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Abstract

The aim of this work is a determination of the charge asymmetry in semileptonic de-
cays of Kg meson. The measurement was performed using KLOE detector localized
at DA®NE accelerator in the National Laboratory in Frascati, Italy. The experimen-
tal data used in this thesis has been collected during 2004-2005 data campaign of
KLOE. The final values of charge asymmetry determined for K¢ meson semileptonic
decays, obtained by registering the ¢ — Ky Kg — KpnTe®v () process, amount to
Ag = (1.5 £ 5.8544¢) - 1073, Obtained result does not indicate the CPP7 violation and
received statistical uncertainty is, as expected, about two times better with respect
to previous measurement.






Streszczenie

Celem tej pracy jest wyznaczenie asymetrii tadunkowej dla semileptonowych roz-
padéw mezonu Kg. Pomiary byly przeprowadzone za pomoca detektora KLOE zlo-
kalizowanego na akceleratorze DA®NE w Narodowym Centrum Fizyki Nuklearnej
we Frascati we Wtoszech. Praca zostata napisana w oparciu o dane zebrane w latach
2004-2005. W wyniku przeprowadzonej analizy, w oparciu o liczbe zrekonstruowa-
nych zdarzeh odpowiadajacych procesom ¢ — KpKg — Krnte*v(v), wyznaczono
nastepujaca wartoéé asymetrii tadunkowej: Ag = (1.5 & 5.844¢) - 1073, Otrzymany
wynik nie wskazuje na lamanie symetrii CP7 oraz charakteryzuje si¢ okoto dwu-
krotnie mniejsza niepewnoscig statystyczna niz najdoktadniejszy wynik uzyskany w
dotychczasowych eksperymentach.
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Chapter 1

Introduction

Relation between symmetries and conservation laws was formulated in 1918 by
Amalie Emmy Noether and nowadays it is referred to as Noether’s theorem and it
states, that for every global continuous symmetry exists an associated time indepen-
dent quantity [1]. Thus the invariance of laws of physics under translations of time,
space or rotation implies conservation of energy, momentum, or angular momentum,
respectively. The discrete symmetries of nature such as charge conjugation (C), par-
ity (P) or time reversal (7') do not lead to new conserved quantities. Nevertheless,
all of mentioned symmetries plays an important role in particle physics, especially
in calculations of the cross sections and decay rates.

Weak interaction does not conserve the C, P, 7 or combined CP symmetry. In the
Standard Model the CP violation is included by introducing the Cabibbo-Kobayashi-
Maskawa (CKM) [2] or Pontecorvo-Maki-Nakagawa-Sakata (PMNS) [3] matrices
describing mixing in quark or neutrino sector, respectively. Up to now, there is no
indication of CP7 symmetry violation [4], which would also imply the break of
Lorentz symmetry [5]. A special role in CP7 violation searches plays a neutral kaon
system which, due to a sensitivity to a variety of symmetry violation effects, is one
of the best candidates for such kind of studies. One of the possible tests is based on
comparison between semileptonic asymmetry in Kg decays (Ag) and the analogous
asymmetry in K, decays (Ar) [6]. So far the Ay, [7] was determined with a precision
more than two orders of magnitude better than Ag [8]. The present accuracy of Ag
determination is dominated by the statistical uncertainty. Therefore the main aim
of this work is a determination of Ag with two times smaller statistical error due to
four times bigger data sample.

This thesis presents determination of the Kg — 7Te*v(7) charge asymmetry based
on the data sample gathered in 2004-2005 with the KLOE detector situated at
DA®NE, the Frascati ¢ factory. DA®NE is a eTe™ collider designed to work at the
energy corresponding to the ¢ meson mass with high luminosity providing conditions
for most complete and precise set of measurements in kaon physics and other studies



such as 7, ' decays [9, 10] and searches for dark forces [11]. The ¢ decay products are
registered using the KLOE detector setup which is a barrel-shaped detector. Due to
pair production of kaons and therefore so called tagging procedure, their rare decays
(such as Kg — mev and Kg — emv) can be identified with great precision.

The work is divided into six chapters. In the next chapter a brief theoretical intro-
duction on phenomenology of semileptonic decays of neutral kaon is given. Third
chapter contains a description of the KLOE apparatus. The characteristics and the
performance of the main sub-detectors (drift chamber and electromagnetic calorime-
ter) are reported. The fourth chapter is devoted to description of data analysis. A Kg
tagging algorithm, based on the identification of cluster produced by Ky, interaction
in the calorimeter, and criteria used to select a K¢ — mer decays are presented.
Obtained results are shown in chapter five, leading to the conclusions and further
plans summarized in the last chapter.



Chapter 2

Neutral kaon physics

Neutral kaons are the lightest particles which contain a strange quark. Investigation
of their properties gives an access to flavoured physics and allows to test CP, 7 and
CPT symmetries. The CP7 symmetry assumes the invariance of physics phenomena
under the combination of the discrete symmetries such as: charge conjugation (C),
parity (P) and time reversal (7). One of possible ways to test the CP7 violation in
neutral kaon system is to study the kaon semileptonic decay (K — mwev). Detailed
description of this process is given in the following chapter.

2.1 Neutral kaon states

In 1947 Rochester and Butler discovered V-shaped tracks in a cloud-chamber during
investigation of cosmic-ray showers [12]. Further studies showed that the lifetime of
analyzed particles’ was in the order of 107!Y seconds (typical for weak interactions).
To explain discrepancy in mode of production and decay a new quantum number
was introduced by Gell-Mann [13] and Nishijima [14]. The symbol S and the name
strangeness were introduced later.

Presently the stragness in physics is associated with presence of the strange quark
in a particle. In addition, strangeness is related to the electric charge (Q), baryon
number (B) and the third component of the isospin (I3) by the phenomenological
relation [15]:

S =2Q — B —2I;. (2.1)

Consequently, the particles that posses strangeness different from zero cannot decay
into non-strange particles objects via interactions which conserve @, B and I3 (as
strong interaction does). However, a pair of strange particles could be produced
through strong interaction of non-strange particles (this is the so called ”associated
production”). An example of such pairs are: K9, K0 and B°, BY mesons.

3



2.2. CP violation 4

Kt | K| K°| KO

quarks us | us | ds | ds

strangeness 1 -1 1 -1

Table 2.1: Quark contents and strangeness of K mesons.

We can pair neutral and charged kaons into isospin doublets: (K°, K*) with S =
1 and (K—,K°) with S = —1 (see Table 2.1). In 1955, Gell-Mann and Paris
pointed out that K9 can turn into its antiparticle K9, through the sequence K° —
rtn~ — KO [16]. Consequently, K° and KO are indistinguishable from the point of
view of weak interactions. They also suggested that the flavour eigenstates of kaon
could be presented as eigenstates of combined charge-parity (CP) symmetry [16]:

1 _
K9) = —= (IK%) + |K%)
D=5 (K1) o
K2) = 5 (1K) = 1K)
where:
OP|KY) = +|KY). .

CP|K%) = — |K?),

However, |[K°) and |K?) states are not identical with the observed hamiltonian
eigenstates: |Kg) and |Kp). Their properties and relations between each other will
be presented in the further part of this work.

2.2 CP violation

Assuming conservation of the CP symmetry, states |[K°) and |K$> could decay into
following channels:
KO —rtnm |
|KY) — 70n° OP=+1,
|K?) — ata—q0 B
|K?) — 707070 P =-1,
and due to the large difference of the energy available for these decays a large
difference in the life-times of K_ and K states is expected.

However, in 1964 Christenson, Cronin, Fitch and Turlay experimentally proved the
violation of the CP symmetry in weak interactions [17]. They observed the decay of
the long lived state into two pions and established the frequency of this decay as:

N (K, —7tr7)
N (K1, — all charged modes)

= (2.04+0.4) x 1073, (2.4)
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Therefore, in order to properly describe the CP violation, the hamiltonian eigenstates
K1, and Kg are described as:

10) = s (0 ) K0 - (1 ) IK0)).
i (2.5)
55) = e (1 ) 1K)+ (1= ) [K9).

where parameters €;, and e€g account for the symmetry violation. These parameters
can be expressed in terms of ex and dx describing the CP and CP7T, respectively:

€5 = €x + 0k, (2 6)
€, = €x — OK. '

The above states (Kg, K1) are often called as a short and long-lived kaons. Their
basic properties and main decay channels are shown in Table 2.2. A possible direct
test of CP or CP7 symmetries violation could be performed by measurement of the
charge asymmetry in semileptonic decays of K¢ and Ky, which will be presented in
more details in the following sections.

| H Ks | Ki
mi?;élfe (89.54 & 0.04) ps (51.16 & 0.21) x 10° ps
mass 497.614 £ 0.024 MeV /c?
mass —12 2
differonce (3.484 +0.006) x 10712 MeV /c
main mrr~  (6.920 £0.005) x10~1 | 7FeFr, (4.055+0.011) x107 1
branching | 7%  (3.069 £0.005) x107! | 7*uFy, (2.704 4£0.007) x10~!
ratios atr=y  (1.7940.05) x 1073 3rY (1.952 £ 0.012) x10~!
(BR) atefu,  (7.044£0.08) x107* | 7t7x~70 (1.254 £ 0.005) x10~*
m*pTy,  (4.6940.05) x107% | 7FeFr.y  (3.79 £0.06) x1073
ata=  (1.966 & 0.010) x 1073
7070 (8.64 4 0.06) x 10~*

Table 2.2: Main properties of short and long-lived kaons [18].

2.3 Charge asymmetry in semileptonic decays of K¢ me-
son

According to the Standard Model, decay of K (or K9) state is associated with the
transition of the § quark into @ quark (or s into u) and emission of the charged
boson. Change of strangeness (AS) implies the corresponding change of electric
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charge (AQ) (see Figure 2.1). This is so called AS = AQ rule. Therefore, decay of

K% — 77etv and KO — nte™ 7 are present but K — 7nte 7 and K0 — n-etv
are not.
initial final initial final
state state state state
S 1 — 0 S -1 — 0
Q 0 — 1 Q 0 — -1
v v
W+ et W- e”
KO 3 m T KO S U 7T+
d d

Figure 2.1: Feynman diagrams for K° and K° semileptonic decay.

Decay amplitudes for semileptonic decays of states |K°) and |K°) can be written
as follows:

(7 et oK) =0 4= 4.
(mte 0| Hyear | K0) = a* —b* = A_, (2.7)
(m7e™ 0| Hyear |K®) = c+d = A_,

(m7 e V| Hyear, | K0) = ¢* —d* = Ay,

where the Hyeqr is a part of Hamiltonian corresponding to the weak interaction and
a, b, ¢, d parameters describe the semileptonic decay amplitudes. Matrix elements
are equal to combination of above parameters and are denoted as A4 and A_.

For further considerations, rules for applying symmetry operators to amplitudes of
two spin zero systems A and B (and corresponding anti-systems A and B) could be
summarized as [19]:

(TB|TH,, T '|TA)
(CPB|CPH,CP ' |CPA)
(CPTB|CPTH,CPT ' |CPTA)

((B|THwT " |A))*
(B|CPH,,CP~1|A) (2.8)
((B|CPTH,,CPT 1 |A))*

One obtains the relation between the semileptonic amplitudes and conservation of
a particular symmetry by applying the presented above rules to the states (2.7).
These considerations are summarized in Table 2.3.
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Conserved quantity Required relation
7 symmetry Im(a) = Im(b) = Im(c) = Im(d) =0
CP symmetry Im(a) = Re(b) = Im(c) = Re(d) =0
CPT symmetry b=d=0
AS = AQ rule c=d=0

Table 2.3: Relations between discrete symmetries and semileptonic amplitudes.

To simplify discussion it is useful to introduce the following notation [19, 20]:

mizi a+b’
AN &+ d*
xz(ﬂ_) = (2.9)
AL -AL b
VT AAT @
T+ z*
r4 = 9

The above quantities depend on CP7 symmetry and AS = AQ rule as presented
in Table 2.4.

AS = AQ
conserved \ not-conserved
r=x=0 r=T#0
conserved rp=2_=0 |21 #0 2_=0
y=0 y=0
CPT 70 T£0| 2£0 2£0
not conserved zy=2_=0 |23+ #0 x_#0
y#0 y#0

Table 2.4: First order dependencies of CP7 symmtry and AS = AQ rule on amplitudes
of semileptonic decays of K mesons

Quantities from equations (2.9) can be associated to the Kg and K, semileptonic
decay widths through the charge asymmetry (Ag )

4 _F(KSLHW etv) —T(Kg — 7he v)
5L = INKgp — metv)+T'(Kg — e D)
b
=2 |Re(esr) +Re():FRe< >
a

2[Re(es,r) — Re(y) £ Re(z_)]. (2.10)
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Above equation contains only the first order of symmetry-conserving terms with
parameters €g, €7, (2.5) which can be expressed in terms of the CP and CP7T violation
parameters ex and dx (2.6). The difference between the Ag and Ay is related to:

Ag — A, =4Re(dk) —4Re (d>
a

=4Re(dx) +4Re (z_) . (2.11)

However, if the AS = AQ rule is conserved then the above equation simplifies
to Ag — A, = 4Re(dk) (see Table 2.4). The A; asymmetry is measured with a
hight precision Ay, = (3.322 + 0.058g¢a¢, & 0.047gygt) - 1073 [7]. Therefore a precise
measurement of the number of Kg semileptonic decays allows to determine the value
of charge asymmetry and tests CP7 symmetry and AS = AQ rule violation.

2.3.1 Experimental verification

AS = AQ rule

In Standard Model the weak interactions violate conservation of the hadronic fla-
vor and allow transition of one quark into another with different flavor. In case of
strange particles the change of the strangeness is equal to the charge change. The
most precise test of this AS = AQ rule was performed by KLOE collaboration by
determination of Re(x4) value in Kg semileptonic decays. Analysis was performed
using data sample collected in 2001-2002 which corresponds to total luminosity of
410 pb~t. Obtained result Re(zy) = (—1.2 4 3.6) x 1073 [8] is consistent with zero
which indicates conservation of AS = AQ rule (see Table 2.4).

Charge asymmetry
The charge asymmetry for K, decays was precisely determined in KTeV experiment

in Fermilab [7]. The measurement was based on 1.9 millions Kj — 7eTv decays
produced in collision of proton beam with BeO target.
Parameter Most precise value Reference | Collaboration
As (1.5 £ 9.6g¢at = 2.95yst) - 1077 8] KLOE
Af (3.322 + 0.0584¢ a1, + 0.047gy¢) - 1077 7] KTeV
Re(8k) (3.0  3.3gtat £ 0.6gyst) - 107* [21] CPLEAR
Re(xy) (-1.2+£3.6)-1073 8] KLOE
Re(z_) (—0.8+2.5)-1073 8] KLOE
Re(y) (0.4+2.5)-1073 [8] KLOE

Table 2.5: Summary of experimental parameters used to describe neutral kaon meson prop-
erties presented in the text.

At present the most accurate measurement of K¢ charge asymmetry was conducted
by KLOE collaboration [8]. Obtained charge asymmetry for Kg decays is consistent
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in error limits with charge asymmetry for K decays (Table 2.5) suggesting conser-
vation of CP7T symmetry. However, the accuracy of Kg determination is more than
two orders of magnitude worse than this of the A; determination and the error of
Ag is dominated by a statistical uncertainty, which is three times larger then sys-
tematical. In this work we describe a new measurement of Ag based on about four
times bigger data sample collected by the means of the KLOE detector in 2004-2005.






Chapter 3

KLOE experiment at DAOPNE

The idea of ete™ collider that would operate at energy equal to ¢ meson mass
was born in 1989 and two years later a proposal to create detector which would
allow to investigate main ¢ decay channels and study discrete symmetries was put
forward [22, 23].

K LOng Experiment (KLOE) was mounted at DA®NE in 1999 and collected data
during two campaigns in 2001-2002 and 2004-2005. The gathered data sample corre-
sponds to the total luminosity of 2.5 fb~!. During last years the KLOE system was
upgraded with three new sub-detectors (Inner Tracker [24], Quadrupole Calorimeter
with Tiles [25] and Crystal Calorimeter with Timing [26]) and data taking campaign
of KLOE-2 has started.

3.1 DAO®ONE collider

DA®NE is an ete™ collider located in the National Laboratory in Frascati (LNF)
of National Institute of Nuclear Physics (INFN). The collider is designed to work in
a center-of-mass energy at the mass of the ¢ meson (y/s ~ mg) which explains the
common name of DAPNE - the ¢ factory.

The collider consists of two separate rings in which up to 120 bunches of electrons
and positrons are stored. Each bunch contains about 8.9 x 10! particles and interacts
with its counterpart once per turn [27]. Electrons and positrons are accelerated to the
desired energy in linac, stored and cooled in the accumulator before being injected
into the rings.

Beams collide at two interaction regions (one for the KLOE and the other for FIN-

11
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LINAC

‘Accumulator

"""""""" : T'I':I_"I" TTITTTITD

r r
il
(\\\
AN \
10 m DEGON N
Lo \33 7

Figure 3.1: Schematic view of the DA®NE collider. Electrons are accelerated in liniac and
after that directly transferred into accumulator or used for positron production
on metallic target. In accumulator e~ and e beams are formed into bunches
and injected into the storage rings with two intersection points where dedicated
detectors collected data from collisions. Figure adapted from [27].

UDA!, DEAR? and SIDDHARTA? experiments) with a minimum bunch crossing
period of:

Tyunch = 2.715 ns. (3.1)

Beams collide at the KLOE interaction point at a small angle of (7 —0.025) rad. As
a result the produced ¢ meson possess small average momentum along the x axis:

Py =13.1 MeV, (3.2)

corresponding to velocity (4 ~ 0.015.

Low-/3 quadrupoles at interaction regions focus both beams to reach a luminosity of
5 x 1032 cm™2s~!. A schematic view of the DA®NE complex is shown in Figure 3.1
and detailed parameters are collected in Table 3.1.

!FIsica NUcleare a DA®NE - for hypernuclear spectroscopy (28]
DA®NE Exotic Atom Research - for the spectroscopy of K-mesic hydrogen atoms [29)
3Silicon Drift Detectors for Hadronic Atom Research by Timing Application [30]
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Bunch energy 0.51 GeV
Maximum luminosity 5.3 x 1032
Trajectory length 97.69 m
Minimum bunch separation 81.4 cm
RF frequency 368.25 MHz
Particles/bunch 8.9 - 1010
Ox 0.02 cm
Bunch size oy 0.002 cm
o 3 cm
Synchr. radiation loss 9.3 keV/turn

Table 3.1: DA®NE collider parameters [27].

3.2 KLOE detector

DA®NE collider produce ~ 1300 kaon pairs per second which corresponds to the
luminosity 5 x 1032 cm™2 s7!. A dedicated detector was needed for precise studies
of the properties of ¢ progeny particles (main decay channels of the ¢ meson are
presented in Table 3.2). Due to that, in 1991 the KLOE Collaboration was created
and the detector was designed, tested and placed in one of DA®NE interaction
regions in 1999.

’ Decay channel Branching ratio [%] ‘
6> KK 489+ 0.5
¢ — KK 34.2+0.4
¢ — pr+nta 70 15.32 4 0.32
b — 1y 1.309 = 0.024

Table 3.2: Main decays modes of the ¢ meson [18].

The KLOE detector was designed to carry out a wide-ranging program in neutral
and charged kaon physics and to measure properties of scalar and pseudoscalar
mesons. In this thesis a particular emphasis will be given to ¢ decay channel with
so called K-short (Kg) and K-long (K1) states (Chapter 2). The size of the KLOE
detector was optimized for efficient detection of the K; mesons. A 2 m radius of a
drift chamber allows to register about 40% of K decays inside the chamber while
the rest reach the electromagnetic calorimeter. A schematic cross-section side view
of the KLOE detector is shown in Figure 3.2. The main components of KLOE are
the cylindrical drift chamber and the calorimeter, both surrounding the beam pipe.
A detailed description is given in next subsections of this thesis. All elements are
immersed in a 0.52 T magnetic field created by superconducting coils that are placed
along the beam axis. Since time measurement by means of calorimeter is crucial for
Time of Flight method applied in this analysis (Chapter 4), detailed description of
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time determination is given in the subsection devoted to calorimeter.

S.C. coil
Cryostat|

Barrel EMC

Drift chamber

< 6m >

Figure 3.2: Scheme of the KLOE detector system. Drift chamber in the central part of the
KLOE detector is surrounded by the electromagnetic calorimeter. Both detec-
tors are inserted in a magnetic field (0.5 T). Additional QCALT calorimeters
are mounted around a beam pipe. Figure adapted from [27].

3.2.1 The drift chamber

The KLOE drift chamber (DC) is a 3.3 m long cylinder with an internal and external
radii of 25 cm and 2 m, respectively. Between the endplates around 12500 sense wires
are streched. The rest of the wires (~ 39500) are used to form an electric field in the
DC. All wires are gathered in 60 layers — the 12 innermost layers make up 2 x 2 cm?
cells and the remaining 48 layers 3 x 3 cm? cells. In order to define the position on
the 2z axis the wires in neighboring layers are twisted in opposite directions by a
small € angle (Figure 3.3). The value of this angle is changing with the radius and
takes values between 60 and 150 mrad. The efficiency of detecting a charged particle
in a cell is ~ 99.6 % [23].

To minimize the K; — Kg regeneration in the DC two solutions have been applied:
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Figure 3.3: Schematic view of the geometry of the z wire stretching that length is equal
L. Wires from the consecutive layers have alternating signs of stereo angle e
which allows to determine the z coordinate of the hit. The value of the angle
o has been chosen to obtain a constant value of difference between Ry and R,
independently of the absolute radius. Figure is adapted from [27].

the DC walls are composed of low-density materials: carbon fiber and epoxy and a
gaseous mixture of isobutane (10%) and helium (90%) is used to fill out the chamber.
Such mixture is characterised by small density even though it has a higher diffusion
coefficient than other gases [23].

Particle path and associated vertices in detector are reconstructed in the following
steps:

e neighboring hits are ties into single track - a first estimation of a track param-
eters is given,

e obtained track parameters are improved by applying the track fit,

e by taking into account the smallest distance between tracks the position of
primary and secondary vertices is evaluated.

The described procedure allows to obtain a spatial resolution in the r, ¢ plane better
than 200 pm, a resolution along the z axis of ~ 2 mm and on the decay vertex
position of ~ 1 mm. Moreover, the curvature of the reconstructed tracks allows to

determine the particle momentum with a relative accuracy of % = 0.4 %.

3.2.2 The calorimeter

The drift chamber allows to reconstruct information about charged particles while
the calorimeter enables recording of both charged and neutral particles. The KLOE
calorimeter has been designed to have an excellent accuracy of energy determination
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and time resolution in order to register the hits of neutral particles and provide a
possibility of the Time of Flight (TOF) measurement.

The calorimeter is composed of 24 modules with trapezoidal cross-section that forms
a barrel-shaped component and 32 additional modules which form two endcaps clos-
ing the barrel (Figure 3.2). The endcaps are composed of modulus with rectangular
cross section wrapped around the pole pieces of the magnet yoke into C-shapes.
The above described structure of the calorimeter covers up to ~ 98% of the solid
angle around the interaction point and allows to avoid dead zones between barrel
and endcaps.

The composition of each module is a mixture of [27]:
e lead (48%) which enhances the electromagnetic shower production,

e scintillating fibers (42%) with a diameter of 1 mm and light propagation of
~ 17cm/ns (for 1 MeV of deposited energy more than 5 x 10% photons are pro-
duced),

e glue (10%),

which allows to obtain an average density of 5g - cm ™2 and the radiation length X
of about 1.5 cm. Array of photomultipliers at the ends of scintillator strips is used
for light collection. This design divides each module into 5 planes and 12 columns of
readout segments (cells). When particle passes through the calorimeter its energy is
deposited in one or more cells. During the event analysis those cells are grouped into
clusters. The sum of energy in those cells allows to reconstruct particle energy. The
distribution of those cells weighted by energy allows to determine the hit position
with a resolution of o, = 0, = 1.3 cm [27], while obtained energy resolution at

KLOE EMC scales as [23]:

o(E) _ 5.4% (3.3)

E VE[GeV]

The signal arrival time recorded in both photomultiplier tubes (t4 and t?) consist
of the arrival time of a hit (¢°!!) and time of a light signal traveling from the hit
point to the ends of the scintilator (¢4 and ¢Z), which could be summarized in the
following equation (for simplicity the cable delays are omitted):

tAB — b By geell, (3.4)

Using the information about the module length (L) and light velocity (v) one can

retrive information about the time of the hit:

th4tB B AP L
2 2 2

The time resolution is obtained by the analysis of various radiative ¢ decays and is

equal to [23]:

7fcell —

(3.5)

54 ps

V E[GeV]

o = @ 140 ps. (3.6)
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The 2z coordinate is obtained from:

ty —
2

Zcell —

-, (3.7)

while resolution of the z coordinate determination is expressed as [23]:

1.2cm

VE[GeV]

coordinate of a whole cluster are calculated as energy-
weighted average from grouped cells and z¢¢" coordinates, respectively.

O, =

(3.8)

The cluster time and 2

In general case time (t) measured in the calorimeter is defined as:
t = tTOF 1 qoIset _ s Thumen, (3.9)

where the t7OF is the time of flight of particle from interaction point to the calorime-
ter, t°//5¢t denotes delays due to the signal propagation in the modules and electron-
ics and Thypep is the bunch crossing period (Eq. 3.1). The number n is estimated by
assuming that the first cluster is generated by a first photon that reach the calorime-
ter (prompt photon). This cluster is called the Tp-cluster and the global offset of the
event is given by:

TQ = toffset —n X Tbunch, (310)

and needs to be estimated event by event and subtracted from all times recorded in
calorimeter.






Chapter 4

Registration of the
¢ — K;Kg — KretnTv process
at KLOE

Neutral kaons from ¢ decays are produced in pairs and this property is used in
so-called tagging technique - identification of Ky, (Kg) meson on one side allows to
select a Kg (K1) meson on the other side of ¢ decay point. Identification procedure
is simplified by the difference in Kj and Kg mesons mean life times - Kg decays
close to the interaction point therefore in the analysis a position of K vertex can
be limited to distances larger than ~ 15 cm from the interaction point.

Analysis described in this thesis is based on an identification of Kg through the de-
tection of K, interaction in the calorimeter. In order to select semileptonic decays of
K g mesons, an additional kinematic selection is applied. It starts from a requirement
of a vertex formation by tracks of two oppositely charged particles near the interac-
tion point. Those tracks must be associated to calorimeter clusters. Obtained tracks
parameters allows identification of charged particles in a final state by applying the
Time of Flight technique.

4.1 K measurement - Kg tagging

About 60% of produced K, mesons reach the calorimeter and deposit up to 497 MeV
energy (so called Ky, crash). Due to that, the selection of K candidates takes into
account only clusters with energy FEg,(Kcrqsn) higher than 100 MeV. It is also
required that the cluster is not close to any track reconstructed in drift chamber.
Obtained energy distribution of Ky, crash is shown in Figure 4.1. The discrepancy
between data (dashed histogram) and Monte Carlo (MC) simulations (thin, solid

19



4.1. Kj measurement - Kg tagging 20

45000 |-

40000 M — MC before correction

35000 | % = MC after correction
30000 F

25000 |-

Entries

20000 |

15000 |-

10000 |-

5000 |

1 1 1 1 s
100 200 300 400 500 600 700

Eclu(Kcrash) (MeV)

Figure 4.1: Distribution of K7, crash energy for data (dashed histogram) and Monte Carlo
simulations before (thin solid histogram) and after (thick solid histogram) mak-
ing correction described in text.

histogram) due to simplified description of calorimeter in MC simulation is visible.
Therefore, the energy distribution was modified by the phenomenological correction:

. (Kerash) = Egllg(Kcmsh) - (p1 + Int(Egllg —100) - p2), (4.1)

where Egllg(Kcmsh) and E7SY(Kcrqsh) stands for cluster energy before and after
making correction, while values of pl and p2 were obtained from previous KLOE
analysis and are equal to 1.025 and 0.0003, respectively [31]. The final result is shown

in Figure 4.1.

Since, angular distributions of kaons emission is described by characteristic p-wave
angular distribution:

dN .92
=g o sin 0, (4.2)

where 6 is a polar angle, most of kaons are emitted in the direction perpendicular to
the z axis. Therefore, part of background can be rejected by choosing K, clusters
only in the barrel.

In the next step, for each cluster candidate the velocity of contributing particle is
calculated as:
Rclu

C- tclu

ﬁclu =

, (4.3)

where Rg, and t., denote a distance and time of flight of the K between the
interaction point and cluster position respectively, and c is the speed of light. In the
¢ meson rest frame K mesons possess low velocity 8 ~ 0.22. To compare obtained
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Figure 4.2: Distribution of velocity of the tagging K meson obtained in analysis and by
imposing the different bunch number (n value) in MC simulations are shown on
left and right picture, respectively. Left figure shows comparison of experimen-
tal and simulated histograms (explanation of double peak structure is given in
the text), whereas right figure shows results of simulations.

Ber value with the theoretical one the transformation to the ¢ rest frame is applied:

5" \/52“ + 53, + 208144 sin 6 cos ¢’

) 4.4
1 — By Beiu sin b cos ¢’ (4.4)
where 3, is a nominal ¢ meson velocity to be 1.27 x 1072 at the energy of DA®NE,
while 6 and ¢’ are polar and azimuthal angles, respectively, between the ¢ meson
momentum vector and direction connecting the interaction point with the cluster
position.

The obtained F* distribution (Figure 4.2, left) peaks at two different values due
to the procedure used to determined a Tj (described in subsection 3.2.2), which
assumes first cluster to be generated by a prompt photon which does not occur
while investigating the semileptonic decays. If the Ty-cluster is generated by the
fastest pion, which has a time of flight of ~ 10 ns (instead of 6 — 7 ns for prompt
photon), then the n value defined in Eq. 3.10 differs from the correct value by (-1).
Example of simulated §* distribution for different n values is shown in Figure 4.2,
right. Hence the applied cut 0.17 < §* < 0.28 is chosen to contain both peaks, for
further analysis.

If more then one cluster fulfilled above criteria then the one with smallest time of
arrival (t.,) is chosen as corresponding to the interaction of the K meson.
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4.2 Kg identification

Identification of K, interaction in the calorimeter allows to tag the short lived kaon
on the other side of the ¢ meson decay point. In the next step, the signals from drift
chamber and Time of Flight technique are applied to improve signal over background
ratio and to identify registered particles.

4.2.1 Kg — mer events preselection

A sketch of typical Kg — mer event is shown in Figure 4.3 (left). Selection of
semileptonic events starts form requirement of two oppositely charged particles with
tracks forming a vertex close to the interaction point (IP):

< 15 cm,
Potx (45)

|2Zvtz| < 10 cm,

where pyre = /22, + 2, Obtained distribution is shown in Figure 4.3 (right).

-

o - - " o
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Figure 4.3: Left: Transverse view of exemplary signal event. The Kg is identified using
the K, interaction in the calorimeter. In the next step two oppositely charged
particle tracks that form a vertex near the interaction point are selected. Both
tracks must be associated with the colorimeter cluster. Right: Monte Carlo
simulation of radial and z coordinates of vertex position for Kg — mer events.
Dashed line represents applied cuts which preserves ~ 95% of the signal (as it
is visible the Interaction Point is not at the beginning of reference frame).

The Kg — m7 7~ decays with BR ~ 10* larger than the signal constitute the main
background source for the identification of Kg — mwev decays, due to the possible
misidentification of 7w and e.
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Main cuts to reject Kg — w7~ events at preselection stage are:

o 70° < < 175°
where « is an angle between charged secondaries in Kg rest frame. Obtained
« distribution is shown on the left side of Figure 4.4. In case of two body
decay (such as Kg — 777~ ) a takes value ~ 180° and in case of three body
decay (Kg — mev) it is spanned over a large angle range (dashed histogram).
Requirement of 70° < o < 175° allows to reduce the Kg — 7 background by
94% while only 4% of Kg — mev events is rejected.

o 300 < M;n, < 490 MeV
an invariant mass M;,, is calculated using momenta of the particles which
tracks form a vertex assuming that both particle were pions. Obtained dis-
tribution is shown on the right side of Figure 4.4. This requirement reduces
remaining K¢ — 7 decays by 53% while only 4% of signal is rejected.

Entries
Entries

I 1 1 I 1 FERR

: 1
60 80 100 120 140 160 180 300 350 400 450 500 550 600

o [degree] M, (r,7) [MeV]

Figure 4.4: Left: Simulated distribution of angle between charged secondaries in Kg rest
frame. Right: Simulated distribution of invariant mass calculated under as-
sumption that both registered particles were pions. In both figures solid and
dashed histograms represents all events and semileptonic decays, respectively.
Vertical dashed lines represent cuts described in text.

Both tracks reconstructed in the drift chamber are associated with neighbouring
clusters in calorimeter (TCA - Track to Cluster Association). TCA procedure ex-
trapolates each of tracks from last registered position in drift chamber toward the
calorimeter surface and determines the impact point. Neighbouring cluster is associ-
ated to the track when the transverse distance between the centroid position of the
cluster and track impact point is smaller than 30 cm. Efficiencies after each step of
preselection are presented in Table 4.1.
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Efficiency Efficiency components - ‘ K;Jr(i(icsy ‘ EF
€1 two oppositely charged | e5061(30) | 0.87023(30) | 0.90029(15)
particles
e |20t < 10 cm 0.92497(67) | 0.92588(66) | 0.95084(12)
€ pote < 15 cm 0.98528(31) | 0.98514(32) | 0.98846(59)
€4 70° < o < 175° 0.96656(48) | 0.96620(48) | 0.16376(21)
€5 300 < M, < 490 MeV | 0.96082(53) | 0.96138(52) | 0.47325(68)
€pc | epc = ereaezeqes | 0.7360(10) | 0.7373(10) | 0.0656(13) |
ercA 0.4799(14) | 0.4755(14) | 0.6192(10)

Table 4.1: Summary for drift chamber selection and Track to Cluster Association (TCA)
efficiencies. Statistical uncertainty for efficiency is calculated as binomial er-
ror [32].

4.2.2 Particle identification with Time of Flight method

The Time of Flight technique aims at rejection of the background, which at this
stage of analysis is due to Kg — 777~ events, and at identification of the final
charge states (7FeT). For each particle, the difference §; between the measured time
of associated cluster (t,) and expected time of flight is calculated assuming a given
mass hypothesis, m,:

L
0t(my) = te — me), @
p .

N

where L is a total length of particle trajectory and P is particle momentum. Since Tj
depend on unknown bunch number n (see Eq 3.9), an independent (on Tj) difference
of §;(mg) and d;(my) is used:

dog,ap = 6¢(ma)1 — 6¢(mp)2. (4.7)

In order to improve time measurement in Time of Flight technique the distance be-
tween the particle impact point on the calorimeter and the cluster centroid position
was calculated. This correction was separately evaluated and applied to the data
and Monte Carlo simulation after improving the agreement between simulation and
data. Detailed description is presented in reference [33].

Two cuts are further applied. For the first cut, both particles are assumed to be
pions and the following value is calculated:

d(stﬂmr = 5t("nw)l - 6t(m7T)27 (48)
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for Kg — mm events this value is around zero and this fraction of events could be
rejected by requiring:
|dd¢ 7| > 1.5 ns. (4.9)

Entries

-15 -10 -5 0 5 10 15

d3, . [ns]

Figure 4.5: Simulated distribution of dd; ., for Kg — mer and all events. Vertical dashed
lines represents cut described in text.

Then, for surviving events, the pion-electron hypothesis is tested:

dét,fre = 6t(m7r)1 - 6t(me)2a

4.10
dét,eﬂ = 6t(me)1 - 6t(m7r)2- ( )

If a mass assumption is correct then one of the variables above should be close to
zero. The obtained Monte Carlo distributions for Kg — 7teTr and background
events are presented in Figure 4.6. Hence, the following cut is applied:

\ddt,ew\ <13ns A détme < —3.4 ns
or (4.11)
doter > 3.4 08 A |dogqe| < 1.3 ns

The above requirement ensures that the possibility of misidentification of charged
particles from signal events is equal to 10~* only.

In the next step, using the mass assignment known from the cut defined in Eq. 4.10
the Tj is evaluated:

Ot(maz) + de(me)
2. Tbunch

Ty = Nint ( ) X Tbuncha (412)
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where Nint stands for the integer part and Tpypnen is the minimum bunch crossing
period (see Eq. 3.1 and Eq. 3.10). Obtained distributions of §;(7) and é;(e) before
and after recalculating Tp are shown in Figure 4.7.

dst,ne

Ks — mev

(RECONSTRUCTED MC)

M

1

dBt,T(e

background

(RECONSTRUCTED MC)

L1l 1

1

[
=

Figure 4.6: Simulated distributions of time differences dd; r. vs dd; ., defined in Eq. 4.10
for Kg — mev events (left) and background events (right), once the &; »» cut
has been applied. The regions delimits by the dashed lines are selected. In case
of err (me) the dbs er (ddy.ne) variable takes value close to zero.
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Figure 4.7: Distribution of §;(e) (left) and d,(m) (right) for Kg — mev events before (solid
line) and after correcting the Ty value (dashed line). After particle identification
Ty can be reevaluated and subtracted from particle arrival time registered in

calorimeter.



27 4.2. Kg identification

Efficiency || Efficiency components o ‘ K:f:f ;y ‘ EF
€1 |dd¢ zx| > 1.5 s 0.94250(93) | 0.93647(98) | 0.29369(12)
(|d5t76ﬂ—| < 1-3/\d5t,7re <
€2 —3.4) or (dbtenr > 0.92157(99) | 0.94861(91) | 0.24913(20)
3.4 N |d5t7ﬂ-e| < 13)
eror | eror = €12 | 0.8685(13) | 0.8883(13) | 0.0732(66) |
€CIRCLE 0.8757(14) 0.8975(13) 0.0816(26)

Table 4.2: Efficiency summary for both Time of Flight cuts described in section 4.2.2 and
circle cut (ecrrorr). Statistical uncertainty for efficiency is calculated as bino-
mial error [32].

After particle identification and subtracting Ty from registered cluster times the
time difference §;(my) is reevaluated with the mass assignment known from the cut
on do;er (Eq. 4.10). Obtained distributions for simulated data and experimental
KLOE data are shown in Figure 4.8 (top). The Monte Carlo simulation indicate
the signal position around the point (0,0) while the background location is spread
at the corners of the obtained distribution. Due to that an additional TOF cut is
applied by selecting events within the circle in the &;(e) vs &;(7) plane, as shown in
Figure 4.8 (bottom). This cut allows to preserve 94% of the remaining signal and
control the number of selected background events for normalization. Details of the
normalization procedure are presented in next chapter. Efficiencies obtained at each
step of analysis described in this chapter are shown in Table 4.2.
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Figure 4.8: Distributions of the time difference for pion mass hypothesis (§;(7)) versus the
time difference for electron mass hypothesis (d;(e)) for experimental data (top-
left), total MC events (top-right), MC Kg — wev events (bottom-left) and
MC background events (bottom-right). Events within the circle are retained

for further analysis.



Chapter 5

Measurement of charge
asymmetry for K¢ — mFeTv (D)
decay

In order to evaluate the number of events for final states 7T e*v(7) the normalization
procedure should be introduced. For this purpose, kinematic variables, that allows
to discriminate between the main background contributions and Kg — mwev events,
will be introduced. Obtained information from normalization procedure combined
with analysis efficiency allows to obtain the charge asymmetry for K¢ semileptonic
decay.

5.1 Normalization procedure

For studied Kg — mwer decay only massless neutrino is not registered and the
difference between the missing energy and momentum, AE(7m,e) = Epss(m,€) —
Pmiss (T, €) should be close to zero and can be used for further suppression of back-
ground channels. The distribution of AFE(we) is shown in Figure 5.1. The peak
around zero is corresponding to a signal from Kg — wer events.

The background is dominated by the following decays:

e Kg — m 7, where one of the pion track is badly reconstructed and classified
as electron by Time of Flight procedure,

o Kg — mpu, are a subset of Kg — w7~ decays with condition that one of the
pion decay into muon before entering the drift chamber,

e Kg — w7~ where the photon radiated at Kg vertex carry away enough
energy to shift the invariant mass My . below 490 MeV and E,,;ss toward

29
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Figure 5.1: Distribution of AE(w, €) = Ejniss — Pmiss tor all selected events in linear (left)

and logarithmic (right) scales before normalization. Points represents data from
the entire data set, the solid lined represents all Monte Carlo simulation, dashed
line stands for K¢ — mer events and dashed-dotted line shows various back-
ground contributions.

positive values,

other, mainly Kg — muv or ¢ — KK~ decays.

A final sample contains more than one source of background and therefore for each
background category dedicated kinematic criterium is used for its suppression:

AE(m, e)

AE(m, )

MZ(e)

= Fimiss (777 6) — Pmiss (71', 6)

difference between the missing energy and momentum calculated under as-
sumption that particles are coming from semileptonic decay. In case of Kg —
mev decay AF(m,e) will take values around zero.

= Fiss (777 7T) — Pmiss (777 7T)
difference between the missing energy and momentum in @ — 7 hypothesis.
This variable takes value around zero for 7wy events.

energy of the particle, identified as electrons by Time of Flight algorithm,
calculated in Kg rest frame under pion mass hypothesis. In case of Kg — 77
decay energies of both outgoing particles in this selected frame will be equal
to the half of the kaon energy (~ 250 MeV).

= (Ex — E(7) = Pmiss(7, €))* — p*(e)
variable calculated only for particles identified as electrons and under assump-
tion that massless particle occurs during the decay.
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dpca =dpca(l) —dpca(2)
where dpca(l) (dpca(2)) is the smallest distance between the Interaction
Point and positive (negative) charged particle, calculated in the transverse
plane. Value of dpc 4 tests the quality of reconstructed vertex and due to that
is sensitive to events in which pion decay into muon before entering the drift
chamber.

In order to obtain the number of signal and background events in each category
the normalization procedure is applied, based on previously described kinematic
variables. Each event is assigned to one of the five regions in the AE(m, e) — dpca
plane illustrated in Figure 5.2. The choice of the regions and the assignment of the

A
dPCA d 2
PCA AE(m,e) M
5
2 a AE(T,mM)
2 2 3
E* 1 5 M2

-10 10 AE(me)

Figure 5.2: Definition of the fit regions in the AE(mw, e) — dpca plane. In each region the
used variable is also specified.

fit variables ensure good separation between each component:
e in region 1 variable EX(e) allows to recognize badly reconstructed 77 events,

e in region 2 variable dpc4 is sensitive to pions that decay into muons before
entering the drift chamber,

e in region 3 variable AFE(7,e) allows to separate signal events,

e in region 4 variable AFE(7m) enables selection of w7y events,

2

1, mass for m — u events.

e in region 5 variable M?(e) is located around m

Normalization is performed simultaneously over 5 regions by maximizing the follow-
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. Value of normalization parameter
Normalization category — ——=
T ety \ e v
signal 0.8172(60) 0.8141(58)
T 0.4920(47) 0.4029(52)
s 1.4172(55) 1.3319(80)
Ty 1.4171(11) 1.3349(17)
other 1.0629(13) 1.0012(81)
x%/n.d.f. 1.62 0.96
Table 5.1: Summary of the obtained normalization parameters.
ing likelihood function:
5
z =1L,
r=1
n(r) m
mL® =3 [dPm 7 = £+ 3D m Al - A (5.1)
i=1 k=1

k=1

where the index 7 runs over 5 regions, i iterates bin of the variable chosen in the

)

region, n(r) denotes number of bins in r*" region, dl(-r is a number of data events that

th region. a,(;;) and A,(;;) are simulated numbers of events from k"
background component in i*” bin in case of finite and infinite statistics, respectively.
The free parameters are the signal and background normalizations (py). The details
of used log-likelihood function (L(")) are presented in [34] (subsection 7.7) and takes
into account the finite statistics, as explained in [35]. In order to obtain a chi-square

distributed variable the log-likelihood is normalized as explained in [36].

fall into bin 7 in r

Obtained histograms and normalization parameters in each category are presented
in Figure 5.3 and 5.4 and Table 5.1, respectively. Table 5.2 contains the number of
events in each normalization subsample. It is necessary to remember that: events
with initial or final state radiation [37], which are indistinguishable from ”pure”
Kg — mev decays, are assigned to semileptonic category,
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Number of events obtained from normalization
Normalization category procedure
T ety ‘ 7
signal 38157(280) 39662(282)
T 22452(215) 15426(201)
T 3224(10) 2879(29)
T 2314(40) 1297(10)
other 1980(10) 1809(12)

Table 5.2: Final number of events obtained in each category.
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Figure 5.3: Data (points) and MC simulations (solid line) of EX(e) (top row), dpca (bot-
tom row) variables for charge 7~ etv (left column) and 7+e~ v (right column)
after normalization procedure described in the text. Meaning of simulated his-
tograms is described in the legends.



5.1. Normalization procedure

34

4500

4000

3500

3000

2500

2000

Entries

1500

1000

500

2000

1750

1500

1250

1000

Entries

750

500

250

12000

10000

8000

6000

Entries

4000

2000

data
IMC all
IMC mer
MC T

IMC 7v7v
IMC nvrvy
IMC other

AE(m,e) [MeV]

AE(m,w) [MeV]

data

[ MC all
MC mev
FMC mwu
MC ©vrv
mc Ty
[ MC other

M?/1000 [MeV?]

40

4500

4000

3500

3000

2500

Entries

2000

1500

1000

500

2000

1750

1500

1250

1000

Entries

750

500

250

12000

10000

8000

6000

Entries

4000

2000

data

IMC all
IMC mev
MMC
IMC 7
IMC nrrvy
IMC other

40 20

éD 80

0 20 40

AE(m,e) [MeV]

dato

E MC all

b MC mev
[ MC

F MC nimv

[ MC nrvy
I MC other

AE(m,m) [MeV]

data

[ MC all
MC mev
FMC 7w
MC miv
Mc Ty
[ MC other

40

M3/1000 [MeV?]

Figure 5.4: Data (points) and MC simulations (solid line) of AE(m,e) (top row), AE(m, 7)
(middle row) and M? (bottom row) variables for charge 7 ~e*v (left column)
and 7+e~ v (right column) after normalization procedure described in the text.
Meaning of simulated histograms is described in the legends.
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+

5.2 Estimation of the number of Kg — 7mTe*v (V) events

Total number N%EOTAL of the Kg — wTFe*u(v) events is given by the following
expression:

nE

+
Nrorar = = (5.2)
TOTAL

where n is the number of the events selected for final states 7¥e*v/(7) and €57 47,

represents the probability to satisfy all of selection criteria and can be represent as:

+
€TOTAL = €TRG * €FILFO * €stream * €crash * €DC * €TCA * €TOF * €CIRCLE (5.3)

with following efficiencies:

e crri - both kaons produced from ¢ meson decay enters the acceptance of the
detector and satisfy the trigger conditions [38, 39],

e crrrro - probability to satisfy FILtro di FOndo (background filter) which
identifies background events at a first stage of the data reconstruction only
information from drift chamber only [40, 41].

® €gream - efficiency that ¢ — KgK decay is classified in the neutral kaon
stream [42, 43],

® €.rash - Probability to identify K interaction in calorimeter,

e cpc - probability to identify two tracks corresponding to oppositely charged
particles that form a vertex near Interaction Point,

e erc 4 - probability to associate both tracks to calorimeter clusters,
e erof - probability to satisfy Time of Flight identification,
e ccrrcLE - probability to satisfy ,circle cut”,

Based on the assumption that the kaon final state is independent of erra, €rrrLFo,
E€stream and €q.qsh, they will cancels out in the ratio of total efficiencies. Therefore,
for the further estimation of charge asymmetry only number of events N* after
requirement of K (crash) can be taken into account:

+ n*
NT = —, (5.4)
€tot
where
+
€tot — €DC " €TCA * €TOF * €CIRCLE- (5.5)

Summary of estimated efficiencies is shown in Table 5.3.
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’ Efficiency H Kg—rm ety ‘ Kg — e v ‘ Kg—ntn~ ‘
EDC 0.7360(10) 0.7373(10) 0.0656(13)
ETCA 0.4799(14) 0.4755(14) 0.6192(10)
ETOF 0.8685(13) 0.8883(13) 0.0732(66)

€ECIRCLE 0.8757(14) 0.8975(13) 0.0816(26)
Etot 0.2622(10) 0.2734(11) 2.4237(79) - 10~

Table 5.3: Efficiency summary. For details see Chapter 4.

On the other hand obtained values N%OT a7, and N + can be expressed as:
Niorar =L 04 BR(¢ — K1 Kg) - BR(Ks — 77 e*v())
N*=L.04-BR(¢p — K[ Kg)- BR(Ks — ntefu(p)) - e (5.6)

€ = €TRG " €EFILFO " €stream * €crash

where £ denotes integrated luminosity, oy is a cross section of ¢ meson production,
BR(¢ — K1 Ks) and BR(Kgs — mTetv(p)) are branching ratios of ¢ — K1 Kg and
Kg semileptonic decays, respectively.

5.3 Charge asymmetry

The charge asymmetry is given by:

A — I"Kg —7netv)—T(Kg — nte D) B nt/el, —nT e (5.7)
5 ['(Kg —metv)+ D(Kg — mte )  nt/ef, +n/eg, '

Using the 1.7fb~! total luminosity data sample collected at KLOE in 2004-2005 and
values provided in previous sections, the following result is obtained:

Ag = (1.5 £ 5.844¢) - 1073, (5.8)

which, compared to Ay = (3.322 & 0.058g¢4¢ + 0.047gygt) - 1073 [7], does not in-
dicate the violation of CP7 symmetry. The systematic uncertainty was not de-
termined so far, but we expect to obtain systematical error as 25% of total uncer-

tainty as in previous KLOE measurement of Kg charge asymmetry, which was equal
As = (1.5 £ 96510 & 2.95y5) - 1073 [8].



Chapter 6

Conclusions

The aim of this work is to test CP7 violation in neutral kaon systems via the
comparison between charge asymmetries for Kg and K, semileptonic decays. The Ay,
was measured with a high precision Ay, = (3.322 £ 0.0584(,¢ £ 0.047Syst) 1073 by
KTeV collaboration [7]. The most precise measurement of Ag was preformed by
KLOE collaboration, Ag = (1.5 4 9.6g¢a¢ & 2.9gyst) - 1073 [8], however the accuracy
of Ag determination is more than two orders of magnitude worse than this of Ay,
determination and the main contribution gives the statistical uncertainty which is
three times larger than systematical. Therefore, in this work a new measurement of
Ag based on around four times bigger data sample collected by means of the KLOE
detector in 2004 and 2005, is presented.

The analysis exploits a tagging technique of search for K mesons that reach the
calorimeter, which allows to identify K¢ decay on the other side of ¢ meson decay
and, due to this, around 0.5 x 10'? of K5 mesons were tagged. In next step the
Kg — mev decay is selected based on its kinematics. The Time of Flight algorithm,
which allows to select interesting events with high precision, is also used. The number
of events due to the signal and each background categories are evaluated through
the normalization procedure. Altogether around 78 x 103 of Kg — mer decays was
reconstructed, which allows to obtain the following value for the Kg semileptonic
asymimetry:

Ag = (1.5 £ 5.844¢) - 1073 (6.1)

The achieved statistical uncertainty is about two times better with respect to the
previous measurement [8]. The obtained value of Ag is equal within error bars to
the Ay, which is consistent with no violation of CP7 symmetry. In the future a new
detector KLOE-2 shall improve the further experimental accuracy of the determi-
nation of Kg semileptonic decays and associated quantities [44]
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