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Abstract

The aim of this work was to determine tliés — 37° decay branching ratio and a
modulus of then,, parameter, defined as the ratio of amplitudesAar — 37° to

K; — 37" decays, which characterizes i® symmetry violation in this decay.

The measurement has been carried out with the KLOE deteperating at the) —
factory DA®PNE in the Italian National Center for Nuclear Physics in Feas©APNE
collides thee™ ande™ beams at the center of mass enegdy = 1019.45 MeV. The
ete™ collisions result in they meson creation which is almost at rest and decay pre-
dominantly to kaon pairs. The decay products are registesied) the KLOE detection
setup, which consists of large cylindrical drift chambersunded by the electromag-
netic calorimeter. The detectors are placed in a magnelicdfe3 ~ 0.52 T generated
by superconducting solenoid. T&; mesons were identified with high efficiency via
registration of thes&’;, mesons which crossed the drift chamber without decaying and
then interacted with the KLOE electromagnetic calorimetée K s four — momen-
tum vector was then determined using the registered posifithe K;, meson and the
known momentum of the meson. Next, the search for thé; — 37° — 6+ decay
was carried out by the selection of events with six gammaguahich momenta were
reconstructed using time and energy measured by the atesyeetic calorimeter. To
increase the signal over background ratio after identioanf the K's meson and re-
quiring six reconstructed photons a discriminant analigssperformed. It is based on
kinematical fit, testing of the signal and background hyps#s and exploiting of the
differences in kinematics of th&s decays into 2° and 3r°.

The search for thé(s — 37° decay presented in this work failed to detect a signal
of sufficient statistical significance. Hence, we have aladithe upper limit on the
Kg — 37Y branching ratio at the 90 confidence level:

BR(Kg — 3r%) <2.7-107%,

which is almost five times lower than the latest publishedilte3his upper limit
can be translated into a limit on the modulus of thg, parameter amounting to:
Imooo| < 0.009 at the 904 confidence level. This corresponds to an improvement of
the |n00o| UNcertainty by a factor of two with respect to the latestctimmeasurement.
The upper limit on theks — 37° branching ratio determined in this work is still
about one order of magnitude larger than the predictiondbasehe Standard Model.
Hence, the search for this decay will be continued with thgraged KLOE detector,
which has realistic chances to observe ftie — 37° decay for the first time in the
near future.






Streszczenie

Celem tej pracy byto wyznaczenie stosunku rozgafedia rozpaduss — 37°, oraz
modutu parametru, zdefiniowanego jako stosunek amplitud na rozpad— 37°

i K;, — 37, ktéry charakteryzuje niezachowanie symedfit w tym procesie.
Pomiary wspomnianego rozpadu byty prowadzone za pomde&itdea KLOE dziata-
jacego na akceleratorze wiazek przecivzbigch DAPNE we Wihoskim Narodowym
Centrum Fizyki Jadrowej we Frascati. @AIE zderza wiazkie™ e~ przy energii
w centrum masy/s = 1019.45 MeV réwnej masie mezong. W wyniku zderzé
ete” powstaja mezony. Produkowane sa one praktycznie w spoczynku i rozpadaja
sie gtébwnie na pary kaonow. Do pomiaru powstajacych texawykorzystywany jest
uktad detekcyjny KLOE. Zbudowany jest on z cylindrycznejriary dryfowej otoczo-
nej kalorymetrem elektromagnetycznym. C&taimieszczona jest w polu magnety-
cznym nadprzewodzacego solenoidu o indukgji~ 0.52 T. Mezony K5 identyfi-
kowane byly z daa wydajn&cia poprzez rejestracje tych mezondyy, ktére nie
rozpadty sie w komorze dryfowej i zareagowaly z materialeorymetru elektro-
magnetycznego. Wektor czteropedu mezdfyw okreslany byt na podstawie zareje-
strowanej w kalorymetrze pozycji mezoi, i znanego wektora czteropedu mezonu
¢. Poszukiwania rozpadow ¢ — 37° — 6 prowadzone byly nastepnie poprzez wy-
branie zdarzie z sz&cioma zrekonstruowanymi kwantami gamma. Ich pedy&are
byly na podstawie czasu i energii mierzonych za pomocaryaletru. Aby zwigk-
szy¢ stosunek sygnatu do tla zdarzenia ze zidentyfikowanym nesmnds i Szes-
cioma zrekonstruowanymi kwantami gamma zostaly poddalszejaanalizie, opartej
na dopasowaniu kinematycznym, testowaniu hipotez ttamalggoraz wykorzystaniu
roznic w kinematyce rozpadéw mezoiiy na dwa i trzy mezony°.

W wyniku przeprowadzonych poszukivaiie zarejestrowanpadnego zdarzenia od-
powiadajacego rozpadowis — 37°. Dlatego okrélono gérna granice stosunku roz-
gatezié dla rozpaduk's — 37° na poziomie ufnsci 90%:

BR(Kg — 37%) <2.7-107%.

Otrzymana wartst jest okoto pi¢ razy nzsza od ostatniej opublikowanej gérnej gra-
nicy na ten stosunek rozgateaieOtrzymana na poziomie ufaoi 90% wartcst gornej
granicy dla modutu parametn, Wynosi: [ny0| < 0.009, co odpowiada zmniejsze-
niu jego niepewnsci dwa razy w stosunku do ostatniego bespdniego pomiaru.
Otrzymana wartst gérnej granicy ndBR(Ks — 37°) jest wigksza od teoretycznych
przewidywah o rzad wielk&ci, dlatego poszukiwania tego rozpadu beda kontynuewan
za pomoca systemu detekcyjnego KLOE wypmssego w nowe detektory.
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Chapter 1
Introduction

In 1918 Amalie Emmy Noether proved a theorem connecting ynensetries of the
physical systems and conservation ladisyhich became one of the greatest achieve-
ments of the twentieth century theoretical physics. It sh@w instance that a system
invariant under translations of time, space, or rotatiolh etiey the laws of conserva-
tion of energy, linear momentum, or angular momentum, respdy. From that time
on the symmetries have become an essential part of almgshygics theories and
models, especially in the particle physics. And so for exdangvery quantum field
theory describing the interaction and properties of elgargrparticles are formulated
requiring the Lorentz invariance. Furthermore, the digcsymmetries of ParityP,
Charge Conjugatiod and Time Reversdl” proved to be very useful in the calcula-
tion of the cross sections and decay rates, especially égprthcesses governed by the
strong interaction. These symmetries became also an iargddol in the Standard
Model formulation.

Among the known elementary forces the weak interaction ppsared to be very
peculiar mainly because it violaté&sandC symmetries 2, 3] as well as their combi-
nation:CP. TheCP violation was discovered unexpectedly in 1964 by Christanso
Cronin, Fitch and Turlay during the regeneration studiehefrteutral’ mesons4].

In the framework of Standard Model tlgéP violation mechanism is introduced by the
quark mixing described by the complex Cabibbo — Kobayashi skeaa matrix with
one nonzero phasé,[6], which requires the existence of three generation of quiark
Parameters describing thi@ violation in the neutral kaon system were measured with
a good precision by several experimeritsd], and at present the main experimental
effort is focused on studies of the neutfaland D meson systemd p-13]. However,
there are still several interesting open issues in the k&gsies. One of them is the
K¢ — 37° decay which, assuming ti&P7 invariance, allows one to investigate the
directC’P symmetry violation 14]. Despite several direct search&$[16] and K s K,
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interference studied [, 18], this decay remains undiscovered and the best upper limit
on the branching rati®R(Ks — 37°) < 1.2- 1077 [16, 19 is still two orders of
magnitude larger than the predictions based on the Staniaad! [14].

This work is focused on the measurement of ie — 37° decay branching ratio
based on the data sample gathered in 2004 — 2005 with the Kleddetdr operat-
ing at the¢ — factory DA®NE in the Italian National Center for Nuclear Physics in
Frascati. DAPNE collides thee™ ande™ beams at the center of mass energy/6f
= 1019.45 MeV near thé meson mass20]. The e*e~ collisions result ing meson
creation which is almost at restf ~ 0.015) and decay predominantly t& K~
(49%), Ks K1, (34%), pm (15%) andny (1.3%) final states 19]. The decay products
are registered using the KLOE detection setup, which ctsefdarge cylindrical drift
chamber surrounded by the electromagnetic calorimeter.dBtectors are placed in
a magnetic field ofB ~ 0.52 T generated by superconducting solenoid. Sincefthe
mesons are produced almost at rest, kaons arising from ttagy sieove with the rel-
ative angle close to 180and as a consequence, their decay products are registered
in the well separated parts of the detector. Thie mesons are identified with high
efficiency (~ 34%) via registration of thesé;, mesons which cross the drift cham-
ber without decaying and then interact with the KLOE elettagnetic calorimeter (so
called K5 tag). TheKg four — momentum vector is then determined using the reg-
istered position of thé(; meson and the known momentum of theneson, which
is estimated as an average of the momentum distributionunegsising large angle
ete~ scattering. The search for thés — 37° — 6+ decay is then carried out by
the selection of events with sixquanta which momenta are reconstructed using time
and energy measured by the electromagnetic calorimetekgBaund for the searched
decay originates mainly from th&s — 27° events with two spurious clusters from
fragmentation of the electromagnetic showers (so calléttisp) or accidental activ-
ity, or from falseK;, identification R1]. To increase the signal over background ratio
after identification of the/{s meson and requiring six reconstructed photons a dis-
criminant analysis is performed. It is based on kinematfitaksting of the signal and
background hypotheses and exploiting of the differencésnematics of thel{s de-
cays into Z° and 3°.

This thesis is divided into nine chapters. The detailed migtsan of theCP viola-
tion mechanism in the neutral kaon system is presented isetb@nd chapter together
with the motivation to search for th€s — 37° decay.

The third chapter provides the description of experimetatals used for the measure-
ment: the DAPNE collider, the KLOE detector as well as the trigger and @atguisi-
tion system.



The method used to identify thi€s mesons based on the detection of fginterac-
tions in the electromagnetic calorimeter is presented aptdr four.

Chapter five is devoted to the identification of the — 27° events used for the nor-
malization of the measured branching ratio.

The discriminant analysis used to increase the signal aekdyound ratio is described
in chapter six, where also the background estimation basd¢deoMonte Carlo simu-
lations and the final result of thEy — 37 identification are presented.

The seventh chapter is devoted to the estimation of the regsie uncertainties of the
measurement.

The determined upper limit on th€s — 37" branching ratio is given in chapter eight
together with the estimation of the modulus of thg, parameter, defined as the ratio
of amplitudes forkg — 37° to K, — 37" decays.

Finally, the ninth chapter comprises the summary and petisps. In particular we
discuss the possibility of the first observation of the — 37° decay in the next
KLOE-2 data — taking campaign during 2013 — 15. It will be aeetéd with the KLOE
detector upgraded by Inner Tracker and with improved phaioceptance brought
about by new calorimeters installed in the final focusingaeg
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Chapter 2
Neutral Kaon system andCP violation

Discrete symmetries as pariB, charge conjugatiod and time reversdl', as well as
their combinations such &P andCP7T play a fundamental role in particle physics.
The parity transformatiof? changes the signs of the three space coordinates, &hile
changes particle to its antiparticle and vice versa changginternal quantum num-
bers. The strong and electromagnetic interaction presagenvalues of both, parity
and charge conjugation operators, as well as eigenvalubs @ operator. The weak
interaction instead do not preserve these quantum numbachwesult in a far —
reaching consequences, especially in case oCfReoperator. In the framework of
the Standard Model théP violation implies the existence of the third generation of
quarks. Moreover, it is a very important mechanism whichi@dbave an essential con-
tribution to the asymmetry between matter and antimatténenJniverse. In 1967 A.
Sakharov laid out three conditions that would enable a Use/e€ontaining initially
equal amounts of matter and antimatter to evolve into a mdtiminated universe,
which we see today2P]. The first condition was a violation of the baryon number
conservations, for which there is still no experimental evidence. Howewsmple
baryon number violation would not be enough to explain mati@ntimatter asymme-
try if C andCP were exact symmetriésAs the third condition Sakharov proposed that
the Universe should undergo a phase of extremely rapid sxpai2?2].

Since the first discovery of th&P — violating neutral kaon decay in 1964, there have
been made a big effort to describe Wi® symmetry breaking within the Standard
Model. The favoured theoretical framework was provided9i@3 by Kobayashi and
Maskawa, who pointed out th@f violation would follow automatically if there were
at least six quark flavours. At present the main experimegitaft is focused on the
neutral B and D meson system studie$(d-13]. However, there are still several inter-
esting open issuses in the kaon physics which, as it will logvehn this chapter, can

In that case there would be a perfect equality between réwifferent B violating processes and
no asymmetry could be generated from the initially symmestate 3.
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contribute to our better understanding of tt# violation mechanism.

2.1 The neutral kaon system

Kaons were discovered in 1947 by G. D. Rochester and Clifford @eBwhile study-
ing cosmic ray showers with a cloud chamb24][ The contrast between the produc-
tion and decay times of these new particles entailed in 18&8duction of a new
guantum number called ,strangeness’|25, 26]. Strangeness is conserved by both
electromagnetic and strong processes while first order waakaction can induce
transitions withAS = 1.

Kaons appear in isospih = § doublets:(K*, K°) with S = 1 and (F[)?K*) with

S = —1. They can be produced via strong interactions in procesgeske:

tp — K*Fop
7 p— K°A

pp — K ntK°

pp — K+ K.

From the point of view of strong interactions ti&’ meson is a particle with a cor-
responding antipartic@o. Violation of strangeness conservation by weak interactio
allows for transitions likek® — 2r — K- or K° — 37 — K . Thus, the two
strangeness eigenstates can oscillate one into anothéreviaS = 2, second order
weak interactions, i.e., via virtual 2-pion and 3-pion e$atThe corresponding quark
diagrams for these transitions are presented in Eig.Therefore, in the evolution of
a kaon in a free space states with well defined mass and widtixtures ofK® and
K [27]. The time evolution of the neutral kaon system, which magiven in theK™

— &’ rest frame is determined by Hamiltoni&hand the following equation:

0 [ K° K° r K°
— | — =H| _—_ =(M—i— — 2.1
Z@t(KO) (KO> ( 22)<K0>’ (2.1)
whereM andT are 2 x 2 hermitian mass and decay matrices, respectivelye Weis-

skopf — Wigner approximation the elements of the mass marisan be expressed as
a sum of contributions due to strong and weak interacti@i [

(i[Hw|n) {(n[Hw]|j)

2.2
— : (2.2)

M;; = my6;5 + (i|Hwlj) + Z

n;éKO,?O
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Figure 2.1: Quark diagrams for th¢° ~ &’ transitions.

wheremg is the neutral kaon mass akfly denotes the effective weak Hamiltonian.
The sumd_, |n)(n| runs over all virtual and real states connectitigand 0. The de-
cay matrix element§;; related to the kaon decay width by unitarity, originate éast
only fromHw [28]:

Ty =21 Y 6(E,—mg)(i[Hw|n)(n|[Hwlj) . (2.3)

n;ﬁKO,FO

If the Hamiltonian of the system is invariant undeyC’P andCPT M;; andI';; have
to satisfy the following relations:

| My — il'19/2| = | M7, — iT'5, /2| (T conservation),
‘M12 — ZF12/2| = ‘MTQ — ZFT2/2’ and M11 = MQQ, Fll = FQQ (CP invariance)
My, = My, I'1y = Ty (CPT conservation).

Without any assumption about symmetry invariance the Hamian eigenstates of the
neutral kaon system seen in nature can be written in theAoitpform [29):

1 . L
|Kg) = m [(1 +es)|K7) + (1 —es)|K >}

| P
K1) = s [+ el ) = (1= ) B, (2.4)

whereeg ande;, are complex parameters expressing possifteandCP7 violation.
In particular, ifCPT invariance holdsts = €, = e. It is important to stress, thd{s
and K are kaon states which preserve their identity during théuéiem in free space.
The experimental values for the lifetimes of these two pkesi differ by three orders
of magnitude. The lifetime of the ,short” stat&s) amounts to
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75 = (8.953 £ 0.005) - 10~ s, while the ,long” living particle| K1) has a lifetime

7, = (5.116 £ 0.020) - 107® s [19]. This large difference was explained by assuming
CP to be an exact symmetry of the weak interactions. In this tasenass eigenstates
defined in Eq2.4reduce to th&€ P eigenstates(e;, = eg = 0):

1 —0 .
) = [|K0> +|K >] with CP = 1
1 0 —0 . B
o) = 5 [\K )~ K >] with CP = —1. (2.5)

Neutral kaons decay mainly to the two — and three — pion fisékstwith a well defined
CP eigenvalues 30

CP|r+n) = |rtn)
CP|n0r0) = |x070)
CP|rtn %) = (1)t 70)
CP|r0m0n%) = —|70n070) .

For the|r "7 =) final state the eigenvalue depends on the total angular ntomen
[. However, since the three pions from the kaon decay are ynairthe relatives —
wave state we can assume with a good approximation thatrther—, 7¥) system is
CP —odd. ThusCP conservation would imply thaf<, ) state is allowed to decay only
to two pions while the ,long” living| K,) decays only to three pions state. Moreover,
the large phase space difference between these two decasmaohifests itself in the
difference between observed lifetimes.

However, as it is presented in the next section,dfeinvariance is violated by the
weak interaction which entails big consequences for thelevparticle physics and
cosmology.

2.2 CP violation in kaon decays

In 1964 an experiment by Christenson, Cronin, Fitch and Tudagxpectedly ex-
hibited that the long — lived kaon can decay also to the twoon final states with
branching ratio of abouit - 10~2 [4]. Thus, the neutral kaons states seen in nature are
notCP eigenstates defined in EZ5. However, they still can be expressed in t€,(),

2 Here we assume a phase convention wigg?ek ®) = |K°) andCP|K0) = |K°) [29].
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|K5)) basis:
1
) = s (1K) 5 )
Ks) = ——— (K) — | K2)) (2.6)

VIt

Since up to now there is no signs of t®7 symmetry violation from now on we
assume eg = ¢; = e.

We can understand ti&> symmetry breaking within the scope of two distinct mech-
anisms referred to as ,direct” and ,indirect” breaking. Timirect” violation corre-
sponds to the statement that the true eigenstates of bottrithrey and electroweak
interactions are not exactty/P eigenstates but have small admixtures of the state with
oppositeCP [30]. It is also possible thafP violation occurs ,directly” in the weak
decays themselves. In the following the ,direct” violatwill be explained on the ex-
ample of kaon decays to two pions. The two — pion systemsraigig from decays

of kaons can be produced with isosgin= 0 or I = 2 (isospin equal one is forbidden

by Bose symmetrydQ]):
- \/§|7r07r0; I=0)— \/?WOWU; I=2)

2 1
|ntn7) = \/g|7r+7r_;l =0) + \/;|7T+7T_;I = 2).

The corresponding weak decay amplitudes of kaons can bessqut asg]:

(rm; I|Hw|K°) = Ae®
(r; I|Hw |KO) = A%e®

where we have explicitly exhibited the final state phagesvhich arise from the fi-
nal state strong interactions of the pions. Diré#t violation, occurring at the decay
vertices, appears as a phase difference between tlaad A, amplitude$ [28]. This
phase difference is generated by a class of so called ,pehdiagrams fors quark
decay, one of which is presented in FAj2

Typically theCP violation in the neutral kaon sector is characterized im&pf the
following parameters:

A(KL — 7T )

Ny— = A(KS N 7T+7T ) = |77+_|€
A(KL — 70 )

Moo = A(Kg — m070)

P-4 ¢

= |noole®™ = e — 2¢, (2.7)

3Although there are some theoretical predictions for@®Ry violation [31-34], all the tests done

so far resulted in the confirmation that it is an exact symyndt®, 35-38].
4In general4, and A, could be real iC would be conserved.
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Figure 2.2: ,Pengiun” diagram for thequark decay.

wheree is the mixing parameter defined before in Bdgande accounts for the direct
CP violation and can be expressed in terms of the weak amp8t[28

o (rm; 0|Hw | Kg) (m; 2| Hw| K1) — (7m; 0|Hw | Ky ) (77; 2| Hw| Kg)
V2(r7; 0|Hw|Ks)2
'ei(62_50) A2

~ it (A_> | (2.8)

Above defined parameters were measured many times and ang kmith a good
precision [L9):

In.—| = (2.232£0.011) - 10~>; ¢, = (43.51 £ 0.05)°
Im0o| = (2.221 4+ 0.011) - 1073, doo = (43.52+0.05)°  (2.9)
le| = (2.228 4 0.011) - 107%; b = (43.51 £0.05)°.

Moreover, measurements of the double ratio of the two piaayeatesn., |/|noo|
have proved that is different from zero indicating occurrence of the diré& viola-
tion [38].

AnalogousCP invariance breaking should appear also in fedecays. As before we
can define the following amplitude ratios;

A(Kg — ntr— )
N+—0 = 0
A(Kp — mtr—79)

(

_ A(Kg — n°n7%)
Tooo = A(

= ni_ole® 0 2e+€, (2.10)

K — 7T0’/T07T0) - |770()0|6¢000 Se+ 6600 : (211)
As in the case of two — pion decays the ratios contain difétviolation parameters
related in the lowest order of the Chiral Perturbation Themrythe following equa-
tions: ¢/, _, = €(yy = —2¢ [39]. The possiblgn™7 ") final state originating from
the neutral kaon decays can be produced with isospin 0,1,2, or 3. Thel = 0
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and/ = 2 states hav€’P = 1, and K can decay into them without violation of the
CP symmetry. However, they are expected to be strongly suppdeby centrifugal
barrier effects 19]. For the/ = 1 and/ = 3 states there is no centrifugal barrier and
CP = —1 so K decay requires violation of this symmetry. Anyhow the twods of
final states can be separated by the analysis of the 7° Dalitz plot [19]. In the case
of |[7%7%7%) final state, only isospid = 1 or I = 3 is allowed, for whichCP = —1.
Therefore, thes — 37° decay is a purel¢ P violating process19].

The present knowledge abaut_, andrnqq is poor mainly due to very low decay rates
for the K¢ — 37 decays. The current value of thiés — 777 branching ratio
amounts toBR(Ks — mtr—7%) = (3.57%4) - 1077, and theKs — 37° has been
never observedlP]. The best upper limit on this decay branching ratio was set b
KLOE collaboration and amounts tBR(Ks — 37°) < 1.2 - 107 [16], while the
prediction based on Standard Model is equal to abew®—? [39]. The corresponding
knowledge about the amplitude ratios can be summarizedlas/919]:

Re(n,_o) = —0.002 4 0.007+3:94

Im(n4—o) = —0.002 £ 0.009
Im(noe0) = —0.001 £ 0.016
|T}000| < 0.018.

Therefore, itis clear, that the full understanding of @ violation in the neutral kaon
system demands new high statistics measurements, inyartiof the K¢ — 37°
decay which is a subject of this work. One of the high preciggperiments, which
has been greatly contributed to this quest, is the KLOE tietesetup which will be
presented in the next chapter.
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Chapter 3

The KLOE experiment at DADPNE

In this chapter the characteristics of the ®XE collider and the KLOE detector are
briefly described. More detailed description can be founideh [20, 40-44].

3.1 The DADNE Collider

DA®NE is anete~ collider, optimized to work with a center of mass energy acbu
the » mass,M, = (1019.418 £ 0.008) MeV [43]. The ,heart” of the collider are two
storage rings in which 120 bunches of both, electrons anidrpos, are stored. Each
bunch collides with its counterpart once per turn, minimgzthe mutual perturbations
of colliding beams. Electrons are accelerated to final gnierthe Linac (see Fig3.1),

LINAC A,
/}; ,4’5’ " ZAccumulator
Vs .y
*************** TEETTIITITIIIT e
I I

\"Storage rings
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Figure 3.1: Schematic view of the IINE collider. The picture was adapted frog0).

accumulated and cooled in the accumulator and transfeor@dstngle bunch in the
ring [20]. Positrons are created in an intermediate station in thad,iand then follow
the same procedure as electrons. Both, electrons and pesdre injected into the
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rings at final energy of about 510 MeV. The beams collide in itweractions regions,
with a frequency up to 356 MHz, corresponding to a minimumdbuerossing period

of T,y = 2.7 ns. Theee~ collisions result ing meson creation which is almost at
rest 3, ~ 0.015) and decay predominantly 6" K~ (49%), Ks K1, (34%), pm (15%)
andny (1.3%) final states 19]. The decay products are registered using the KLOE
detection setup, which consists of large cylindrical delitmber surrounded by the
electromagnetic calorimeter. The components of KLOE walHlyiefly described in
the next section.

3.2 The KLOE detector

The KLOE detector consists of a large cylindrical drift chenand a hermetic electro-
magnetic calorimeter. A superconducting coil and an irdkey@ee Fig3.2) surround-
ing the calorimeter provides a 0.52 T magnetic field. The bpgoa at the interaction
region is a beryllium sphere with 10 cm of radius and 0.5 meikthT his structure min-
imizes both the multiple scattering and the energy loss efctimrged particles from
K decays, as well as the probability &f, regeneration43].

A
YOKE

S.C.. COIL

Figure 3.2: Vertical cross section of the KLOE detector. Tigare is adapted
from [20].



3.2 The KLOE detector 15

3.2.1 The Drift Chamber

The KLOE drift chamber has a cylindrical shape 3.3 m longhwrniternal and exter-
nal radii of 25 cm and 2 m, respectivel#d. It was designed to register all charged
secondary products from thi€; decay and measure their properties with great preci-
sion [20]. Thus, its size was dictated by a long lifetime of this paeli. To minimize
the K, regeneration, multiple Coulomb scattering and photon giteor KLOE drift
chamber is constructed out of carbon fiber composite withZoand low density, and
uses a gas mixture of helium (49 and isobutane (20) [21]. The radiation length of
the gas amounts to about 900 m, including the contributiothef52140 wires43].

In order to obtain high and uniform track and vertex recargdton efficiencies, wires
are strung in an all — stereo geometry, with stereo anglegngwith the radius from

50 mrad to 120 mrad going outwardd. This design results in a uniform filling of
the sensitive volume with almost square drift cells, witash slowly changing along

z axi€. Fig. 3.3 shows the wire geometry during the drift chamber constoucsis il-
luminated by light. Particles from th2decays are produced with small momenta and
therefore track density is much higher at small radiii[ Thus, dimensions of the cells
were designed to be of about 2 x 2 Tfor the 12 innermost wire layers, and to of
about 3 x 3 cri for the remaining 48 layer#p).

To extract the space position from the measured drift timtb®incident particle, 232
space — to — time relations are used. They are parametrizednns of two angleg
and% defined in Fig.3.4. The g angle characterizes the geometry of the cell directly
related to the electric field responsible for the avalanch#iptication mechanismﬁg
instead gives the orientation of the particle trajectorthim cell’'s reference frame, de-
fined in the transverse plane and with origin in the sense o¥itee cell R0].

Using the wire geometry, space — to — time relations and knmagnetic field one
can reconstruct the tracks and vertices of charged pastidlee reconstruction pro-
cedure starts with pattern recognition and is followed lagkrand vertex fitting. The
pattern recognition associates Ritdose in space to form track candidates and gives
a first estimate of the track parameters. Then track fittimyiges the final values of
these parameters by minimization procedure based on tleeatite between the fitted
and the expected drift distances (so called residuals)asaed from measured drift
times and space — to — time relations. Finally the vertex Gtpdures search for pos-
sible primary and secondary vertices, on the basis of thardie of closest approach
between tracks0].

To ensure the stability in time of the KLOE drift chamber penmhance, the system

1The mean decay path of ti€; meson produced in the decay amounts to about 3.4 20).

2 The z axis of the KLOE reference frame is defined as the bisettine angle between colliding
e ande™ beams 20].

3As a hit we consider a presence of a signal on a sense wire.
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Figure 3.3: Drift chamber stereo wires geometry. The figsi@dapted from45).
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Figure 3.4: Left: Wire geometry with the definition of ster@aglec between the wire
of length . and the z — axis. Right: Definition of andgjf angles characterizing the
shape of the cell and the angle of the incident tra28.[ The figures are adapted
from [20].
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is calibrated periodically by acquiring samples of cosnaig events suitable for the
measurement of about 200 different space — to — time re&{R0). The calibration

is performed at the beginning of each KLOE run and selectsite®@000 cosmic ray
events f#2]. These events are tracked using the existing space — toerélations and
the average value of the residuals for hits in the centrdlgddhe cells is monitored. If
the residuals exceed 40n additional 3105 cosmic ray events are collected, and a new
set of calibration constants is obtained. Finally, duriagadtaking the drift chamber
performances are monitored using selected samples ofssjeht

The KLOE drift chamber provides tracking in three dimensiavith a resolution in
the transverse plane of about 206, resolution in the z-coordinate measurement of
about 2 mm and of 1 mm on the decay vertex position. The momeaofuhe particle

is determined from the curvature of its trajectory in the metg field with a fractional
accuracy,/p = 0.4% for polar angles larger than 4520].

3.2.2 The Electromagnetic Calorimeter

The KLOE electromagnetic calorimeter was designed to piekiermetic detection of
low energy gamma quanta with high efficiency, good energgluéien and excellent
time resolution for the neutral vertex reconstruction amdrigger the events20]. It
consists of a barrel built out of 24 trapezoidal shaped mexiahd side detectors (so
called endcaps) read out from both sides by a set of photgheits. The barrel is a
cylinder with an inner diameter of 4 m, made of 24 modules 4.Bbmg and 23 cm
thick. Each endcap consists of 32 vertical C — shaped modties structure covers
98% of the full solid angle. Each module consists of a mixtureezfd (480 of the
volume), scintillating fibers (42), and glue (1%) [43]. Fibers, each with a diameter
of 1 mm, are embedded in 0.5 mm lead foils accelerating theestiog processes. The
special care in design and assembly of the Pb — fiber comparssieres that the light
propagates along the fiber in a single mode with velosify7 cm/ns, which greatly
reduces spread of the light arrival time at the fiber erif}. [Calorimeter modules
are read out at both ends viewed by light guides of area of 4#4xcn? coupled
to the photomultipliers transforming the light into eléctimpulses. This defines so
called ,calorimeter cells” which form five larger structar@see Fig3.5): planes 4.4 cm
wide*,

When a particle hits the calorimeter for each cell both, thergh as well as time of
arrival of the photomultiplier signals are registered. Ted energy is taken as the
average of the energy registered at both sides, after ¢mgdor the light attenuation
along the fiber43]. The energy calibration starts by a first equalization ihresponse
to minimum ionizing particles at calorimeter center, andibtermining the attenuation

4The last plane of cells is 5.2 cm wide.
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Figure 3.5: Schematic view of the readout structure on ode sf the barrel mod-
ule [46]. 60 defined cells form 5 planes and 12 columns of the caldemmodule.
Filled circles represents photomultipliers. The figuredagted from 46].
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Figure 3.6: Photograph of the KLOE calorimeter. One can dea@ules of the barrel
and the inner plane of one of the endcaps. The figure is adaptad46].

length of each single cell using cosmic rays acquired inadd runs. This is done
before the start of each long data taking perid@.[The energy determined from the
measured amplitudes of signals for both sidesnd B of a cell S4Z amounts to:

A,B A,B

EAB(MeV) =
(MeV) S

K, (3.2)
WhereS(f"B are the zero — offsets of the amplitudes scélg, corresponds to the re-
sponse for the minimum ionizing particle crossing the aaleter center and K factor
gives the energy scale in MeM]. The total energy deposited in a cell is calculated
as the mean of values determined at both ends for each celld&lermination of the
absolute energy scal€ relies on a monochromatic source of 510 MeV photons: the
ete” — vy sample. The latter calibration is routinely carried outte2@0 — 400 nb!

of collected luminosity 20Q].

For each cell two time signalB” and7T? (digitized by the Time to Digital Con-
verter TDC ) are recorded. The arrival timand positions of the impact point along
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the fiber direction can be determined:as
1 L
t(ns) = 5(#“ Al 7 7. p— (3.2)

s(em) = g(tA —tP 1+ 18, (3.3)

with 48 = ¢AB . TAB wherec!? are the TDC calibration constantg;” denotes
overall time offsets/ stands for length of the cell (cm) ands the light velocity in
fibers (cm/ns)40Q].

Based on the reconstructed energies, times and positidasoemerged into calorime-
ter clusters. First the adjacent cells are grouped into Bedcgreclusters®. The time
spread of cells forming the precluster has to be smaller2tians f6]. Moreover, cells
are merged in one cluster if a distance between them and tierad the precluster is
less than 20 cnd]. The cluster energy is evaluated as the sum of the cellg@ser

Eqg=) K, (3.4)

while the time and position centroids are obtained as wedaverages:
Tu = % (3.5)
Re = % . (3.6)

i denotes théth cell belonging to the cluster amglstands for the cell’'s position vector
with respect to the interaction poirif,; is next related to the time of flight of parti-
cle from the interaction point to the cluster position. Idisne subtracting the event
global time offset, common to all channels and dependinghenttigger formation
time with respect to the real e~ interaction time. Due to the spread of the particle’s
arrival times, the KLOE trigger is not able to identify thenoh crossing related to
each event, which has to be determined offli2@.[ The common ,Start” signal to the
calorimeter TDC boards is provided by the first level triggenich will be described
in the next section. The ,Stop” instead is given by the phathiplier signals delayed
because of the electronics and light propagation in thedi@]. Time measured by
the calorimeter can be expressed as:

Ty :,—Efof—i_éc_Nbc'Trfu (37)

whereT},; is the time of flight of a particle from the interaction poietthe cluster
position,d.. is a single number accounting for the overall electronisetf and cable

5s = 0 is assumed to be at the fiber center.
6A cell is added into a precluster only if its times and enesgiere reconstructed at both sides of

the calorimeter module.
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delays, andV,. is the number of bunch — crossing periods needed to gendmate t
TDC start. The values of. and N,. are determined for each data taking run with
ete” — ~v events by looking at thé\;ror = T, — R, /c distributions ¢ denotes
the speed of light )J0]. For such events this distribution shows well separatetkpe
corresponding to different values of,.. We defined. as the position of the largest
peak in the distribution, and obtalf} ; from the distance between peakgl]. During
offline processing, to allow the cluster times to be relatethé particle time of flight,
we determine for each event the corrected cluster times:

tcl - Tcl - (55 - Nbc ' Tr ) . (38)

The KLOE electromagnetic calorimeter allows for measumr@sef particle energies

and flight time with accuracies of; = Z‘Z’V]E ando(t) = \/% @ 140 ps,

respectively 40]. Analysis of the signal amplitude distributions allowsdetermine
the location where the particle hits the calorimeter moduté accuracy of about 1
cm in the plane transverse to the fiber direction. The lonigitai coordinate precision
is energy dependent, = 21 [21].

3.2.3 The Trigger system

The KLOE trigger system is based on local energy deposithenetectromagnetic
calorimeter and hit multiplicity information from the dri€hamber. It has been opti-
mized to retain almost alte~ — ¢ decays, and provide efficient rejection on the
two main sources of background: small anglee~ — e*e™ scattering and particle
lost from the DAPNE beams 20]. Moreover, alle™e™ scattering andy events pro-
duced at large polar angles are gathered for detector nmmmgtand calibration. Since
the DAPNE bunch crossing period amounts®o = 2.7 ns, KLOE trigger must op-
erate in continuous mode. A two level scheme was chosen. fldwsl trigger T1
is produced with a minimal delay(200 ns) and is synchronized with the DAE
master clock 41]. The T1 signal initiates conversion in the front — end elagics
modules, which are subsequently read out following a fixex tinterval of about 2.6
1S. This corresponds to the typical drift time of electroas@iling in the drift chamber
cells [20]. After the arrival of a first level trigger, additional infmation is collected
from the drift chamber, which is used together with the dedeter information as a
second level trigger T2. It confirms the first level triggaitializes digitisation of the
drift chamber electronics and starts the data acquisigadout. If no T2 signal arrives
before the end of 2.6s dead time, all readout is resétl].

T1 and T2 triggers are based on the topology of energy degiodihe KLOE electro-
magnetic calorimeter and on the number and spatial disiowf the drift chamber
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hits. Sincep decay events have a relatively high multiplicity, they candifficiently
selected by the calorimeter trigger by requiring two isedaénergy deposits above a
threshold of 50 MeV in the barrel and 150 MeV in the endcapgnis/with only two
fired sectors in the same endcap are rejected, becausefibledy is dominated by
machine background. Moreover, we require about 15 hitsardtift chamber within a
time window of 250 ns from beam crossirZQ]. The trigger identifiegte™ — ete™
events requiring clusters with energy of about 350 MeV. Aargwvhich satisfies at
least one of the two above conditions and is not recognized @s scattering, gen-
erates a first level trigger T1The level — 2 trigger T2, requires further multiplicity
or geometrical conditions for the electromagnetic energyosits, or about 120 drift
chamber wire signals within a 1,2 time window. At the level 2 trigger recognizes
also the cosmic ray events by the presence of two energy iiepb®ve 30 MeV in
the outermost calorimeter layer&(]. A fraction about 8% of the cosmic ray events
are identified and rejected at the trigger level with thishteque. Further suppres-
sion of the DAPNE background events and cosmic rays is performed by an afe— |
filter called FILFO EILtro FOnda background filter). FILFO identifies background
events at a very early stage of the data reconstruction wsitygnformation from the
calorimeter #7].

For the search of th&'s — 37" decay only the calorimeter signals are used to trigger
the event. Two energy deposits above threshold about 50 Meté barrel and about
150 MeV for the endcaps are required.

"As it was mentioned a part of the'e~ — ete~ events are gathered for detector monitoring and
calibration.
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Chapter 4
First stage of the event selection

The ¢ meson produced in the e~ collision at DAPNE is in a pure/F¢ = 1~ state.
Since thep — KgK, decay is driven by the strong interaction, the initig} i; state
Is antisymmetric with the same quantum numbers and can lteewim thep rest frame
as:

i) = N - [|Ks(0) [ KL(=p)) — [KL(P)) [Ks(=p))] , (4.1)

wherep denotes the momentum of each kaon ands a normalization factor3s)].
Since thep resonance is moving with a small momentum in the horizoritalg?, ~

13 MeV /c Kg and K, mesons are produced almost back — to — back in the laboratory
frame. Therefore, observation ofg, (Ks ) decay ensures the presence éfa(K, )
meson travelling in the opposite directior{48]. Thus, at DAPNE we obtain pure

Ks and K, ,beams” with precisely known momenta and flux, which can bedus
measure absolute branching rati@§][ In this chapter thé{s tagging technique with

the detection of thé(; interaction in the KLOE calorimeter is described.

4.1 ldentification of K¢ via detection of K,

Neutral kaons produced at KLOE have a velocity indglrest frame equal t6 ~ 0.22.
This corresponds to th&;, time of flight from the interaction point to the calorime-
ter equal to about 31 ns, which means that abott 60 producedi’;, mesons reach
the calorimeter without decayin@(]. K, mesons interact in the calorimeter with an
energy release up te 497 MeV (so called [;, — crash”). Thanks to the exceptional
timing capabilities of the KLOE calorimeteand the low velocity of kaons one can
use the Time of Flight technique to tag thg meson, as described in the next section.

1 We refer to the process of definingfés or K; sample as tagging: observation of&, (Ks )

decay tags the presence oka (K, ) meson and allows for the determination of its momentdsj.[
2 For an energy release of 100 MeV the resolution of time measby the calorimeter amounts to

about 0.3 ns, which corresponds to abd#itdccuracy in the determination of i€, velocity [20].
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Adding the information about the position of the energy aske (<, cluster), the di-
rection of theK;, flight path can be determined with 1° angular accuracy20]. This
allows to estimate th&;, momentum vector and as a consequence, knowing thar
— momentum, to determine the four — momentum of the taggedeson.

4.1.1 Identification of the K; meson

The identification of the(; interaction in the calorimeter is performed after tracks
reconstruction and association to the clusteaad after the preselection aiming at the
rejection of events withi{;, meson decay inside the drift chamber. Events for which
there is one reconstructed vertex with two tracks havingejte curvature are rejected.
Moreover, an event is discarded if there are two recongducacks, having opposite
curvature, associated to two vertices reconstructed tegss30 cm away from the in-
teraction point in the transverse plane. These cuts rejest af the background events
with K, decaying before reaching the calorimeté@|[ For each surviving event we
look for the K, clusters in the calorimeter taking into account only clustet associ-
ated to any track. For each that kind of clusters we calcukteity of the contributing
particle defined in the laboratory frame as:

Rcl
C- tcl

Bcl =

, (4.2)

where R,; denotes the distance from thge~ interaction point to the reconstructed

position of the cluster centet, stands for the measured time of flight of the particle
andc is the speed of light. Since in therest frame kaons have a well known velocity
£ ~ 0.22 it is convenient to transform,; to this reference frame:

\/ﬁi + B2 + 28, Bac080x

1 + By Beacosa (4.3)

cr

wheref, denotes the velocity of the meson in the laboratory frame andstands for

the angle between themomentum vector and a direction vector connecting the-inter
action point with the cluster position. The distribution®f is presented in Figd.1a.

A big peak aroundi., = 1 corresponds mainly to clusters formed by gamma quanta
from K s mesons which decay very close to the interaction point. €tasiriginating
from the decay products of remainirtg, decays are instead characterized by smaller
velocities distributed in the range frofp. ~ 0.28 to .. ~ 1 [49]. In Fig. 4.1a one can
also see a structure aroufid ~ 0.22 corresponding td<; mesons and a smaller peak
for very low velocities. The latter peak originates mainigrh the charged patrticles

3 The track — to — cluster association procedure establistiespondence between tracks in the
drift chamber and clusters in the calorimeter.



4.1 Identification of K5 via detection of K, 25

x 10 2

0 1400 F % :

Q a)|.2 90000 | b)
= - = g
S 1200 & 80000 |
1000 I 70000 |
60000 |
800 | z
50000 |
600 | 40000 |
400 30000
20000 |
200 10000 |

0 | | | | | O E | | | |
0 02 04 06 08 1 12 0O 02 04 06 08 1 12
BCI’ BCT

Figure 4.1: Distribution of thes.. velocity reconstructed for clusters not associated
to the track for a sample of events before identification ef Afh, interaction in the
calorimeter. The spectra are made for all clusters befgran@after (b) cut on energy
E. > 100 MeV.

(e.g. pions) for which the track — to — cluster associatimtpdure failed. Additionally,
most of these clusters are characterized by energy depaosatter than 100 MeV49)].
The j., distribution after the cut oy, > 100 MeV is shown in Fig.4.1b, where
one can see a big suppression of the clusters with lowestitsel®herefore, clusters
originating from thekK;, interaction in the calorimeter are defined with the follogvin
conditions:

0.17 < Ber < 0.28
E.. > 100 MeV , (4.4)

whereF., is the energy of thé(; cluster.

The main remaining background sources to this tagging @hgorare the cosmic
muons entering KLOE through the intersection between theeband endcap calorime-
ters. Such muons may give a signal in the calorimeter withatgck in the KLOE drift
chamber. The other contributions to the background ortgiftdm DAPNE activity
and¢ — KK~ decays43]. The angular momentum of th€; K s system is equal to
the spin of the) mesons = 1. Therefore, kaons from the decay are mostly emitted
in the direction perpendicular to the beam axis and the backgl can be additionally
suppressed selecting only;, — crash” clusters in the barretJ].

K, meson interacting in the calorimeter usually induces mioae bne cluster, there-
fore to estimate the direction of the taggiAg, meson we consider the ,fastest” can-
didate cluster which was produced as the first one.
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4.1.2 K;— momentum estimate

Inthe¢p — KsK, decay thel{;, four — momentunPk, can be determined completely
knowing the center of mass energfs, the ¢ momentumpP,, vector anda angle be-
tween thep momentum and thé&’;, flight direction determined in the laboratory frame
from the reconstructed center of the cluster. K6rand P, we use the mean values
measured for each running period using the gathered sarhpte 0 scattered at large
angles. Determination dfk, allows to calculate the four — momentum of the tagged
Kgs mesonPy, = Py — Pk, .
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Normalization sample

Registration of the(;, interactions in the calorimeter allows for the simultaremlen-
tification of the K's meson. Since one of the goals of this measurement is to determ
the Ky — 37" decay branching ratio, the number of events selected agthe as to
be normalized to the number of dlls decays. To this end th€s — 27° — 4~ events
were also counted (further on they will be referred to as thiemalization sample).
This process is one of the maltis decay channel with well — known branching ratio
BR(Kg — 27°) = 0.3069 £ 0.0005 [19]. The number of events produced for both the
signal and the normalization sample can be expressed as:

Nyp = L-0g-BR(¢p — KsK1) - BR(Ks — 27°) - €2r - €0y (5.1)
N3, = L-og-BR(¢ — KsK1) - BR(Ks — 37°) - €31 - €cr

whereL is the integrated luminosity;, denotes the total cross section foproduc-
tion, ¢.,. stands for the tagging efficiency aag ande,, are the identification efficien-
cies for the appropriate channel. The ratio:

N3ﬂ— - BR(KS — 37'('0) © €37

= 5.2
Ns.. BR(Kg — 27°) - €2, (5.2)

allows for the BR(Ks — 3x°) determination independently df, o, €., and the

¢ — KgK; branching fraction avoiding all the systematic effectgmrating from
measurements of these quantities.

After identification of theK';, meson interacting in the calorimeter the preselection is
based on the number of reconstructequanta in each event. To this end we consider
only calorimeter clusters not associated to any track retcocted in the drift chamber.
Moreover, the reconstructed time of the clustgshould be compatible with the time

of flight of photon equal ta?.;/c, whereR,, is the distance from the cluster position
to the interaction poiAtandc denotes the speed of light. We assume the two times to

1 Since the mean free path of A& originating from thep decay amounts to about 6 mm (the kaon
velocity 5 ~ 0.215) , which corresponds to negligible time delay equal thO0 ps, we assume that it
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entries

Figure 5.1: The experimental distribution of the recorns®d v quanta mul-
tiplicities after imposing the tightKs tag requirements £.. > 150 MeV and
0.200 < S.. < 0.225) and acceptance cuts defined by Eg8, 5.5and5.6.

be consistent if:
‘tcl — RCZ/C’ S MIN(35 . O't(Ed>, 2 HS) s (53)

whereo, is the calorimeter time resolution parametrized as a fonatif the cluster
energykb,:

0y(Ey) = ———"— @& 140 ps . (5.4)

The cutoff on 2 ns is used to reduce the number of the machicleggbaund clusters
accidentally overlapping with the event. To this end we ggdo cuts on the minimal
cluster energy and polar angle:

By > 7MeV (5.5)

| cos(0,)] < 0.915 <« 23.8° < 6, < 156.2° . (5.6)

Distribution of they quanta multiplicities is shown in Fi§.1 At this stage of analysis
we select two data subsets: the signal sample which codistents with six recon-
structed photons and the normalization sampl&gf— 27° candidates with N= 4.

For both channels the expected background as well as thetoleteceptance and
the analysis efficiency is estimated using the Monte Carlasitions based on the
GEANT3 packageq0]. The simulations incorporate a detailed geometry and mate
rial composition of the KLOE apparatus and all the condgiofithe experiment e.g.

decays exactly in the interaction point.
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DA®NE background rates, position of the interaction point aganb parametets

5.1 Comparison between data and simulations results
for 4 events

For the search of rare processes like #i¢ — 37 the estimation of the background
has to be as precise as possible. In our research to this enskedonte Carlo simula-
tions described briefly in the introduction to this chaplkéoreover, the determination
of the efficiencies of cuts and discriminant analysis is ssed on the simulated sam-
ples of events. Therefore, we have checked the reliabifithe® KLOE Monte Carlo
simulations and optimized them for the best possible deton of the experimental
data.

Since the reconstruction efficiency of clusters in the caleter is slightly higher for
simulations compared to the measured data we apply a domedettermined based
on theyp — nt7—7° samplé. The efficiency for both data and simulations were
parametrized as a function of thequanta energy and polar angle. The correction
is then applied deleting randomly photons from the simdlatesnts with a probability
equal to the ratio of efficiencies for data and simulatidis $2].

Apart from the cluster reconstruction efficiency the sintiolas were corrected also
for the energy scale of the reconstructed gamma quanta. @tessity of this addi-
tional correction is justified in Figs.2a where we observe a small shift between the
distributions of the reconstructdds mass for data and simulations before the correc-
tion. The procedure of the energy scale correction for M&deo events is based
on theKg — 27° — 4~ sample which is almost background free. For both, data and
simulations the following variable has been constructed:

AR, = B B (5.7)
Eyri

where E,, is the energy of reconstructed gamma quantum &pg denotes energy
of the same gamma quantum corrected by the kinematical fiepikore. The gamma
quanta were then divided into groups of 20 MeV with respedh®FE;;;. For each
group theA E, distribution was fitted with the Gauss function. The meane&slof the
fitted Gauss distributions are shown in Pig3a. As it can be seen Monte Carlo simu-
lations systematically underestimate the data. The erserglg correction was applied

by increasing the cluster energies by a factor parametaseal function oft';,. For

2The detailed description of the KLOE Monte Carlo simulatmogram GEANFI can be found in
Ref. [44].

3The detailed description of the cluster reconstructioriefficy studies for data and simulations can
be found in Ref. $2].
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Figure 5.2: Comparison between the reconstruéfeanass distributions for data (red
points) and simulations (blue histogram) before a) and ajtéhe energy scale correc-
tion. The K s mass is reconstructed from th& — 27° events.
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(blue circles) without energy scale correction a) and dftercorrection b). The values
are obtained using the fit described in the text.
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the first 20 MeV bin we started with 274 shift while for every next group of clusters
the correction was decreasing by a factor of.The result is presented in Figs2b
and5.3b where one can see much better agreement with the data.

For further validation and tuning of the simulations, aftgplying the cluster effi-
ciency correction, we have determined relative fractiohsiwanber of events with
given v quanta multiplicityk with respect to the total number of events with 3 — 6

reconstructed photons:

N,
Fk; o €v<k)

Z N, (i)

and compared experimental valuesiafwith results of simulations. The distributions
of the relative fractions as a function of the KLOE runningipe are presented in
Fig. 5.4 The agreement between data and simulations is reasonadntefeom the
most important multiplicityFs where results of the simulations systematically over-
estimate the data during the whole data taking period. Teerstand the source of
this discrepancy we have determined the probabilities thdime (P4; ) or two ( Pas )
accidental clusters in the prompt time window defined inE&gfor both data and sim-
ulations. To this end we have considered clusters in soccabely time window i.e.
background clusters originating from earlier bunch crog$ulfilling the condition:

(5.8)

(ta — Ra/c) € [—54,—14] ns, (5.9)

which corresponds to about fifteen groups of accidentatetssources The times of
these clusters were then shifted by a number of bunch cggsiriods T, obtained
for each event from the time of the earliest clugfgas follows:

t (i) = tg+ Tpp- INT(#) : (5.10)
and next the acceptance cuts defined in®&gwere imposed. This allowed to deter-
mine the fraction of events with one or more accidental elssin the acceptance and,
as a consequence, to calculatg and P4, (see Tab5.1).

The values ofP,; and P, were next used to estimate the probability for a cluster to
produce one (Ps; ) or more fragments Ps, ) reconstructed as an additional cluster.
In order to do that the true relative photon multiplicities™c not affected by the ac-
cidental activity or cluster splittifgwere determined based on the information about
the decay chain of the simulated events. KnowingA}i&* values and the determined

4The minimum bunch crossing period of @AE is equal to Ty = 2.715 ns.
5 In the simulations the accidental clusters can be ignoriedrieg to the GEANT KINE indices for

particles contributing to each cluster.
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P4, [%] Py, [%] Pg, [%] Pgo [%]
DATA 0.378+ 0.004 | 0.025+ 0.001| 0.30+0.01| 0.0103+ 0.00012
SIMULATIONS | 0.492+ 0.004| 0.0274+ 0.001| 0.314+ 0.01| 0.0156+ 0.0002

Table 5.1: The probabilities to find one™y; ) or two ( P42 ) accidental clusters and
to reconstruct one Ps; ) or more (Pss ) splitted clusters estimated using events in
out-of-time window and fit to thé", distributions, as it is described in the text.

probabilities of accidental coincidende&;; and P4, we can fit the measure#, dis-
tributions treating thePs; and Pg, as the free unknown parameter$he obtained
splitting probabilities are presented for both data andufations in Tab5.1 These
results show that for the simulations there is abouk 50ore events with two split-
ted clusters and about @0more events with one cluster originating from the machine
background, which explains the discrepancy for the 6 — gaewvaats. The technique
used to account for this difference is presented in ch&pter

As described in chaptdrat the preselection stage we cut on the velogityand ener-
gy E., of the K;, meson, therefore the simulations of its interaction in thlecmeter
should be also realistic and precise. The comparison ofthand E,.,. distributions
for data and Monte Carlo simulations is presented in bifa and 5.5. It is clear,
that the simulateds’;, velocity is in a reasonable agreement with data while theee i
big discrepancy in thé’.. distribution. Therefore before the cuts optimization &eot
correction for the Monte Carlo simulated events had to beiegph small correction
to the .. was made adding a shift ofdmultiplied by a Normal — distributed random
number. Thev,.. was instead modified by ZZ6correction increasing every 1 MeV by
0.03%. The resulting distributions are shown in Fig5c and 5.5d where one can see
a much better agreement with data.

Finally applying all the corrections described before weeheompared some other
simulated inclusive distributions for the 4 — gamma samptb the experimental ones.
As it can be seen in Fig.6the agreement is reasonable so we can proceed with further
analysis and counting of th€s — 27° events.

5The detailed description of the fit procedure and used piibsisdmodel is described in Ref5p),
where the technique to measure g and P4- probabilities are also presented more detailed.
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Figure 5.5: Distributions of energy and velocity of the tangg/i;, meson for data (red
points) and simulations (blue histogram) before ( a and la)adter the corrections ( ¢
and d ). Here only events with four gamma quanta are takerattount.
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Figure 5.6: Inclusive distributions for th€, — 27° — 4~ decay after all corrections
applied to the Monte Carlo simulations (blue histogram). Téx points denote the
experimental result.
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5.2 Background estimation and counting of thekK's —
2m) — 4~ events

Before the final counting of th&s — 27" sample one has to estimate the number of
events originating from processes different thian — 27° for which we have found
four reconstructed gamma quanta. To this end we have usétitie Carlo simulated
events ofp decays for which the true decay chain is known. Based on tfosnration

we have found that the background events constitute a rigglifraction of the 4 —
gamma sample amounting to about%’1 This allows for counting of thes —

270 candidates without any further cuts. With the tight requieats for reconstructed
K energy (E.. > 150 MeV and velocity (.200 < .. < 0.225) we have found the
following number of events with four reconstructed gammardgg:

Nor = 75325600 +£ 8680 . (5.11)

The Monte Carlo simulations allow also for the determinatibthe Kg — 27° — 4~
selection efficiency. To this end we have used a simulategleaai V;,;, = 59141
Ky — 27Y events fulfilling above mentioned tight conditions féy. and £.,.. Next
we apply the acceptance cuts and count events with a givebewaf reconstructed
gamma quanta (see Tdh2). The efficiency is then defined as:

Cop = — (5.12)

N5 denotes the number of events with four reconstructed gamraatg andV,
stands for the total number of simulatétk, — 27° events. In both cases we count
only events fulfilling the tight'; tag conditions. Taking into account the estimated

k 0 1 2 3 4 5 6 7 8

Npee 25 | 181 | 3059| 16185| 39012| 636 | 40 1 2

N7 /Nyot[%) | 0.043| 0.31| 5.17 | 27.37| 65.97 | 1.08| 0.068| 0.0017| 0.0034

~

Table 5.2: The number of event§*“ with a given multiplicity of reconstructed clus-
tersk for NV,,, = 59141 simulated — KsK; — 4vK; events with 0.200 €., <
0.225 andE,, > 150 MeV.

selection efficiencyey, = 0.660 4+ 0.002,,; we can determine the final number of
produced events:

N27r

Noorm = = (1.14130 £ 0.00011) - 108. (5.13)

€or
This number will be used for the normalization of thg — 37° branching ratio.

"These are above all the— K+ K~ events.
8 The justification of using this set of cuts will be presentedhaptes6.
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Chapter 6
Search for the K¢ — 37" — 6+ signal

After the K¢ tagging via thekK, interactions in the calorimeter the selection of the
Ks — 3n° decay is performed by searching for six photons from the yle¢ahe
pions. After the preselection with the conservativg; tag requirements

(E.. > 100 MeV and0.17 < .. < 0.28 ) we have found 76689 events with six re-
constructedy quanta. For these events we perform further discriminaatyars to
increase the signal to background ratio. As it was in the ofifee K¢ — 27° normal-
ization sample we have considered only calorimeter clasterassociated to any track
reconstructed in the drift chamber and imposed acceptarisalefined with Eqh.3,
5.5and5.6.

As it was mentioned in chapt& the expected number of background events as well
as the analysis efficiency is estimated using the KLOE MontdoGamulations. All
the processes contributing to the background were sintuiaith statistics two times
larger than the measured data. Moreover, for the acceptamtthe analysis efficiency
studies the dedicateHs — 37° signal simulations were performed. The signal is
generated taking into account the conditions of the KLOEeexpent and assuming
branching ratio equal to the best known upper lim#][increased by a factor of 30.
Background to the searchéds — 37 — 6+ signal originates predominantly from
the Ky — 27° events. The four photons from this decay can be reconsthastesix
due to fragmentation of the electromagnetic showers (decaplitting). These events
are characterized by two clusters with low energy and positear the place where
the true photon hits the calorimeter. The additional fakistelrs can be generated also
by the accidental coincidence betweendtsecay event and the BBNE background.
The other source of background ate—+ KsK; — w7, 37° events. Methods of
suppressing this kind of background will be discussed imi section.

1 Such requirements have been used in the previous analytsis KELOE data 16].
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6.1 Discriminating variables and the signal region def-
inition
6.1.1 Rejection of thek; — 37" events

The most dangerous source of background for our analysithare — KqK; —

(Ks — mmn~, K, — 37°) events. In this case one of the charged pions can interact in
the DA®NE low — beta insertion quadrupoles producing neutral pladiwhich may
ultimately simulate the signal df ;, interaction in the calorimeter, while thié, meson
decays close to the interaction point and produces six psofto suppress this kind

of background we first reject events with charged partictasing from the vicinity

of the interaction region. SincE s decays near the interaction point we reject events
with at least one track satisfying:

‘ZPCA| < 10 cm (62)

where PCA denotes the point of the closest approach of thexsecoted trajectory
to the interaction region. In principle one could rejecteadénts with the track recon-
structed in the drift chamber. However, this would decrghasereconstruction effi-
ciency of theKs — 37" signal because of the relatively high probability of an ac-
cidental coincidence of the real event with tracks gendrateDAPNE background.
The choice of conditions defined in B8l minimizes the loss of the signal events due
to this effect.

200 F
250

entries
entries

175

200 [ 150

125 |
150 100 |
100f i 75

50 |
50

25 F

L L il et T TE S L 0 i 1 '-'n
0 100 200 300 400 500 600 0.16 0.18 0.2 0.22 0.24 0.26 0.28 0.3
E.(MeV) Ber

0

Figure 6.1: Simulated distributions of the reconstructédenergyE,.,. and velocity

B, fortheyp — KK, — (Kg — 37°, K1) — 67 signal (solid) andy — KsK —

(Ks — ntn~, K, — 3n°) — 77~ 6v background events (dashed) after the conser-
vative cuts on reconstructety, and E,.,. described in E4.4.
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Figure 6.2: The rejection efficiency for the— KsK; — 77—, 37" reaction chain
after cutting events with tracks (TrV), after the tight reg@ments fork;, interaction
in the calorimeter (HardKIl) and both cuts (TrVH). The resuéts obtained based on
the simulated background sample.

Asitis presented in Figh.1the distribution of the velocity,., of K candidates recon-
structed from signals in the calorimeter for events withefak;, — crash” is relatively
flat, while there is a clear peak around 0.215 for the signahes Similarly there is
a substantial difference in the reconstructed energy spacof the interactingi(,,
mesons and fakefs,;, — crash” events. Thus, tightening the cutsian andg..,. allows
to reject almost all events belonging to this backgroundgmaty:

E,.. > 150 MeV
0.200 < B < 0.225 . (6.3)

These cuts reduce th€s tagging efficiency from 3% to 23% but we gain a big re-

duction factor (about 60) on the most important source okpamund (see Fig6.2).

6.1.2 The kinematical fit

In the next stage of the analysis we select only kinemayicadlll defined events. To
this end we perform the kinematical fit procedure based oneihst squares method
with the following set of variables as an input:

e The total energy of the systegis
e The momentunP, and decay vertex of thé meson

e The four — momentum vector and decay vertex@f meson
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Figure 6.3: a)? distribution of the kinematical fit for#events of data (red pionts) and
simulations (blue histogram); b) Thé distributions from kinematical fit for simulated
K — 37 signal events (solid) and background (dashed).

e Energy of eachy quantum together with its time and position measured in the
calorimeter

The initial value of the's four — momentum vector is determined for each event using
the position of the reconstructed,, cluster while for,/s and P, we use the mean
values measured for each running period using the gatharedls ofe™e~ scattered
at large angles. Using this set of variables we can constinecfollowing quadratic
form:

X2 = (Y-Yo)'VHY -Yo) +X-G(Y), (6.4)

whereY is a vector of measured variablésdenotes covariance matri¥, denotes
the vector of corrected variables fulfilling the kinematicanstraintsG(Y) andA is a
vector of the Lagrange multipliers. The quadratic form irtiminimized with respect
to'Y and leading to the determination of the best corrected variadliges. The min-
imum value of X2 can be treated as thef — like variable with a probability function
that can be used for hypothesis testing and evaluation ofdloeness of the fit. As
the constraints we impose the total four — momentum vectosewation,/s mass
requirement and consistency of the time of flight determiineh the cluster position
of eachy quantum with its time reconstructed in the calorimeter. Géeeloped algo-
rithm was first applied to the kinematically well definéty — 27° — 4~ events to
test how reliable is the fit procedure. The distributionsdfata and simulations for this
kind of events are shown in Fi§.3a. The same distributions for generated background
events and{s — 37 signal are shown in Fig.3b. It can be seen that applying a cut
on y? around 40 we obtain a small background rejection, abotit, 3@th a good sig-
nal efficiency ¢70%). This does not improve significantly the signal to backgbu
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ratio but allows to reject bad quality reconstructed events

6.1.3 Testing the 3% and 27 hypotheses

In order to reject events with split and accidental clusteeslook at the correlation
between twoy? — like discriminating variableg3, andx2,. x3. is calculated by an
algorithm selecting four out of six clusters best satigfythe kinematic constraints
of the two-body decay, therefore it verifies thg; — 27° — 4~ hypothesis. The
pairing of clusters is based on the difference between snaortedr’ masses\/ o
and Mo with respect to the PDG valu&/rpe [19] and on the opening angle of the
reconstructed pions trajectories in thg center of mass framé,,, which should be
equal to 180 for the K5 — 27 events. Moreover, we check the consistency of the
determination of the(s four — momentum vectdP. It is performed by comparing
the Pk, determined from the reconstructed four — momentunkgith the sum of
the~ quanta four — momenta,... = Zle IP.,. For every possible pairing choice the
algorithm calculates thg3 _ defined as:

4
B, — E)
, (M —Mppg)®  (Myy— Mppa)?  (Opr — 7)° ( ’ ; '
Xor = 2 + 2 + 2 + 2
0-271' 0—271' 0-‘97r7r O_EKS
4 4 4
(Pr-2r) (P-2r) (P-Xm)
=1 =1 =1
: 6.5
+ =y + =y + 2, (6.5)

The minimization of they3_ gives the two photon pairs which out of the six clusters
fulfills best the criteria expected for thHés — 27° — 4~ hypothesis. The resolutions
used in Eq6.5were estimated using th€y — 27° — 4+ normalization sample. The
four — momentum vectors of the reconstructed pions weretosedke distributions of
the differences used for thg, calculation (see Fig6.4), which were then fitted with
the Gauss functions allowing for the determination of theareces used in E.5.
All the values of the parameters are gathered in Bab.
The 3, instead verifies the signal hypothesis by looking on thenstacted masses
of three pions. For every choice of cluster pairs we caleuthe quadratic sum of
the residuals between the nomindl mass and the invariant masses of three photon
pairs R1]:

X%W _ (MW? — Mppg)? N (ng — Mppg)* N (Mﬂg — QJWPDG)2 . (6.6)

2 2
O3n O3n O3n

As the best combination of cluster pairs we take the conftgurawith lowesty? .
The resolution of pion mass;, was estimated applying the algorithm to the simulated
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PARAMETER DATA SIMULATIONS
O2r1 18.66+ 0.04 19.244+ 0.04
O2r2 18.84+ 0.04 19.36+ 0.04
OBy 44.07+ 0.08 46.83+ 0.09
op, 25.93+ 0.05 27.55+ 0.06
op, 26.12+ 0.05 27.55+ 0.06
op, 23.48+ 0.05 24.39+ 0.06
0o, 0.1238+ 0.0002| 0.1257+ 0.0002
O3r 17.0+£ 0.5 17.0+£ 0.5

Table 6.1: List of parameters used in the calculationfandy?, . The values were
obtained by fitting Gaussian functions to the distributiprssented in Figs.4 and to
the distributions of pion masses reconstructed by minitiinaof the 2 value using
the simulated signal events.
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Figure 6.4: Distributions of parameters usedyiy calculation for data (red points)
and the simulations of th&'s — 27" channel (blue histogram) after the energy scale
correction described in Se6.2
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signal events (see Tab.1). In the definition ofy_ we do not take into account the
difference betweeif,, andP,.. = Zle IP,, because in this case it is the same for
each combination of photon pairs.
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Figure 6.5: Scatter plot of2_ versusy? . for simulatedK’s — 37° signal (left) and for
the background after rejection of the— KqK; — w77, 37" events (right).

As it is presented in Fig.5the K — 3x° signal is characterized by low values of
X2, and relatively high values of2 . Background events are instead spread on the
large area of \3_, x2.) plane with a maximum at low?3_ being well distinguishable
from the signal. Nevertheless in the region populated bpaigve find also some
background events, mainly the -+ KsK; — w7, 37" category even though it

is already strongly suppressed by cuts defined with Edsand6.3. Further analysis
dedicated to the rejection of the background due toitke— 27° decay is described

in the next section.

6.1.4 Improvement of theKs — 27° background suppression

Since we are looking for a very rare decay and have to dealavi#lige background
the rejection power of the data analysis has to be as high sshpe. The two addi-
tional four — momentum vectors of photon candidates recoct&d based on clusters
originating from the machine background or shower fragesgults sometimes in an
invariant mass close to the massf Thus, they? . algorithm does not distinguish all
the K¢ — 27° decays from the signal and we need another discriminarahlario
refine the background rejection.

Events with two accidental clusters can be identified by messent of the difference
AE between the(s energy determined from the reconstructéd four — momentum
and the sum of energies of four gamma quanta selected by2thalgorithm. For the
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Figure 6.6: Distributions of variables used to refine thectpn of theKy — 27°
events. Dashed histogram indicates simulated backgrowentsfromK s — 27° and
solid histogram represents the Monte Carlo simulationsestgnal. The distributions
are made for events witf? < 300. The variables are described in the text.

Ks — 27° background this variable is close to zero since the everinenkatically
closed. On the other hand for &, — 37" eventsA E should peak around 135 MeV
since the rejected clusters have an energy comparable fgidhemass. In order to
make the cuts as independent as possible of the energy tiesddietermination we
use the normalized £

4
<EKS - Z E%‘)
AE/og = =1 , (6.7)

OF

where the used value ofz is equal to the one listed in TaBb.1 An example of the
AFE /o distributions for simulated background and signal are gl in the left
panel of Fig.6.6. One can see that cutting around 1.8 allows to reject abdiit &0
background events keeping the signal efficiency at the Evatound 8.

Further on, events with splitted clusters are suppressddauii on the distance be-
tween center of reconstructed clusters. Here we take aalyamtf the fact that the dis-
tance between splitted clusters is on average smaller tieegistance between clusters
originating from~ quanta of theks — 37° decay. For all possible pairs of clusters
(1, 7) we calculate the distance:

Ry = \/(%‘ —x)? + (Y —y)* + (2 — 2)?, (6.8)

where(z;, y;, 2;) and(x;, y;, z;) are the position coordinates of clusters reconstructed
in the calorimeter. We look then for the minimum of obtainatbesr,,,;, = MIN(R,;;)
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and impose the following cut:
Rin > 65 cm . (6.9)

This suppresses the background by about 36taining about 8% of signal events
(see right panel of Fig6.6). The AE /o andR,,;,, close the cuts sequence improving
the background rejection power of the analysis chain.

6.2 Background estimation

Search for the rare decays likés — 37° demand a precise knowledge of the back-
ground processes. To this end we used realistic Monte Carlalaiions based on
GEANT3 package. As it was mentioned in chafdnere is a substantial discrepancy
between the data and results of the simulation for the sixgutsossample, which had to
be fixed. To this end we first divide the background simulationio categories using
for each event information about the decay chain and abatities contributing to
each cluster. All the categories are next used in the fittroggdure to the experimental
data, which allowed for the determination of the weightiagtbrs for events belong-
ing to each class of simulated background. The proceduktosgetermine the event
weights is described in the following subsection, where ves@nt also small correc-
tions related to the simulatefd,,;, distribution and rejection of events with charged
particles.

6.2.1 Event weights determination
A below listed classes of background events were recoghized

e Fakes: they -+ KsK; — (Kg — nrn—, K — 37°) events together with non
— KgK; channels likep —+ KT K~ or ¢ — n+7~x° (about 2%)

e 2A+1A1S: events with two accidental clusters (about:24r events with one
accidental and one splitted cluster (abof)6

e 2S: events with two splitted clusters (about/§0or with more than two acci-
dental or splitted clusters, as well &g — 27 events with only one splitted or
only one accidental cluster (about3

The category calleéfakescontains, apart from the standagd— KsK; — (Kg —
ntr, K — 3n°) events, small admixture of the nonk K, background, which

is however suppressed by thé and AE /o cuts. As regards other classes of back-
ground it is relatively easy to justify the presence of mbwanttwo clusters originating

2 The given fractions of events refer to the simulated samipée the preselection described at the
beginning of this chapter.
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Figure 6.7: The(3, versusyz, scatter plots for different background categories. The

label of each plot is defined in the text. The correspondingearmental spectrum is

also shown.

from the machine accidental activity or from cluster siplgt
The K5 — 27" events with only one splitted or only one accidental clusterinci-

ple should not pass the requirement of the registrationxaja@mma quanta. However,
more detailed analysis revealed, that the additional teater can be generated by the
initial state radiation or by the wrongly reconstruct&d clustef. For both data and
all the background categories we have made tHge,(3.) scatter plots.

The Monte Carlo distributions were then fitted to the data aseat combination pro-

3|t has turned out, that for many events in this category thitiathal cluster is very close to the place
where K, interacted with calorimeter. Thus they can result from vglgmeconstructeds’;, showers.
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viding scaling factord¥ for each background category used next to weight events:

Data(Xar Xix) = Wi - SIn™ (x5, X3,) + Wt T4 Sim™ A0 xG )

Fakes .. Fakes/ 2 2
+ W™ - Sim ™™ (X5, X3r)

whereData(x3,, x3,) denotes the experimentaf3 , ) scatter plot and
Sim(x3., x3,) stands for the simulated distribution of each backgrounegmay. The

Category Ny Nyt Wr
2A+1A1S | 64544+ 254 | 26346+ 236 | 0.4082+ 0.0040
2S 145996+ 382 | 43446+ 283 | 0.29764 0.0021
Fakes 5670+ 75 6897+ 148 | 1.216+ 0.031

Table 6.2: Scaling factors for Monte Carlo background caiegaised in the fit to the
data.N,c andNy;; denote the number of events in each category before andladter
fit, respectively.

results of the fit are gathered in T&h2 The quality of the procedure used to refine the
simulations for the six — photon sample can be controllechieycomparison of simu-
lated and experimental inclusive distributions of dis¢nating variables described in
previous sections just after preselection. This comparisghown in Fig6.8and im-
plies that the agreement between data and background siomslés reasonable after
the fit. Another check was done dividing thig3_, x2.) plane onto different regions
to compare the experimentally observed number of eventsexpectations based on
the Monte Carlo simulations. Five control boxes were choseural the signal region
defined with preliminary cuts og3, andy?,_ (see Fig6.9). The number of events reg-
istered in each box is reported in T&b3, where one can see that simulations results
agree with experiment when taking into account the stasiktincertainties calculated
using the standard deviations of the scaling factors (sb&Bx

ANy, = \/(W%S\/W)Q + (W%A+1A18, /N2A+1A15)2 + (W Fakesy /N Fakes)2
(6.10)
where/N denotes the number of events belonging to each backgrotegiors.
As it can be seen in Figs.10a, despite of application of the weighting factors for
different background categories there is still a small ipancy between data and
simulations for theR,,;, discriminant variable. Moreover it turns out, that we réjec
more events with charged particles haviflg > 0.220 (see Fig.6.1(c). Therefore,
we introduce a small correction shifting tig,,;, by 2 cm smeared with a Normal-
distributed random number. The,,;, distribution after this correction is presented
in Fig. 6.1 where we observe much better agreement with data. For rindated
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Figure 6.8: Inclusive distributions of discriminating iables for data (red points) and
the simulations of the background (blue histograms) weightith 11/ factors as de-
scribed in the text.

SBOX | DOWN upP CDOWN CUP CSBOX
DATA | 200+ 14 | 416+ 21| 7+ 3 | 14385+ 120 | 16321+ 128 | 17634+ 133
MC | 228+ 10| 313+ 12| 8+ 3 | 14380+ 134 | 16143+ 124 | 17940+ 123

Table 6.3: The number of events populating control boxeheér 3, x3_ ) plane de-
fined in Fig.6.9 after tight requirements for the reconstruct€d energy and velocity.
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Figure 6.9: Zoom of théx?2,, x3,) distribution for data illustrating the division of the
plane into control boxes.

events with3,.,. > 0.220 belonging to the Fake category a correction based on the ,Hit
& Miss” method was applied. For each rejected simulated ewendraw a random
uniformly-distributed number from the range (0.; 1.), ilstmumber was greater than
0.93 the event was passed for the further analysis.SLhdistribution for the rejected
events after the correction is presented in bid.Qd.

6.3 Optimization of selection criteria

After all corrections described in last section as well ashapterb, after application
of the scaling factors the Monte Carlo simulations provideoadydescription of the
measured data. This allows to determine the set of discamivariables values which
provide the best signal to background ratio.

As a next step we optimize the event selection in order toaedie background as
strongly as possible while keeping high signal efficienoythiis end the following cuts
were varied:

the 2 of the kinematical fit

the topologicaAFE /o cut

signal box definition in théx2 ., v3 ) plane

[ ] Rmzn .
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Figure 6.10: The inclusive distributions &f,,;, before (a ) and after (b ) correction.
Plots ¢ and d preseri.. spectrum for events with charged particles before and after
the correction, respectively. The red points representitiia, while blue histograms
denote simulation results.
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Each set of the cut values was applied to the simulated backgrand signal sam-
ples excluding events with charged particles coming fromvitinity of the inter-
action region and for several sets of tight cuts on the rdoected K, energy and
velocity. This procedure allowed to determine the numbesealécted background
eventsB and the signal efficiency;,, as a function of the five variables listed above:
B = B(x*,AE/og, X3, X3, Rmin) @ndez, = €3, (x>, AE/0g, X2, X3, Rinin)- SiNCe
the expected number of events at the end of the analysis chamall we define the
following function:

fcut = s ; (6 11)

€31
where N, denotes the mean upper limit on the expected number of seyelts
calculated at 9% confidence level assuming well — known number of background
eventsB* [53]. The best choice of cut values is defined as the one whichnmizeis
the f.., value. As the result of the optimization we have obtainedaolewing values
of discriminant variables:

x* < 57.2

AE/ogp > 1.88
4.0 < x5 <849 (6.12)

X5, < 5.2

Ryin > 65.

The signal efficiency corresponding to this set of cuts artstm
€3r = 0.233 £ 0.01244;.

6.4 Counting of the Ky — 37" events

After validation of the Monte Carlo simulations and deteration of the optimal set of
cut values defined in E§.12we preform the discriminant analysis of the experimental
six gamma sample preselected using the requirements fdf threentioned before:

E., > 150 MeV
0.200 < S, < 0.225 (6.13)

The same analysis was also applied to the simulated baakgrexents with six re-
constructed gamma quanta fulfilling the tight requireméaotsi’;, listed above. This

4The detailed description of the meaning of the mean uppét éind the statistical methods for its
estimation will be described in chapt@r
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Figure 6.11: Experimentdly3_, x3.) distribution after they> and AE /o cuts (left).
The right panel presents the scatter plot/f;, versus the minimum energy of the
clusterE,,;, for events in the Signal Box at the last stage of the analysis.lifes are
described in the text.

all 6 —~ events TRV xfcz.t AE/og | SBOX | Rpin
DATA 76689+ 278 | 48963+ 222 | 16501+ 129 | 1400+ 38| 13+4| 0+1
MC 76721+ 446 | 48984+ 283 | 162304+ 136 | 1210+£21 | 17+3 | 0+ 0.06

Table 6.4: The number of events surviving each subsequénResults for data are
given in the first row (DATA) and the second row shows the rtssidr Monte Carlo
simulations (MC). TRV denotes the rejection of events witlarged particles com-
bined with the tight cuts on the energy and velocityof.

provided the estimation of the expected background at tdeoéthe analysis chain.
The experimental scatter plot 02 versusy3 ) after thex” andAE /o cuts is pre-
sented in the left panel of Fig.11 The solid lines show the signal region defined in
Eq.6.12 As it can be seen in the right panel of F&l11all events selected by the
Signal Box are characterized ,,,, less than 65 cm denoted by the dashed line, thus
at the end of the analysis chain we have fowd- 0 of the K¢ — 37° candidates in
data. The expected background contribution amounts.1p = 0.

For the final cross-check of the simulations credibility atke stage of the selection
the number of surviving events of both data and Monte Carlgpgesnwere counted.
These numbers are reported in T&B. The statistical uncertainties for the results of
simulations were estimated taking into account the scdhntprs and using the for-
mula presented in E&.10Q It can be seen that the simulated background is consistent
with data after each cut. Moreover, the agreement has bewl falso both at the be-
ginning and at the end of the analysis in all control boxed&{t2 _, x3.) distribution




6.4 Counting of the K¢ — 37" events 53

SBOX
220+ 15
232+ 11

DOWN
137+ 12
100+ 7

upP
5+3
4+ 3

CDOWN
6931+ 83
6797+ 76

CUP
15179+ 123
14906+ 116

CSBOX
26491+ 163
26962+ 169

DATA
MC

Table 6.5: The population of control boxes in thg., x..) plane right after rejection
of events with charged particles imposing the tight cutdaréconstructed’;, energy
and velocity.

SBOX | DOWN upP CDOWN CUP CSBOX
DATA | 13+4| O0+£1 0+1 0+1 0+1 |1387+37
MC |17+3|0£0.06|0+0.06| 0+0.06 | 0+0.06| 1194+ 21

Table 6.6: Population of control boxes in the.., x3,) plane defined in Subseg.2.1
before the cut oR,,,;,,.

(see Tab6.5and Tab6.6).

Since with the optimal cuts no events were observed only ppeulimit on the
K¢ — 37° branching ratio can be determined. The procedure useditoastthe up-
per limit taking into account the statistical and systenatuncertainties is described
in chapter8.
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Chapter 7
Systematic error estimation

In this chapter we present evaluation of the systematicrntaioéies for the measure-
ment of theKs — 37° branching ratio. They are related mainly to the determamati
of the selection efficiencies for the signal and normal@asample:,,, andes,, and
estimation of the background and cuts used in the discrimiaaalysis. Moreover we
discuss small corrections due to the differences in theiefities of theK's tagging
and preselection with so called FILFO filter for thg; — 37° and Ky — 27° de-
cays. FILFO FILtro FOnda background filter) is an off — line procedure identifying
background events at a very early stage of the data recohistrwsing only informa-
tion from the calorimeter. Events rejected by FILFO do ndeethe track fitting and
pattern recognition algorithms which saves CPU-time duewents reconstruction or
reprocessing47]. The efficiency of the trigger and cosmic veto for both chalarhas
been neglected due to the fact, that they were found to beclesg to 100 in previ-
ous KLOE analysis[16]. We conclude giving a summary of the estimated systematic
error affecting our result.

7.1 Systematics related to acceptance for th& g — 27
channel

For the normalization sample we have considered the faligist of systematic ef-
fects related to the determination of the efficiency:

¢ Difference in splitting and accidental probabilities between data and simu-
lations
As it was mentioned in chaptéy the probability to find one or more accidental

1 Since we have used the tightef(; — crash” requirements the energy released in the calorimete
by K1, meson was much larger thus the efficiency of trigger is evghdrithan in the prior analysis.
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clusters in the acceptance is slightly different for datd simulations. To esti-
mate the systematic uncertainty originating from this idipancy we consider
the fractions of reconstructed number of photons for thaugitred K¢ — 27°
eventsF,ﬁ;“e = ]]VV’jt gathered in Talb.2 as the true ones. The presence of addi-
tional accidental clusters changes the true fracﬂgme (neglecting the second

order effects) to:

Fi, ~ Fg'- (1= Pn) + Fg" - Pay, (7.1)

where P,; denotes the probability to find one accidental cluster inehent
(see Tab.5.1). This corresponds to the changd,, = (F§** — F{1") - Pax.
Therefore the systematic uncertainty originating fromdtiierence of the prob-
abilities A P4, for data and Monte Carlo amounts to:

Aear/€xe = APy - (Fie — F1) [FiTve = 7107

Similarly we have calculated the systematic uncertainty wudifferent proba-
bilities of shower fragmentation for data and simulatidnghis case the varia-
tion of the trueF'’** amounts to:

AFy, =~ (3-FiMe—4. Fi™e) . Py, (7.2)
and the corresponding systematic uncertainty:
Acyrfeze = APsy - (3 " —4- Ff1) [Ffe = 3- 107,

whereA Ps; is the corresponding difference in the probabilities toegate one
splitted cluster for data and Monte Carlo.

Correction of the cluster reconstruction efficiency

The systematic error due to this correction was estimatedavatively as the
difference between the trug, fractions evaluated with and without correction
and amounts tQA\e,, /ex, = 5.2 - 1073,

Acceptance related effects

The number of events counted as a normalization sample wasmreed in
chaptels taking into account only events with four reconstructed genguanta
Nyorm = Noy /€2, ASSUMING, that events with 3 — 6 reconstructed photons orig
inate from theKs — 27° decay N,..» should be consistent with the result
determined based on the number of events with 3 — 6 recotetirydotons:

2 This assumption was checked looking to the true event deuaips for the simulations.
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k o 1] 2 3 4 5 16 |>°,
Nk 141| 337 | 2916 | 16096 | 40048| 649 | 39 | 56832
NE 29 | 43 | 352 | 352 | 148 | 21 | 1 | 522
NE/(N% + NE)[%] | 83 | 89 | 89.2 | 97.86 | 99.63 | 96.9| 98 | 99.09

Table 7.1: The number of simulatéds — 27° events accepted\(;) and rejected
(NE) by the FILFO filter as a function of the number of reconstedogamma quanta
k. The numbers were obtained without any cuts onitheenergy and velocity.

Source A€oy /€27 |%)
Accidental 0.07
Splitting 0.03
Accept. rel. 1.50
Clu. eff. corr 0.52
FILFO 0.46
TOTAL 1.65

Table 7.2: Summary table of the systematic uncertaintietherselection efficiency
for the Ky — 27° normalization sample.

N’ = N3_¢,/€3-6,°. Thus, the difference between these two numbers consti-

norm

tute the measure of the systematic error amountindg /e, = 1.5 - 1072,

e FILFO preselection efficiency
To reject the DAPNE background before the track reconstruction a fast fil-
ter FILFO [47] based only on information from calorimeter is applied. Fur
ther reconstruction is done only for events which pass ther.fin the Monte
Carlo we keep however all the simulated events which allowsousstimate
the efficiency. To this end we have considered the sampl€sof+ 27" events
simulated without /;, — crash” requirements retained and rejected by FILFO
(see Tab.7.1). The efficiency is defined as a ratio of the number of events
accepted by the filter with photon multiplicities 3 — 6 to tlotad number of
events with gamma quanta in the same range of multipfidisge Tab.7.1),
and amounts toel’ = 0.9909 + 0.0004. This value will be used in the fi-
nal evaluation of the upper limit presented in chafeAs a systematic er-

8 The €36 Was determined using the same simulatég — 27° sample which was used for the

€9, determination (see Tab.2).
4We do not consider events with the multiplicities less thére8ause they originate mainly from the

wrong 7} time assignment to the event.
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ror contribution related to the preselection with FILFO \a&e conservatively
Aﬁgﬁ/EQﬂ = (1 — 65;)/26271- =4.6-1073.

Summary of the different contributions to the systematicautainty one,, is pre-
sented in Tab7.2, where the total error was evaluated adding all the cortidbs in
quadrature.

Finally, the estimated selection efficiency for the noretiion sample amounts to:

€ar = (0.660 £ 0.00244¢ £ 0.0104,,) (7.3)

7.2 Systematics related to the selection efficiency and
background for the K5 — 37" channel

For the search of th&s — 37 signal the main sources of systematic uncertainties
originate from the estimation of background and selectfboiency. As in the case of
the K5 — 37Y channel we have considered also the systematic effectedeiathe
acceptance.

For systematic study of the background we have repeatedntilgsés changing the
parameters values usedyd, andyZ_calculation (see Tal.1) as well as varying all
the corrections applied to the Monte Carlo simulations, ngme

e using the same resolutions for data and simulations inhelefinition

e using different resolutions for data and simulations inghedefinition obtained
with control sample consisting of events with charged pkas$i (mainlyKs —
atn = K — 37Y)

e removing correction om,,;,
e repeating the analysis with different energy scale coioast
e removing correction on the rejection of events with changadicles

e varying op in the AE/og definition g £+ 6(og), wheredj(og) denotes the
standard deviation af )

e varying the cuts on the reconstruct&d energyFE,, and velocitys,, arbitrarly
by + 5%.

The full analysis was repeated in total twenty times perfogreach time one of
the systematical checks listed above. For all of the cheekbave not observed any
changes in the number of background events at the end of #hgsechain.

As in the case of thé&(s — 27° decay we have considered the following systematic
effects for the selection efficiency related to the acceyganits:



7.2 Systematics related to the selection efficiency and bagiound for the
Kg — 37° channel 59

k 0 1 2 3 4 5 6 7 8
Npee 2 3 1 |12 ] 133| 435|597 | 11 1
F,Z;“e[%] 0.17/0.25/0.08| 1.0| 11.1| 36.4| 50.0| 0.92| 0.09

Table 7.3: The number of event§ > reconstructed with a multiplicity of clustefs
for N;,; =1195 ofp — KK — 67K events simulated with 0.200/;,. <0.225 and
E.. > 150 MeV.F;’"* denotes the true fraction defined " = N;°°/ S, Nj<e.

e Splitting and accidental probabilities for data and simulations
Based on the same simulated sample of fhe— 37° events which has been
used for estimation of the selection efficiengy we have determined the true
fractionsF,ﬁQ“e of the reconstructed number of photons for signal (see 7.8p.
The changes of the trulé’ggue fraction introduced by the presence of accidental
clusters amounts to approximately#., = (F5"— Fg'"“)- P4,. Systematic un-
certainty originating form the difference of the probai® for data and Monte
Carlo simulations amounts to:

Aesr/e3r = APy - (FEU — Fgive) JFve = 7-107

Similarly the systematic uncertainty corresponding todtierence in the split-
ting probabilities has been found to be:

A€37r/€37r = APg; - (5 . Fst;ue —6- Fét;ue)/Fé’:ue —3.1074

e Correction of the cluster reconstruction efficiency
The systematic error due to this correction was estimated #ee case of the
K5 — 27° channel and amounts e, /€3, = 2+ 1073,

e Energy scale correction
As it was described in chaptérwe have modified the energy scale of the re-
constructed gamma quanta in the Monte Carlo simulationsdwvige a better
agreement with data. Systematic error connected with tection has been
estimated by changing the value of the energy shift frony2t@ 2.6%, and
amounts tQ\es; /e3, = 1- 1072

e FILFO preselection efficiency for the Kg — 37°
The efficiency of FILFO filter was estimated analogously te derivation pre-
sented in the previous section. The distribution of the — 37" events sim-
ulated without any requirements féf; energy and velocity surviving and re-
jected by FILFO is presented in Tab.4. The estimated efficiency of the fil-
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k o/ 1|2 |3 |4 /|5 |6 |7 3,
Nk 11| 12 | 1 | 23| 208| 658 | 903 | 15 | 1792
Nk oo 0|06 | 4| 1] 1] 11
Nk /(N% + NE)[%)] | 100| 100 | 100 | 100 | 97.2| 99.4| 99.9| 93.8| 99.4

Table 7.4: The number of simulatdds — 37° events accepted\(;) and rejected
(NE) by the FILFO filter as a function of the number of reconstedayjamma quanta
k. The numbers were obtained without any cuts onAhesnergy and velocity.

ter for signal is equal tel, = 0.994 + 0.002. This value will be used in the
final evaluation of the upper limit presented in cha@@eAs a systematic er-
ror contribution related to the preselection with FILFO \a&e conservatively
Aesy/ezr = (1 — €k )/2e3, =3 -1073.

The last group of systematic uncertainties is connecteld thié cut sequence used in
the discriminant analysis:

e Energy resolution
The systematical uncertainty due to energy resolution vedsrohined by es-
timation of the selection efficienay, with differento values in theAE /o
definition, which was varied as it was described in the casgstEmatics related
to the background estimation. In this case it amount&dg, /es, = 1.1 - 1072

e R, CUL
The systematic effects related to tRg,;,, cut was studied comparing the selec-
tion efficiencies evaluated with and without tie,;,, correction. Difference of
these two values gives the systematic uncertainty equatip/es, =9 - 1072,

® X%; Cut

Systematic effects due to th@it cut were investigated using th€g — 27°
events with four reconstructed gamma quanta. Since th@pmoultiplicity and
energy spectrum of th&y — 27° events differs from the ones for signal we
expect differences in the shape)p?‘it/ndof5 for the two samples. To estimate
the systematic uncertainty related to this difference weltmmpared the sim-
ulatedx?;,/ndof distributions for theKs — 27° and Ky — 37 events. For
both distributions the cumulative curvgg’“ and f2/¢ were determined (see
Fig. 7.1a). The ratiof2/¢ / ¢ which is shown in Fig7.1b constitutes the esti-
mation of the contribution to the systematic error. For thevalue used in the

5 ndof denotes the number of degrees of freedom which amounts tortthé K5 — 37° events
and 9 for thel{g — 27Y channel.
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Figure 7.1: a) The cumulative curves of t}aﬁ.t/ndof distributions for the simulated
Kgs — 37 (black squares) anfls — 27° (blue circles) samples and b) their ratio;
c) Comparison 05@% /ndof cumulative curves obtained with data (red squares) and
simulations (blue circles) for the four gamma events andhely ratio.

analysis @it/ndof = 5.2) it corresponds ta.22 - 10~2. Also for the measured
Ks — 27" events we have constructed a cumulative cuff/&’® presented in
Fig. 7.1c. The ratiofPta/ fMC gives us the second part of the systematic error
equal tos - 1073 (see Fig7.1d ). Adding the two contributions in quadrature we
obtain the total systematic uncertainty on the selectifinieficy related to the
X7 cut equal toAes, /€3, = 1.46 - 1072,

Different contributions to the systematic errorg@pnare summarized in Tal8.5, where
the total systematic uncertainty was evaluated adding #fleon in quadrature.
The final value of the selection efficiency for thg; — 37" decay amounts to:

€3r = 0.233 4 0.012454 = 0.006,, . (7.4)
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Source A€z, /€3 [%]
Accidental 0.03
Splitting 0.02
Energy scale 1.00
Clu. eff. corr 0.20
FILFO 0.30
X?”it 1.46
Energy resolution 1.10
R in 0.90
TOTAL 2.30

Table 7.5: Summary table of the systematic uncertaintietherselection efficiency
for the K — 37° decay.

7.3 Correction for the different K5 tagging efficiencies
for the K¢ — 37" and K5 — 27° decays

The difference in the kinematics and in the photon multipfibetween the<s — 37°

and K — 27° decays creates a small difference in tkie tagging efficiencies for
these channels. This may be result, for example of accitersalitting clusters which
can modify spectrum of the reconstruct&q energy. To take into account this small
effect we have determined th€s tagging efficiencies independently for each channel
using the appropriate simulated sample of events. The a&drefficiencies amounts
to

€™ = (23.65 +0.12) - 102 for the Kg — 27°,
ande™ = (23.90 + 0.90) - 102 for the Kg — 37",

The ratioR., = €37 /2™ = 1.01 + 0.04 constitutes a correction which will be used in

r

the final evaluation of the upper limit on tidé; — 37° branching ratio.



Chapter 8

Upper limit on the Kg — 37V
branching ratio and |

8.1 Upper limit on the measured number of g — 37"
decays

The search for thé&(s — 37" decay presented in this work failed to detect a signal of
sufficient statistical significance. Therefore, one caly algtermine an upper limit on
the branching ratio for this decay at a chosen confidencé. lavemit on a physical
quantity at a given confidence level is usually set by conmgaai number of detected
events with the expected number of background events inigimalsregion. The ex-
pected background depends strongly on the systematic taimders existing in the
measurement, therefore they should be taken into consioleiia the limit or confi-
dence belt calculatiorbf].

In the framework of frequentist statistics confidence lgrare set using a Neyman
construction $5]. This method suffers however from so-called undercovenaben
the observable is close to the physics boundary (the actwarage is less than the
requested confidence level). Moreover, constructed cardaéntervals may be un-
physical or empty, in particular in the case when no evente leen observed this
method gives no answer for the confidence intergd).|

Feldman and Cousin®§] proposed a new method of confidence interval estimation
based on likelihood ratios which automatically providesatral confidence interval
or an upper confidence limit decided by the observed dati (secalled unified ap-
proach) p4]. However, if the observable is a Poisson distributed \deiathere is a
background dependence of the upper limit in the case of fewents observed than
expected background. This gives a smaller upper limit foasneements with higher
background, which is clearly undesirable. A solution t@ {ioblem was proposed by
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Roe and Woodroofe taking advantage of a fact that given amedisan »n, the back-
groundb cannot be larger than [57]. Therefore, the usual Poisson pdf (probability
density function) used to construct the confidence intestaluld be replaced by a
conditional pdf. This approach solves the background degece of the upper limit,
however, does not satisfy all the requirements of propeei@me and has problems
when applied to the case of a Gaussian distribution with Qatias p4].

All approaches described above do not take into accountysteraatic uncertainties
of estimated background and signal efficiency. Several oakstinave been developed
to incorporate the systematic errors to the calculationpglien limits. An entirely fre-
guentist approach has been proposed for the uncertairttg inetckground rate predic-
tion [58]. It is based on a two-dimensional confidence belt condgtnnd likelihood
ratio hypothesis testing. This method treats the unceytairthe background as a sta-
tistical uncertainty rather than as a systematic &4 [

Several methods combine classical and Bayesian elemental{sd semi-Bayesian
approaches) for example incorporating systematic uriogytay performing average
over the probability of the detection efficien&d. This method is however of limited
accuracy in the limit of high relative systematic uncettias [54]. Conradet al. ex-
tended the method of confidence belt construction propogé&eliman and Cousins.
This approach includes systematic uncertainties of batlsignal efficiency and back-
ground prediction by integration over a pdf parameterizng knowledge about the
sources of the uncertaintie8.

In the framework of Bayes statistics the systematic errongtuded by modification
of the usual conditional pdf with additional probabilityrdsty functions for the back-
ground expectation and signal efficien&a] 61].

Summarizing, there are many approaches for upper liminesion and still there is a
lot of effort made towards improving these methods and wstdading their practical
implications. All the approaches mentioned before giveringiple different confi-
dence intervals and one has to choose the method dependthg oglevance of sys-
tematic uncertainties and personal opinion about the Bagyesid classical statistics.
The analysis described in this thesis resulted i#a 0 observed events with the number
of expected background everits- 0. In this case all the methods reveal that the upper
limit is almost insensitive to the systematic errors of tlaekground estimation and
signal efficiency $4, 58, 59, 61]. Moreover, in the case of = b = 0 the upper limit
on the number of signal events at thé/@@onfidence level amounts to 2.239 or
2.33 b4, 59-61] for the systematic uncertainties on background and sigffigiency
less than 1%. As it was shown in chaptét in our search the systematical errors do
not exceed %, therefore we assume the upper limit on the number ofifhe— 37°
events at the 98 confidence level amounting 18,7 (0.9) = 2.33. This number will be
used in the next section for the calculation of the uppertlomiks — 37° branching
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ratio.

8.2 Determination of the upper limits on the K5 — 37"
branching ratio and |y

From the limit on the number of expected signal events onecednulate a limit on
the branching ratio. Recalling E§.2 and taking into account the corrections for the
difference in tagging and FILFO preselection efficienc@ssignal and thé(s — 27°
normalization sample described in chapteve obtain the following expression for the
branching ratio:
F up

BR(Ks — 37°) = R%r : ZT: : % ‘BR(Kg— 27",  (8.1)
where R, denotes the ratio of tagging efficiencies for signal and she — 27°
normalization sample amounting #®., = 1.01 4 0.04. ¢ = 0.994 4 0.002 and
el = 0.9869 + 0.0006 are the FILFO preselection efficiencies determined in chap-
ter 7. The branching ratio for th&s — 27° channel is equal taBR(Ks — 27°) =
0.3069 4+ 0.0005 [19]. Taking into account value of the upper limit on the number
of expected signalV;?(0.9) = 2.33, the selection efficiency for th&s — 37°
channel:ez, = 0.233 £ 0.012, + 0.0055,s and the total number of’s — 27"
events:Ny, /ex, = (1.14130 & 0.00011) - 108, we have obtained the upper limit on the
K¢ — 37 branching ratio at the 90 confidence level:

BR(Kg — 3r%) <2.7-107%.

This value is almost five times lower than the latest reBut{ Ks — 37°) < 1.2-1077
published by KLOE 16]. The upper limit on thel{s — 37" branching ratio can be
translated into a limit on thi)g| at the 904 confidence level37):

A(Kg — 379 \/TL BR(Ks —37) _

A(K, — 319 | \| 7¢ BR(K, — 3n°)

‘77000\ = ‘

which corresponds to an improvement of thg,| uncertainty by a factor of two with
respect to the latest direct seardlg||
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Chapter 9
Summary and outlook

Kaons have been a remarkably important particles in thelolewent of the Standard
Model. The kaon system, being a relatively simple one, ldiie key role in the dis-
covery of such phenomena as parity & violation, the GIM mechanism and the
existence of charm, and was central in the investigatiorepfon flavour andP7
symmetries§2].

CP violation is deeply related to such fundamental issuesasnilgsroscopic time re-
versibility of physical laws and the origin of the baryongyanmetry of the universe.
It is also the only known phenomenon which allows an absaligénction between
particles and antiparticle$3J]. Since the first discovery in the neutral kaon system the
CP symmetry breaking has been a very active field of researchoAgh at present
the main experimental effort is focused on the neutral B amdd3on system studies,
there are still several interesting open issues in the k&ysips demanding investi-
gation. One of them is th&y — 37° decay which still remains undiscovered. The
best published upper limit on its branching rafi?(Ks — 37°) < 1.2- 107" is
still two orders of magnitude larger than the predictionsdabon the Standard Model.
Therefore, the complete understanding of & violation in the neutral kaon system
demands a new high — precision experiments which will cbuate also to th&€PT
conservation tests.

This work presents the search of thg — 37" decay based on the data sample gath-
ered in 2004 — 2005 with the KLOE detector operating atdhefactory DAPNE in
the Italian National Center for Nuclear Physics in Fraséfi®NE is ane™ ande™
collider optimized to work at the center of mass eneygy= 1019.45 MeV. In the two
storage rings of DANE 120 bunches of electrons and positrons are stored. Each bu
collides with its counterpart once per turn, minimizing thetual perturbations of col-
liding beams. Thete™ collisions result in the meson creation which is almost at rest
and decay predominantly to kaon pairs. The decay produetsegistered using the
KLOE detection setup surrounding thee™ interaction point. KLOE consists of large
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cylindrical drift chamber surrounded by the electromagnealorimeter. The detec-
tors are immersed in the axial magnetic field generated bgrsopducting solenoid.
The K5 mesons were identified via registration of théSgemesons which crossed the
drift chamber without decaying and then interacted with Kih®©E electromagnetic
calorimeter. Thei{s four — momentum vector was then determined using the regis-
tered position of thd{; meson and the known momentum of theneson. The search
for the Ks — 37 — 6+ decay was then carried out by the selection of events with six
gamma quanta which momenta were reconstructed using ticheraargy measured by
the electromagnetic calorimeter. Background for the seardecay originated mainly
from the K¢ — 27° events with two spurious clusters from fragmentation ofelee-
tromagnetic showers or accidental coincidences with sggenerated due to particle
loss of DA®PNE beams, or from falsé; identification. To increase the signal over
background ratio after identification of thi€és meson and requiring six reconstructed
photons a discriminant analysis was performed. It start@u fejection of events with
charged particles coming from the vicinity of the interantregion which suppress the
¢ — KsK; — (Ks — ntn~, K, — 37°) background events. The further analysis
was based on kinematical fit, testing of the signal and backgt hypotheses and ex-
ploiting of the differences in kinematics of tiés; decays int@7? and3x° states.

As a result of the conducted analysis no events correspgrdithe K — 37° de-
cay have been identified. Hence, we have obtained the uppieoin the K¢ — 37
branching ratio at the 90 confidence level:

BR(Ks — 37%) <2.7-107%. (9.1)

This value is almost five times lower than the latest pubtistesult. This upper limit
can be translated into a limit on thg| at the 904 confidence level:

A(KS — 371'0)

A(Kp, — 379) = 0.009, (0-2)

7, BR(Ks — 31)
79 BR(K, — 3m0)

|77000| = ‘

which corresponds to an improvement of thg,| uncertainty by a factor of two with
respect to the latest direct measuremést.[

However, the upper limit on th&s — 37° branching ratio determined in this work
is still about one order of magnitude larger than the preshdbased on the Standard
Model. Thus, the picture of P symmetry violation in the neutral kaon system re-
mains incomplete. Therefore, among several other expatgreming in the precise
measurements of rare and ultra — rare kaon de&®@Js\ye are continuing the research
of the Ky — 37" decay by means of the KLOE-2 detector. The KLOE-2 collalbmmat
is continuing the physics program of its predecessor. Ifasieyears, a new machine
scheme based on the Crab — waist optics and a large Piwinsleg/[@dphas been pro-
posed and tested to improve the DNE luminosity. The test has been successful and
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presently DAPNE can reach a peak luminosity of a factor of three larger thrawi-
ously obtained. The next data taking campaign during 201315 2vill be conducted
with a goal to collect total integrated luminosity amougtito about 20 fb!, which
corresponds to one order of magnitude higher statistids iegpect to what was used
in this search. For the forthcoming run the KLOE performanas been improved by
adding new subdetector systems: the tagger system foestoflthe meson produc-
tion in the~~ reactions, the Inner Tracker based on the Cylindrical GEMnetgy
and two calorimeters in the final focusing regi@,[66]. These new calorimeters will
increase the acceptance of the detector, while the new detector for the determi-
nation of theK s vertex will significantly reduce the contribution of the kgcound
processes involving charged particles. Increasing thessta and acceptance of the
detector while significantly reducing the background githesrealistic chances to ob-
serve theks — 37" decay for the first time in the near future.
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