comb]13] 05), [13), [24]
comb]6 03], (12, [45 comb]14] 05), 14, [23
combl7] 03], (1.4, [25
comb. tag photon pairing . .
Table B.2: The three possible photon pair-
COHIb[O] [071] ’ [273] i 0>
ings to form two 7"’s from four photons. In
combl1] 02), [1,3] the table, [i, j] means that a ¥ is formed with
comb[2] 03], [12]

two photons with indexices, ¢ and j.
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Figure B.3: The distribution of the dif-
ference between the smallest vertex y? and
the next smallest x? for the six-photon-event
samples. In the top plot, the dots show the
real data and the histogram shows the MC.
The bottom plot shows the ratio of the data
to the MC.
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Figure B.4: The distribution of the invari-
ant mass (Mg,) for the best x? combination
without any x? cut (black histogram), with
only best x? cut (light blue), and with both
x? cuts (blue dashed), for data.






Appendix C

Upper limit with another statistics
model

Even though the total estimated number of background events was 1.9739, we set the new

upper limit on the Br(K; — 7’vi) without taking it into account. In this appendix, we will
discuss another upper limit considering the number of background events.
The observed number of events, n, follows as a Poisson distribution:

(14 b)™ exp[—(p + b)]
n!

P(nls) = (C.1)
where p is the expected mean number of signal events and b is the known number of back-
ground events. The Feldman-Cousins prescription [37] provides an unified confidence intervals.
Table C.1 lists the 90 % confidence level intervals for the Poisson signal mean, [u1, pa], for the
observed number of events, ng, with 1.9 expected background events'. Since we observed no
events, the 90 % confidence level upper bound was 1.13. This sets

Br(Ky — 7°vp) < 1.03x 1077 (90 % C.L.). (C.2)

This upper limit is 2.3 times better than the upper limit in Equation 9.2. However, the
uncertainty of the estimated number of background events was large and thus the uncertainty
of the upper limit in Equation C.2 was also large. Therefore, we conservatively set the upper
limit, Br(Ky — 7n%vp) < 2.10 x 1077, in Equation 9.2.

IWe performed the Feldman-Cousins method for picheck = [0,50] in steps of 0.005, which were the same
parameter as in the reference [37]. We also confirmed our results using a public code TFeldmanCousins class in
ROOT library[38].
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1o K1, H2

0 0.00, 1.13
Table C.1: 90 % confidence level intervals for the 1 0.00, 2.61
Poisson signal mean, [p1, us], for the observed number 2) 0.00, 4.02
of events, ng, with 1.9 expected background events. 3 0.00, 5.53

4 0.00, 6.70
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