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Résumé

L’expérience CPLEAR a eu pour but d’étudier les symétries discrétes CP, T et CPT au LEAR (“Low
Energy Antiproton Ring”) du CERN. De 1989 & 1996, une grande quantité de désintégrations du kaon
neutre (K°) et de son antiparticule (K®) dans différents canaux a été observée. En effet, le systeme du
kaon neutre est encore actuellement le systéme le plus adapté a 1’étude des symétries discrétes. Bien que
les mesons KO et K° soient des états propres des interactions forte et electromagnetique, ils ne le sont
pas pour I’interaction faible, qui, elle, ne conserve pas I’étrangeté. Ainsi, le KC et le K° peuvent osciller
I’un en I’autre par interactions faibles. Deux états propres de masse sont créés, Ks et Ky, correspondant
aux deux modes d’oscillation possibles. Ces deux particules peuvent se désintégrer dans les modes
semileptoniques wev et muv. De plus, le Kg se désintégre aussi en deux pions (rta~ ou m07°) avec un
temps de vie court, alors que le Ky se désintdgre en trois pions (77~ 7% ou n%x%x?), avec un temps
de vie long. Donc, puisque les états 2 deux et trois pions sont des états propres de la symétrie CP, avec
des valeurs propres CP= +1 et CP= —1, on pouvait penser que le Ks et le Ky, étaient des €tats propres
de la symétrie CP. Mais en 1964, des désintégrations du Ky, en deux pions ont été observées [1]. Ainsi,
la symétrie CP n’était pas respectée par Iinteraction faible. A ce jour, le systéme du kaon neutre est le
seul systéme ol cette non-conservation de CP (violation de CP) a été observée.

Depuis cette découverte, de nombreux efforts ont été faits pour comprendre la violation de CP.
L’introduction d’éléments complexes dans la matrice CKM permet d’inclure la violation de CP dans
le modele standard [2], sans toutefois en expliquer I'origine. Du point de vue expérimental, cette
symétrie a été étudiée principalement au moyen de faisceaux de Kr. Les paramétres décrivant la vi-
olation de CP dans le systétme du kaon neutre ont pu étre mesurés, en particulier le rapport des am-
plitudes de désintégration du Kr et du Kg dans les désintégrations en deux pions, ny- = A(Kp —
7tr~)/A(Ks — nTx~). De son coté, I’expérience CPLEAR a utilisé des kaons d’étrangeté détermi-
née a leur production. Les kaons neutres étaient produits dans des annihilations pp au repos, par les
processus:

pp — K 7tK0 et
— _=0
PP — KW K.
De ce fait, I’étrangeté du K° (K°) produit était déterminée par la charge du kaon associé.

Dans chaque voie de désintégration, les parametres de la violation de CP étaient obtenus au moyen
d’asymétries construites avec les taux de désintégration mesurés pour chacun des deux €états d’étrangeté
initiaux. Alors, puisque dans les asymétries, les acceptances absolues s’annulent, seules les acceptances
relatives étaient 2 considérer. Ainsi, le détecteur et les procédures d’analyse ont été optimisés pour
minimiser ces effets relatifs non désirés.

Pour I’expérience CPLEAR, un détecteur 2 géométrie cylindrique a été utilisé. Les réactions pp
étaient produites par un faisceau d’antiprotons du LEAR dirigé sur une cible d’hydrogéne, au centre du
détecteur. Les trajectoires des particules étaient détectées par 3 chambres proportionnelles, 6 chambres
3 dérive (drift chambers), et 2 rangées de tubes & décharges (streamer tubes). Les kaons chargés étaient
identifiés par un compteur Cerenkov 2 seuil, situé entre deux scintillateurs. Enfin, les particules neutres
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étaient détectées par un calorimétre électromagnétique. L’ensemble du détecteur se trouvait dans un
champ magnétique de 0.44 T.

Dans cette thése, une étude des performances de deux des chambres proportionnelles est présentée.
Plus précisément, la dépendance de leurs efficacités en fonction des parametres géométriques et de la
quantité de mouvement des particules a été étudiée. Les efficacités moyennes mesurées pour ces deux
chambres proportionnelles, étaient de (95.97 & 0.21)% et de (96.73 £ 0.21)%. Les pertes d’efficacité
dues aux canaux défectueux, ainsi qu’aux supports des fils dans les chambres, ont également été es-
timées. De plus, cette étude a permis de vérifier précisément la position des chambres dans le détecteur
CPLEAR. Finalement, la méme analyse a été effectuée sur des données de simulation. Les résultats
obtenus sont compatibles avec les résultats des données réelles.

En plus des tests de symétries, la quantité de données accumulée par CPLEAR devait permettre
la mesure du facteur de forme électrofaible dans les désintégrations semileptoniques du kaon neutre
(désintégrations K%). Leffet du facteur de forme se manifeste dans I’amplitude de désintégration,
et dépend de variables cinématiques. Contrairement aux parametres de la violation de CP, le fac-
teur de forme ne peut pas étre mesuré au moyen d’asymétries. Cela implique donc une excellente
compréhension de ’acceptance absolue du détecteur. II faut noter que seule une différence entre les
facteurs de forme dans les désintégrations K5 et K23 pourrait &tre mesurée au moyen d’asymétries. Un
tel résultat serait un signe de violation de CP dans les amplitudes de désintégration. Toutefois, ceci n’est
pas prédit par le modele standard.

Dans cette thése, une analyse détaillée des performances du programme de simulation de CPLEAR
est présentée. Afin d’améliorer la qualité de cette simulation, des corrections basées sur des données
de calibration sont proposées. Ensuite, le facteur de forme dans les désintégrations KY; est mesuré en
comparant la cinématique des données de simulation et réelles. A cette fin, les critéres de sélection
des évenements ont été optimisés pour rejeter les modes de désintégration mwpv, ata~ et atnn0,
qui constituent la contamination principale du mode wev. Comme pour les mesures des expériences
précédentes, une dépendance linéaire du facteur de forme f avec le carré du transfert de quantité de
mouvement (¢2) 2 la paire leptonique a été observée:

2
F+(@) = £+(0) - (1425 5).

Le résultat obtenu pour le paramétre A, est:
Ap = 0.0245 & 0.001245 £ 0.00294ys;-

L’incertitude est du méme ordre de grandeur que celle des mesures publiées les plus précises. En tenant
compte de ce résultat, la moyenne de toutes les mesures devient

A+ = 0.0291 £ 0.0014.




Summary

The CPLEAR experiment studied the discrete CP, T and CPT symmetries at the Low Energy Antiproton
Ring (LEAR) of CERN. From 1989 to 1996, a large amount of data of K® and K° decaying into different
final states were collected. The neutral kaon system is indeed the most sensitive system in which these
discrete symmetries can be tested. Although the K° and K° mesons are eigenstates of the strong and the
electromagnetic interactions, they are not eigenstates of the weak interaction, which does not conserve
the strangeness. Thus, through weak interactions, the K° and K° may oscillate into each other. Two
mass eigenstates are then created, Kg and K¢, corresponding to the two possible oscillation modes.
Both these particles can decay into the semileptonic wer and wuv channels. Moreover, the short living
K3 and the long living K¢ were thought to be eigenstates of the CP symmetry. Indeed, K decays into
the 7t 7~ and 7%7° final states, eigenstates of CP, with eigenvalue -+1, while K¢ decays into 77~ #°
and 707970 final states, also eigenstates of CP, with eigenvalue —1 if no relative angular momentum
in the final state are involved. However, it was discovered in 1964, that Kg could also decay into two
pions [1]. Hence, the CP symmetry was found to be violated by the weak interaction. At present, the
neutral kaon system is still the only systemn where CP-violation has ever been observed.

Since this discovery, many efforts have been made to understand CP-violation. The CP-violation
could be incorporated into the standard model, by introducing complex elements in the quark mass mix-
ing matrix (CKM matrix) [2], although without explaining the origin of the CP-violation. On the exper-
imental side, most of the experiments used K{ beams to observe CP-violation. They measured param-
eters describing the CP-violation in the neutral kaon system, in particular the ratio of the CP-violating
to the CP-conserving decay amplitudes in the two pion decays, ny— = A(Kr — ntn7)/A(Ks —
w+mw~). The CPLEAR experiment chose to use kaons of known strangeness at the production. The
neutral kaons were produced in pp-annihilations at rest in the processes:

pp — K 7tK° and
PP — K+t &K.

The strangeness of the produced K° (K°) was determined by the charge of the accompanying kaon.

For the different decay channels, the CP-violation parameters were measured by decay rate asymme-
tries between the two initial strangeness states. In these asymmetries, the absolute acceptances cancel.
Only relative acceptances had to be considered. Hence, the detector and the analysis procedures were
optimised to minimise unwanted relative effects.

The experiment was performed using a cylindrical detector. The pp-annihilations were produced
in a hydrogen target at the centre of the detector with the p-beam delivered by LEAR. The particles
were detected by tracking devices: 3 proportional chambers, 6 drift chambers, and 2 layers of streamer
tubes. The charged kaons were identified by a threshold Cerenkov counter, sandwiched between two
scintillators. Finally, the neutral particles were detected in an electromagnetic calorimeter. The whole
apparatus was embeded in a magnetic field of 0.44 T.
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In this work, a study of the performance of two of the proportional chambers is presented. In partic-
ular, the dependence of their efficiencies on geometrical parameters and on the particle momentum were
investigated. The mean efficiency of each chamber under data taking conditions was measured to be
(95.97 = 0.21)% and (96.73 =+ 0.21)%, respectively. The losses of efficiency due to the dead channels
and to the wire supports inside the chambers were also determined. In addition, this study allowed a pre-
cise check of the geometrical position of the chambers in the CPLEAR detector. Finally, the results of the
same analysis, performed on the simulated data, were found to be in agreement with the real data results.

Apart from the symmetry tests, the large amount of semileptonic data accumulated by CPLEAR
also suggested the possibility to measure the K, electroweak form factor with small statistical uncer-
tainties. The effect of the form factor shows itself in the kinematical dependence of the K° and K° decay
amplitudes. In contrast to the CP-violation parameters, the form factor is not measured in asymme-
tries. Therefore, the absolute acceptance of the detector had to be fully understood. Only a difference
between the KJ; and the K23 form factors could be measured by asymmetries, which would indicate
CP-violation in the semileptonic decay amplitudes. However, this is not expected in the standard model
of electroweak interactions.

In this thesis, a detailed analysis of the CPLEAR simulation programme performances is presented.
Corrections based on calibration data are proposed, in order to improve the quality of the simulation
data. Then, the KO; form factor is determined by comparing the kinematics of the semileptonic wev
events in real and simulated data. For this purpose, the data selection was optimised to reject unwanted
mpv, 7tn” and 7w 79 backgrounds. The K form factor f, was found to depend linearly on the
square of the momentum transfer g? to the lepton pair, like in previous experiments:

2
q
F+(@®) = f+(0) - (1 + A =5).
m7l’
The result for the form factor’s linear energy dependence parameter A, turned out to be
g = 0.0245 + 0.001245 & 0.00295ys:-

The uncertainty of this value is similar to those of the most precise published measurements. Taking
into account this result, the world average becomes

A4 = 0.0291 + 0.0014.
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Chapter 1

Introduction

The “strange” particles were discovered in 1947 [3]. In order to include these particles in the zoo of the
already known particles, a new quantum number had to be defined, “strangeness” S. The new particles,
called kaons in modern terminology, have strangeness values S = =1, and for each state of strangeness,
the kaon has a charged and neutral component. For S = +1, the particles are the positively charged
kaon Kt and the neutral kaon K°, while for § = —1, there is a negatively charged kaon K~ and the
anti-neutral kaon K°. These particles are created by strong interactions. They may also decay, through
the weak interaction, which does not conserve the strangeness S. Here, the attractive feature of the
neutral kaons K° (§ = +1) and K° (§ = —1) appear : they are antiparticles of each other, and they
decay weakly into common final states. This suggested that K <> K° transitions might occur, due to
the weak interaction. These transitions, or oscillations, are the most sensitive probe for testing discrete
symmetries. The CP-violation was indeed discovered in the K® — K system in 1964 [1].

The kaons are mesons, hence, in the quark model, the neutral kaon K°® (K°) is composed of two
quarks, an §- (s) and a d- (d) quark. This quark structure is governed by the strong interaction. Then,
in the weak decays of K° (K), the decay amplitude also depends on the strong interaction between
the quarks. This effect can be observed in the Dalitz distribution of the neutral kaon decays, and the
experimental parameters characterising the structure, the form factors, can be determined.

The purpose of this thesis is to present the measurement of the form factor of the K° (K°) — mev
decays. Firstly, the phenomenology of the neutral kaon system is presented in Chapter 2. The form
factors are also introduced, and the present status on their experimental values is also presented.

The measurement presented in this work was part of the CPLEAR experiment, the main purpose
of which was the observation and description of CP-violation. A description of the detector is given in
Chapter 3, and an analysis of the CPLEAR proportional chambers performance is presented in Chapter 4.

Following which, the CPLEAR simulation programme, and its performances are discussed (Chap-
ter 5). Corrections are proposed to improve the quality of the simulated events.

From the data selection (Chapter 6), one obtains the final sample of K® (K°) — mev events. This
sample is then used to determine the electroweak form factor (Chapter 7).

Finally, Chapter 8 presents a summary of the results obtained and draws the conclusion to this work.




Chapter 2

The Neutral Kaon System

2.1 Introduction

The KO-K° system has very attractive features to test discrete symmetries. Most interesting is the ability
of the KO and the P to oscillate into each other through weak interactions. The phenomenology of these
oscillations is described in Section 2.2. It is explained how the violation of CP, T and CPT symmetries
is included in the phenomenological formalism. Then, the CP-violation in the 27, 37 and semileptonic
decay channels is described in Sections 2.3 to 2.5. Finally, the semileptonic decays are treated in more
detail, and the decay amplitude is expressed in terms of form factors (Section 2.6). Note that to simplify
the equations, the units & = ¢ = 1 are used.

2.2 K9 — KO Oscillations: Phenomenology

The K° and its antiparticle the K are produced by strong interactions, and they carry strangeness quar-
tum numbers S = -+1 and S = —1, respectively. The associated states |K°) and |K°) at rest are
eigenstates of the strong and electromagnetic interactions:

Ho [K?) = mo [K)
=0\ — |50 .01
Hy K°) =mg [K°),
where Hy = Hswong + Hem is the Hamiltonian of the strong and the electromagnetic interactions, and
m, (77g) is the rest mass of the K® (K®). CPT invariance of Hp is assumed, hence, the masses of
the two strangeness eigenstates are equal: m, = Mg. Due to the strangeness non-conservation of the
weak interaction the two states |K°) and |K?) couple. These states are then not eigenstates of the full
Hamiltonian H = Hp + Hyeax. In order to determine the eigenstates, one writes the most general state
| @) describing the neutral kaon as

[T (2)) = a(t) [K°) +b(t) [RO) + D es(8)1£), 2.2)
f

where a(t), b(t) and ¢(t) are time dependent functions. In the neutral kaon rest frame, the relativistic
effects can be neglected. Hence, the time evolution of the |¥(t)) state is a solution of the Schrodinger
equation

i 21 (0) = (Ho+ Hued) [¥(0). @3)
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Because of the very small coupling constant of the weak interaction with respect to the strong in-
teraction, Hyeax can be considered as a perturbation of Hy. From perturbation theory, and applying the
Wigner-Weisskopf method [4], i.e. neglecting weak interactions between distinct final states, one can
write the effective Schrodinger equation independent of the final states | ) [5]:

.0 [ a(t) a(t)
il - 2.4
“at<bu) A by ) 24
where A is represented by a two-by-two complex matrix. This matrix is used to describe the neutral
kaon time evolution, including the decay. There is therefore a loss of probability and A is not hermitian.

However, like for any complex two-by-two matrix, it can be written as the sum of two hermitian matrices
M and I

A=M— %r, 2.5)

with

: _ [ Mu M _{Tu T
with M_(Mfz Mzz) and F—<I"{2 T'sp )

M and T are called the mass and the decay matrices, respectively. The elements of the mass matrix are
given by [5]

(<¢|Hweaktf> <f|Hweaklj>) , (2.6)

M;; = mobij + (il Hueakl5) + > P my — Ef

f

where 7 and j = 1 for K® and = 2 for K°. P is the principal part, and F t is the energy of the final state
|f). The first order term in Hyeax corresponds to the direct KO +» K transitions, while the second order
term corresponds to the same transitions through virtual intermediate states.

For the decay matrix I', the matrix elements are given by

Tij =2m Y (il Huea|f) (f|Hyeaxl) - 6(mo ~ Ey), @.7
f

where the delta function expresses the energy conservation in the decay to the real state | f).
It can be shown that the following conditions on the mass and decay matrix elements hold if Hyeax
is invariant under the T, CPT and/or CP transformations [6]:

U

‘Mu - %I’u = M}, — 3 12 if T is conserved, 2.8)
My, = Mg and Ty =T'g9 if CPT is conserved, and 2.9)
| Mz — T = | M7, — §T%,| } I
if CP is conserved. 2.10)
My = My andT'y; = Tgp (

Thus, in the neutral kaon system, CP-violation is always associated with T- or CPT-violation.
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From the diagonalisation of A, the mass eigenstates of the neutral kaon system can be determined.
One obtains two eigenstates, |Ks) and [Kp), with eigenvalues As and Ar, respectively:

)
Ag =mg — 37s
; 2.1D)
AL =mp — S
Using eq. (2.4) one finds that |Ks) (|KL)) is a state of mass mg (my) and of decay width ys (yr). The
actual experimental values for these parameters are (from [7] and [8]):
Am =my —mg = 2| Mis| = (0.5274 % 0.0029) x 10'" As™*
1/ys = 75 = (0.8927 = 0.0009) x 107
1y =71 = (5.17 £0.04) x 1078s.

The eigenstates |Kg) and |[Ki) can also be expressed as a linear combination of |K®) and [K®) [6] :

1

|Ks) = —= [(1 — 2ecpT) |K0> +(1- ng)e~i<Pr‘ |K0>]
v | @.12)
Ky) = 7 [(1 + 2ecpr) 1K0> — (1 —2er)e™™T IK())] ,

with ¢r = arg(T'12). The states |[Ks) and |Ki) are normalised for ecpr = er = 0, and ecpr and et are
given by:

2iAT 2Am
(1 + Z“"‘) (Ag2 — Any)

ECPT = ZAmZ + AL? AT o)
_ AmAT - 2Am 5 ’
T IAmZ A2\ VAT )%
where AT = v5 — 7L, and 4, is defined by the relation:
6, = m — (arg(T'12) — arg(Mi2)) - (2.14)

Hence, according to eqs (2.8), (2.9) and (2.10), the parameters ecpr and et are the CP-violation param-
eters:

ecer #0 << CPT-and CP-violation
er#0 <& T-and CP-violation

Then, from eq. (2.13), one sees that the CP-violation associated with the T-violation is directly related
to the phase difference J,, between the mass and the decay matrices. It can also be concluded that the
|Ks) and |KL) states are CP-eigenstates if ecpr = e1 = 0. In this case, the eigenvalues of |Ks) and |Kr)
are CP= +1 and CP= —1, respectively, with the convention CP|K®) = |K°), and CP|K") = |K%).

Egs (2.12) can also be inverted to express |K°) and |K°) as functions of |Ks) and [Kp). Then, with
the help of eq. (2.4), one can write the time evolution of an initially pure strangeness state IKO):

L
V2

and for an initially pure strangeness state |K°):

KO(0) = (Ks) st + ) e2t) @15)

K°(¢)) = mem ((1 + 2ecpr) [Ks) et — (1 — 2ecpr) |KL) e-im) . (2.16)
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These expressions for |Ks) and [KL) can then be used to calculate the decay rate Ry(t) (Rg(t)) of an
initially pure |K°) (|K?)) state, decaying into a final state |f):

|(f | Hwead KO(2))]
(f | Hoead RO())] -

‘These decay rates are the observables which are measured in the CPLEAR experiment.

Ry (t)

- (2.17)
Ry (t)

2.3 Two Pion Decays

The two pion final states 77~ and 7%7° are CP-eigenstates, with eigenvalue CP= +1!. Since ;. has
a CP-eigenvalue CP= —1, if ecpt = e = 0, the observation of K, — 7t7~ is a sign of CP-violation.
Therefore, one defines, in 77~ decays of the neutral kaon, the CP-violation observable parameters
+- as

_{mT ™| Hyeax [KL)

_ = |np_| ettt = , (2.18)
n+ |77+ , <7T+7T_|Hweak IKS)
and, in the 7r°7r°decays, the corresponding parameter 7gg as
0.0
= o] %00 = {77 | Hluca K1) 2.19
700 = |10} € (7970| Hyems [Ks) 2.19)

Then, from egs (2.15), (2.16) and (2.17), one obtains the decay rates for initially pure states |K®) and
|KO):

A stz
Ror(t) = '—25—' [e‘”t + [nal? €T + 2|7] € 57 cos(Amit — %)] (2.20)
— A . _ s+
Rrn(t) = (1 + 4Re(er + £cer)) ‘2—S| (€7 tanl? €775 — 2] €™ FE cos(Armat — )]

(2.21)

where Ag = (7| Hyea |[Ks). From these two observable rates Ry.(t) and R (t), the asymmetry
Azn (t) is

Anp(t) = Horl) = Fos ()

R (t) + Rex (1)

) (2.22)
2 |Nar | e~ t cos(Amt — prr)

— k)
1+ [%ar ekt

= 2Re(er + ecpr) —

which is used in the CPLEAR experiment to determine n.._ [9] and ngo [10]. The results are:

In4—| = (2.316 £ 0.037) x 1073
¢4 = arg(ny_) = 42.5° £0.7°
00| = (2.47 £ 0.39) x 1073

doo = 42.0° £ 5.9°

'CP(rtr™)=Clxtn™)P(atn~)= (=1)"+~-P(x*)-P(zx~) - (~1)- = +1, for all angular momenta [_ between 7"
and 7~ . For that result, the parity of the pion P(7¥) = —1 was used, and the charge of a state formed by two bosons without
spin C(m¥a™) = (=1)4+~,
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2.4 Three Pion Decays

Two three pion final states exist: 7+7~ " and 707070, Both states are CP-eigenstates. The CP-
eigenvalue of the three charged pion final state (r+ 7~ 7°) depends on the angular momentum between
the pions. If one defines [ _ as the angular momentum between 7T and 7, and [y the angular mo-
mentum between the 7+~ -pair and 7°, the total angular momentum J is therefore restricted to the
values

[l+— — l0| <J<L -+ {o. (2.23)

Because J = 0, due to the conservation of angular momentum (K? has no spin), eq. (2.23) imposes that
I, = lo. Then, the parity of the final state is not uniquely determined. This parity depends on the
angular momentum [ and on the intrinsic parity of the pions (—1). Hence, the 777~ 70 state has a
CP-eigenvalue:

CP(n*n~n°) = CP(n+n™) - CP(x") - (=1)"°
= (+1)- (-1)- (-1)" (2.24)
= _(—1)l+_ ;

where one used the CP-eigenvalue of the w7~ state CP=+1, and the C- and P-eigenvalues of the 70,
C= +1 and P= —1. The CP-eigenvalue of the =+~ x* state thus depends on [,_. It should be noted
that the 707070 final state is totally symmetric under the exchange of two pions, hence the angular
momentum between any two pions is always even. Therefore, the CP-eigenvalue of the 07070 state is
CP= —-1.

Since the masses of the neutral kaon (497 MeV/c?) and that of the 7+~ x* state (=~ 414 MeV/c?)
are close, the high angular momentum states are suppressed due to centrifugal barrier. Therefore, the
I,_ = O state is dominant. Similarly to the two pion decays, the CP-violation observable parameter
N+—o is defined as

<7r+7r"1r0 (CP = —1) |Hyeax| Ks)

- 2.25
H=0 {7~ 70 | Hyeax| KL) ( )
For the 7%7%7° final state, the CP-violation parameter 7o is

(707070 | Hyear| Ks) (2.26)

flooo = (7r°7r07r0 l Hweakl KL>.

From asymmetries, defined analogously to the two pion decays, the values measured at CPLEAR
for the CP-violation parameters are [11] [12]:

Re(n4—o) = (—2+8) x 1073

Im(ns—o) = (—2£9) x 1073
Re('nogo) =0.18+0.14
Im(7ggo) = 0.15 £ 0.20

showing no CP-violation in Kg — 7 decays at the present experimental precision.
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2.5 Semileptonic Decays

In contrast to two pion and three pion decays, the semileptonic mév (£ = e, 1) final states are not CP-

eigenstates. Furthermore, the states 7+ ¢~7 and 7~ ¢*v can be distinguished by the charge of the lepton
£. Then, four decay rates of an initially pure K or K° can be defined:

R.(t) = Rgoosz-p+u (1), (2.27)

R_(t) = Rgo_, +4-5(1), (2.28)
which are allowed by the AS = AQ rule, and

R_(t) = Rgospig-»(t), (2.29)

R4 (t) = Rgo_ p-g+, (2); (2.30)

which are forbidden by the AS = AQ rule, at the time ¢ = 0. From these rates, one again define
different asymmetries, and determine the parameters et, ecpr and the K — Kg mass difference Am.

2.6 The K, Form Factor
2.6.1 The K9, Matrix element
In this section, the semileptonic decay of the neutral kaon (K%;) are described in more details:
K° = mey, (2.31)

where K stands for both K® and K°2. One defines the particle energies Ey, E,, E,, E,, the masses
MK, My, Me, My, and the momenta px, Px, pe and p,, of KO, 7, e and v, respectively. The neutrino
mass is assumed to be zero, m,, = 0, hence, E, = |px|. The four-momenta are denoted by p:

p=(E,p) (2.32)
The K, decay (eq. (2.31)) is characterised by its amplitude M:
M = (mev |Hyea| K°) . (2.33)

This amplitude depends on a lepton current and on a hadron current (cf. fig. 2.1). Due to the left-handed
neutrino, the lepton current j,, has the form

Ju= —U-er(l +75)Uv, (2.34)

where U, and U, are the lepton spinors and O; = 1,7,,0,x,Yu"¥s,7s stands for scalar, vector, tensor,
axial vector or pseudoscalar coupling. On the other hand, the hadron current depends on the strong
interaction between the decaying strange quark and the spectator d (or d) quark. This interaction gives
a structure to the kaon. Since this structure is not well known, one parametrizes the hadron current with

2All the results in this section apply the same way to K° and K°. Moreover, if one assumes the AT = 1/2 rule, the form of
the expressions are also adapted for the K* decays [13].
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Figure 2.1: Feynman diagram for K — 7+te~7 decay.

e

form factors f. Then, the most general matrix element for the K5 decay is a mixture of scalar, vector
and tensor terms [13]:

G —
M= EVus mg fsUe(1+v5)Uy

1 —
+ _2 [f+ . (pK +p7r)“ + f— - (pK _pw)ﬂ] . Ue')'p.(l +’75)U1/ (2-35)
+ 2—‘2-‘; [pK)‘Pw” - pKﬂpw)\} : Ueaku(l + '75)Uu] 3

where G is the Fermi constant, V, is the CKM matrix element coupling the two quarks v and s, f4
and f_. are the vector form factors, and fs and fr are the scalar and tensor form factors. Since the kaon
and the pion have no spin, the form factors are functions of only px and p.. It should be noted that no
axial-vector term contributes to M, because the two particles K® and 7 have the same intrinsic parity
(P = —1). If one assumes V-A coupling, then one can omit the scalar and tensor terms. This hypothesis
is corroborated by the current experimental limits of the ratios [8] [14]:

[fs/f+] <0.04 (CL=68%),
and:
\fr/f+] <0.23 (CL=68%).

Hence, one can consider the vector term alone in the expression of M (eq. (2.35)):
M x [f+(q2)(PK + pw)u + f- (qz)(pK - pw)#] : ﬁe')’p(l + 'YS)Uua (2.36)

where q = p; — py is the four-momentum transfer to the ev-lepton pair.

The following discussion explains how this form of the matrix element is obtained: The hadronic
amplitude (7 | Hwea| K®) must be formed from the available four-vectors. In the KY decay, the available
four-momentum vectors are px and p,. From the two variables pg and p,, one cannot construct an axial
vector, confirming thus the previously discussed statement that no axial term contributes to the matrix
element M. Hence, the hadronic matrix element has the form

(7| Hweax| K°) o fxpK + frPrs (2.37)
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where fx and f, are scalar functions of the available Lorentz invariants. In the present case, the only
invariant is the four-momentum transfer squared ¢°:

¢ = (px —px)* = (P + 1), (2.38)
which can vary in
mi < q° < (myo — myz)? (2:39)
Therefore, the form factors fx and f, are functions of ¢:
— 2
fx fK(q2 ), (2.40)
f T = fr(q )
For reasons which will become clear later, one can transform eq. (2.37) as follows:
(7 |Hueak| K®) o f1(4°) - (px + px) + F-(¢%) - (pxc ~ pu), (2.41)
where f. (¢%) and f_(q?) are linear combinations of fx (¢2) and f,(¢?):
2 2
q°) + J=lq
f+(q2) — fK( )2 fvr( )
£x(@) = £2(d?) 24
()= .

2
The term given in eq. (2.41) is the hadronic part of the complete matrix element M (eq. (2.36)), explain-
ing thus how it was obtained.

2.6.2 Relation to the Experimental Data

In the KY; decay, the Dalitz plot distribution can be measured experimentally. The form of the population
density p over the Dalitz plot can be determined from eq. (2.36), relating thus the experimental to the
theoretical distributions [13]:

pxA- 3¢ +B- () f2(d®) + C- f2(d%). (2.43)
Here,

A=mg (2E.E, —mgE.) +m? G—E; —~ E,,> :

1
B =m? (E - §E,;) , 2.44)
C= lm2E”
4 eI
with
m2 + m2 — m?2
El = E™® _F, =X 2m; ¢ — E. (2.45)

In egs (2.44), the terms B and C are proportional to m2. Since m? <« m2, B and C are negligible
compared to A. Then, eq. (2.43) can be well approximated by

p o< A (). (2.46)
In the case of K23 decays, this approximation would not apply, because m, =~ m,. The obtained

expression for the Dalitz plot distribution (eq. (2.46)) can be directly compared to the experimental
distribution, and the form factor can be extracted.
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2.6.3 The dependence of f. on g°

Before measuring the K% form factor, one discusses in this section what the expected dependence of
f+(q?) on ¢ is. Most experiments assume a linear dependence of f on ¢*:

2
F+(@) = £4(0) - (L + A 5). 2.47)

Because the typical transferred momentum is of the order of the pion mass, the term g?/m2 is of order
of unity. Furthermore, the term 1/m2 makes the linear energy dependence parameter A, dimensionless.
It should be noted that a quadratic (or other) dependence is not necessary at the present experimental
precision.

From the theoretical side, several independent predictions have been proposed for the parameter A4:

1. Gasser and Leutwyler [15], using chiral perturbation theory, obtained A = 0.030.
2. Shabalin [16], using the effective Lagrangian method, obtained A = 0.0328.

3. Afanasev and Buck [17], using the IBG [18] covariant model for the pion and the kaon, with a
given quark-antiquark interaction form, predict A, = 0.028, without parameter adjustment.

4. Finally, Kalinovsky et al. [19] also obtained A; = 0.028, on the basis of a phenomenological
application of the Dyson-Schwinger equations.

In addition, the theoretically calculated form factor f.(g2) appears to be a linear function of ¢? [17].
Hence, the linear parametrisation (eq. (2.47)) is not contradicted by theory.

From the experimental side, 19 independent measurements are listed in ref. [8] (cf. table 2.1), most
of them based on a Dalitz plot analysis. The calculated average for A4 becomes [8]:

A+ = 0.0300 & 0.0016. (2.48)

The addition of a quadratic term to f. (¢?) has also been investigated experimentally. However, it is at
the present experimental accuracy compatible with zero.

From table 2.1, one can see that the values scatter considerably, and that the most recent measure-
ment was published in 1981. There is thus a real interest to use new data samples, such as that the ones
from the CPLEAR experiment, in order to obtain a new, and if possible more accurate measurement for
the form factor f.(¢?).
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Table 2.1: List of the available measurements of the £ (¢?) linear energy dependence parameter A+. The number
of events used for each experiment, the year of the publication, and the respective reference are also mentioned.

I Ay | Nbofevents | Year [ Ref. |
0.0306 =+ 0.0034 74k 1981 [20]
0.025 =+ 0.005 12k 1978 [21]
0.0348 £ 0.0044 18k 1978 [22]
0.0312 £ 0.0025 500k 1976 [23]
0.0270 =+ 0.0028 25k 1975 (14]
0.044 £ 0.006 24k 1975 [24]
0.040 + 0.012 2171 1974 [25]
0.045 £ 0.014 5600 1973 [26]
0.019 £ 0.013 1871 1973 (27}
0.022 £ 0.014 1910 1972 [28]
0.023 + 0.005 42k 1971 [29]
0.05 £ 0.01 16k 1971 [30]
0.02 £ 0.013 1000 1968 [31]
0.023 - 0.012 4800 1968 [32]
—~0.01 +0.02 762 1967 [33]
0.01 & 0.015 531 1967 [34]
0.08 + 0.10/ — 0.08 240 1967 [35]
0.015 = 0.08 577 1965 [36]
0.07 & 0.06 153 1964 [37]

| 0.0300 % 0.0016 Average [8] |




Chapter 3

The CPLEAR Detector

3.1 Introduction

In this chapter, the CPLEAR detector [38] will be presented. The experimental constraints to mea-
sure CP-violation and the solutions adopted are explained in Section 3.2. The details of the detector
and its subdetectors are described in the Sections 3.3 to 3.10. In Chapter 4, a detailed analysis of the
performance of the two CPLEAR proportional chambers PC1 and PC2 is presented.

3.2 Experimental Requirements and Choices

The aim of the CPLEAR experiment is a precision study of the CP T and CPT symmetries with neu-

tral kaons of tagged strangeness at the production. The K% and K may oscillate mto each other and

eventually decay. The decay channels that are studied by CPLEAR are 7+ n~, ntn~ 70, n07°, 7r° 700,

mev and wpv. In order to study the tiny effect of CP-violation, the initial strangeness of K° (K ), the
lifetime and the decay channel must be measured accurately and with sufficient statistics. This leads to
the following experimental requirements and the corresponding chosen solutions:

1. The neutral kaons must be produced with a known initial strangeness. This requirement
is satisfied by producing the neutral kaons in pp-annihilations at rest in the processes (Golden
Channels):

pp — K 7tK® and
PP — K+r-&K,

each of them with a branching fraction of ~ 0.2%. Most of the other annihilation channels are
purely pionic (charged and neutral). This choice has the following interesting features:

e Due to strangeness conservation in the strong interaction, a KO (KO) is always associated
with a K= (K™). This allows the strangeness identification of the neutral kaon by identifying
the sign of the charge of the detected kaon.

e The total energy in these processes is

Eiot = 2m;, = (1876.54462 £ 0.00056)MeV,

which is used as a constraint in the determination of the K° (K ) momentum.

12
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2. The K° (KO) lifetime is deduced from the kinematical configuration of the event. In pp-
annihilations at rest, the particles are produced isotropically. Moreover, from the fact that a CP-
symmetric detector is required in order to minimise systematic effects, a spherical detector would
be natural. However, for practical reasons, a cylindrical almost-47 geometry of the detector with
the target at its centre is used. A tracking device of radius R around the target provides the
measurement of the kinematical configuration of the event. In order to measure the sign and the
momentum of the charged particles, the whole volume is embedded in a uniform magnetic field
of 0.44 T, paralle] to the cylinder axis. The radius R necessary to observe Ks-Kj. interference can
be estimated through the following approximation: the interference is observable within a time of
about 20 7 after the neutral kaon production, and the kaon has a typical momentum of 700 MeV/c
(= a velocity fx+ = £ = 0.81). This corresponds to a distance of flight d:

=
d=20-8crg =43.6cm,
which is, by requirement, the lower bound for the radius R.

3. The decay channel of the neutral kaon must be recognised. The charged particles of the decay
products (nt 7™, atw~ 70, wer) also have to be detected. Thus, approximately 20 cm more are
necessary, and the chosen radius R for the tracking device must be of the order of 60cm. A
minimum of material inside this volume is required to minimise the regeneration process of neutral
kaons. In addition, an e/r-separator and a 7°-identification are needed (cf. following points).

4. Charged kaon identification. The recognition of a charged kaon is a good signature for the
Golden Events (cf. point 1), as pp-annihilations at rest have produced mainly pions. Then, a good
particle identification detector (PID) is necessary. The chosen solution is a threshold Cerenkov
counter (C) surrounded by two scintillators (S1 and S2) placed outside the tracking device. Indeed,
all charged particles give light in the scintillators, though only fast particles give light in the
Cerenkov counter. Therefore, since kaons are heavier and thus slower than pions, they are not
detected by the Cerenkov counter, even though pions are. Thus, kaons are characterised by a
S1-C-S2 signal, while pions give S1-C-S2. This difference is used to distinguish these particles.
In addition, the information provided by the PID is also used in the e/n-separation necessary for
semileptonic event identification (cf. Section 6.3.2).

5. Detection of events containing neutral pions. Some decay channels contain neutral pions
(rtx~ 0, 7070, 7%7070). The photons resulting from their decay are detected by an electro-
magnetic calorimeter placed between the PID and the magnet.

6. Necessity for high statistics. A high rate of pp-interactions (=~ 1MHz) counteracts the small
branching fraction of the Golden Channel and provides the high statistics needed by the experi-
ment. The online selection of this small fraction of Golden Events is performed by a dedicated
multilevel trigger which reconstructs the desired events and rejects the unwanted ones. The rejec-
tion by a factor, close to 2000, reduces the trigger rate to a few hundred Hertz.

The CPLEAR detector was built according to the choices mentioned above. Figure 3.1 shows the
detector layout. The characteristics of each subdetector are now briefly discussed. A more detailed
description can be found in ref. [38].

3.3 Coordinate System

The origin of the coordinate system is at the centre of the detector. The P-beam direction, which is
aligned with the axis of the cylinder, as well as the magnetic field, corresponds to the z-coordinate, with
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Figure 3.1: The CPLEAR detector layout (longitudinal view). The antiprotons enter from the left side and stop
in the hydrogen target at the centre of the detector.

im

1
200 l\feV/c ;

positive z downstream. The y-axis is vertical and points upwards, while the z-axis is horizontal, with
positive z such that the coordinate system is right-handed.

In the zy-plane, called transverse plane, polar coordinates r and ¢ are natural since each subdetector
corresponds to a constant r. In this plane, the transverse momentum p; ([MeV/c]) is determined by the
track-curvature R ([cm]) of the particle, its charge g (in units of the electron charge) and the magnetic
field B ([kG]=[10"1T]) (cf. e.g. [8, §24.8]):

py = 0.3¢BR.

For practical reasons, the transverse plane was divided into 32 sectors, and 64 mini-sectors.
Finally, the r- and z-coordinates define the longitudinal plane, in which the z-component p, of the
momentum is determined.

3.4 Beam and Target

From 1989 to 1996, a 200 MeV/c P-beam was provided by the CERN Low Energy Antiproton Ring
(LEAR) to the CPLEAR experiment at a rate of ~ 1 MHz. After entering the detector, the antiprotons
passed through two orthogonal Multi-Wire Proportional Chambers (MWPC) which monitored the beam
profile. Then, a beryllium degrader reduced the momentum of the antiprotons so that they were stopped
inside a hydrogen target. Between the degrader and the target, a scintillator (the Beam Counter) provided
the “start” signal to the trigger electronics. While the antiprotons stop in the hydrogen, they form pp-
atoms before annihilating, such that the reactions occur at rest. Two different targets were used in
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the CPLEAR detector: until spring 1994, a spherical target of radius 7cm filled with 16 bar gaseous
hydrogen was used, and since then a 1.2 cm cylindrical target filled with 26 bar gaseous hydrogen.

3.5 Tracking Devices

The tracking was performed, from the inside to the outside, by Multi-Wire Proportional Chambers,
which provided fast information about the event configuration to the trigger, six Drift Chambers, for a
good resolution in both transverse and longitudinal planes, and two Streamer Tube layers, for further
good z-resolution and fast information to the trigger.

3.5.1 Proportional Chambers (PC)

PCO: Half of the recorded events were collected in 1995 with the cylindrical target, surrounded by a
cylindrical Proportional Chamber (PCO) of 1.5 cm radius at the wire plane. PCO was used to select events
where the neutral kaons decayed after PCO, to ensure a sufficient separation between the production and
decay vertices and thus removing pp-annihilation background.

PC1 and PC2: These two Proportional Chambers were built to provide fast information about the
event configuration to the trigger. They were 70cm long cylinders of 9.525cm (PC1) and 12.7cm
(PC2) radius at the wire-plane. More informations and a detailed study of their performance (efficiency)
is presented in Chapter 4.

3.5.2 Drift Chambers (DC)

Outside the PCs were the six 2.34 m long Drift Chambers (DC1 to DC6) with radii between 25 cm and
51 cm (table 3.1). Drift-cells of only 5 mm ensured a drift time shorter than 120 ns in a gas mixture made
of 50% Ethane and 50% Argon. Left-right ambiguities were avoided by using sense-wires doublets,
separated by 0.5 mm. The electrostatic repulsion at the operating voltage of 2200V was overcome by
gluing spacers, made of 1 mm epoxy balls, placed every 20 cm along the wire doublets. The cathode
strips of DC1, DC2, DC4 and DC6 were used for the determination of the z-coordinate of the tracks. The
total amount of material in the DCs was equivalent to 7 - 10~2 radiation lengths (Xp) and the resolution
achieved was ~ 300 um in the transverse plane and =~ 3mm in the longitudinal plane. The mean wire
efficiency was about 95%.

Table 3.1: Drift Chambers geometrical parameters.

Chamber | Mid-plane | Active | Number Number of Number of
radius length | of wires U-strips V-strips
[cm] [cm] (inner cathode) | (outer cathode)
DC1 25.46 234 160 275 285
DC2 30.56 234 192 324 336
DC3 35.65 234 224 378 385
DC4 40.74 234 256 424 432
DCS5 45.84 234 288 465 477
DC6 50.95 234 320 510 520




16 CHAPTER 3. THE CPLEAR DETECTOR

3.5.3 Streamer Tubes (ST)

Further outwards, two layers of 192 Streamer Tubes, 2.52 m long, were situated at radii between 56.8 cm
and 62.0cm (table 3.2), and provided a fast read-out of the longitudinal z-position for every charged
track, by measuring the time difference of the signal arriving at both ends of the tube. A 50% isobutane,
46% argon and 4% methylal gas mixture provided an efficiency of 98.2% per layer and a z-resolution
of 1.4 cm when operating at a voltage of ~ 4100V.

Table 3.2: Streamer Tubes geometrical parameters.

Chamber | Mid-plane radius | Active length | Number of tubes
[cm] [cm]
ST1 58.22 252 326
ST1 59.97 252 32%6

3.6 Particle Identification Detector (PID)

As was seen in Section 3.2, the kaons were identified by using a Cerenkov counter (C) surrounded
by two scintillators (S1 and S2). This constituted the Particle Identification Detector (PID). It was
composed of 32 modules, one per sector, each of 3.1 m length and with radii between 62.5 cm and 75 cm
(table 3.3). The light produced by the particles was collected and amplified at both ends of the PID
by a total of 256 photo-multipliers (two at each end for a Cerenkov module, and one at each end for
each scintillator module). The first scintillator (S1), 3 cm thick, was also used for dE/dz and time-of-
flight (TOF) measurements. The Cerenkov counter was 8 cm thick and filled with Cg F14 liquid whose
refractive index was such that particles with velocities below 8 = 0.81 did not give light (kaons in
this experiment). This threshold velocity, being very sensitive to external factors such as temperature
or aging, needed a time-dependent calibration. The calibration was performed by analysing minimum-
bias data, once per day. The second scintillator (S2), 1.4 cm thick, was mainly used to check that the
particles passed completely through the Cerenkov counter of the same module. The efficiency of the
$1.C-S2 method for kaon identification was found to be =~ 75% for momenta larger than 350 MeV/c.

Table 3.3: PID geometrical parameters.

Chamber | Mid-plane radius | Active length | Thickness | Number of elements
[cm] [em] fcm]
S1 63.84 310 3.0 32
C 69.43 310 8.0 32
S2 74.21 310 1.4 32

3.7 Electromagnetic Calorimeter (ECAL)

The Electromagnetic Calorimeter (ECAL) [39] was designed to detect photons produced by neutral pion
decays, and was also used for e/r-separation. It was 2.64 m long, placed after the PID, and covering
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75% of the solid angle. The ECAL was made of 18 layers of lead plates (converter) and 18 sampling
chambers (a total of 17112 wires). The ~ 8 tons of the ECAL corresponded to = 6 radiation Iengths,
enough for stopping photons of less than 500 MeV in energy, as was predominantly the case in the
CPLEAR experiment. The obtained energy resolution in the ECAL was o(E)/E = 0.13%/+/E(GeV)
and the spatial resolution of the photon conversion point was found to be = 5 mm.

3.8 Magnet

The outermost element of the CPLEAR detector was its magnet. It provided an uniform magnetic field
0f 0.44 T parallel to the z-axis. The possibility to change the sign of this field was necessary to control
the systematic effects due to the residual CP-asymmetries of the detector.

3.9 Trigger

A multilevel hardwired processor system (HWP) performed the fast selection of the good events [40].
After the “start” signal, provided by the Beam Counter, the selection involved five steps (fig. 3.2):

1. The Early Decision Logic (EDL) requested at least two charged tracks (> 2 S1) and at least 1
kaon candidate (> 1 S1.C-S2). Using the DCs wire information, the transverse momentum (pT)
of the kaon candidates was determined and required to be larger than a minimum of 270 MeV/c,
in order to reject false kaons. Since 1995, PCO was used at this level to reject pp-annihilation

. background by asking for exactly two tracks in that chamber.

2. The Intermediate Decision Logic (IDL) performed a first pattern recognition on charged tracks
and classified them into primary and secondary tracks, depending on whether they had at least
one hit in one of the PCs or not.

3. The HWP1 computed the track parameters and rejected events which did not match the Golden
Event hypothesis.

4. The HWP2 improved the charged kaon identification and selection by using the dE/dz and TOF
informations from the S1.

5. The HWP2.5 determined the number of showers detected in the ECAL. This information was
used to select Golden Events whose neutral kaon decayed into a state containing neutral pions,
and which had thus only two charged tracks.

As already mentioned, a rejection factor close to 2000 was achieved, reducing the trigger rate to a
few hundred Hertz.

3.10 Data Acquisition System (DAQ)

A fast and efficient information transfer between the subdetectors and the trigger was required to reach
the needed read-out rate. Therefore, the following communication protocol was designed.
Each subdetector digitised the information it had collected and stored it until a command was sent

by the trigger. Schematically, four types of commands were possible:
1. Start data taking: a new D was detected by the Beam Counter.

2. Send useful informations to the trigger.
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Figure 3.2: Description of the trigger decision procedure.
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3. Clear the stored data and wait for the next coming event signal.
4. Good event: read-out the stored data.

Each time a read-out signal was sent, every Front-End electronics sent its data to its “Root Read-Out
System” (RRO) which formated the data into a standard form. Then, the Event Builder collected all
these informations from all the subdetector RROs and compiled them into one single event of = 2Kb.
The events were then sent to tapes of 200 Mb capacity at a rate of about 400Hz. A small sample was
also analysed for the online monitoring. A full event analysis was performed online for this sample to
check the detector performance and the data quality.




Chapter 4

The Proportional Chambers:
Performances

4.1 Introduction

In this Chapter are presented the results of an analysis of the performance of the two CPLEAR propor-
tional chambers PC1 and PC2. Firstly, a brief introduction to the general operating principles of the
Multi-Wire Proportional Chambers (Section 4.2) is given. Then, the characteristics specific to PC1 and
PC2 are treated (Section 4.3). Finally, their performance are analysed (Section 4.4).

4.2 Operating Principles

The task of the Multi-Wire Proportional Chambers (MWPC), as for any tracking detector, is to determine
the spatial position of the particles crossing their active region, by measuring the electric signal triggered
by their charge. The shape and the intensity of this signal might also be used for particle identification.
This measurement should be done with a minimal amount of material, to avoid particle scattering and
absorption. To achieve this goal, the MWPCs are built according to the following general principles.

The charged particles pass through a gas mixture, in which ionizations occur through energy-loss
processes, creating primary electron-ion pairs along their tracks. In order to collect these charges, and
to create the detectable signal, an electric field separates the electrons from the positive ions. They
are collected at the anode and the cathode, respectively. However, given the number of primary pairs
alone, this would not be sufficient to generate a distinguishable signal from random noise. Therefore,
a purposely strong electric field accelerates the electrons and gives them enough energy to produce
secondary ionization pairs. Thus, an avalanche is trigged leading to a detectable signal.

In practice, thin wires (the anode) are placed between two planar cathode walls (fig. 4.1). The anode
is connected to the ground (0 V) while the cathode voltage Vj is set to a negative voltage of a few kV.
This creates an electric field which increases in strength from the cathode to the anode. The maximum
of the field Ey;. is obtained close to the surface of the wires (cf. refs [41], [42], [43]):
CW 1
2meq o]
where r, is the wire radius (7.5 ym in PC1 and PC2) and C is the capacitance per unit length of the
anode wire with respect to the cathode [41]:

4.1

Ewire =

2meq

—Z—l — In(#Lay’

C = “4.2)
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Figure 4.1: Transverse view of a cylindrical proportional chamber.

INNER CATHODE WALL

where [ is the half-gap between the cathode walls, and s is the separation between 2 consecutive wires.
For the CPLEAR MWPCs PC1 and PC2, the corresponding parameters are given in table 4.1 and
lead to a capacitance

C = 44578 -10"2Fm™!
and to a maximum electric field
Eyire(2700V) = 28312.5 kVm™!

at the nominal voltage of 2700 V. Such an electric field is sufficient to give an electron the necessary
energy of 26 eV to ionize argon atoms, within less than 1 4m, and thus trigger the avalanche process.

The properties of the gas used in such chambers are also very important. It must have a low ionization
potential to allow a high primary and secondary ionization rate. This is achieved by using a noble gas
as the main component. Argon is the most commonly used because of its low cost. However, although
the avalanche would be efficiently created, the process would diverge. A continuous discharge would
appear, because the exited and ionized atoms would return to their ground state by emitting photons.
These photons would be energetic enough to extract new electrons from the cathode, thus maintaining
the discharge. In order to counteract this effect, a quencher gas is added to the argon. The quencher
is usually a polyatomic gas (isobutane C4Hjg in PC1 and PC2), which absorbs the photons emitted by
the de-excitation of the Argon atoms over a large energy range. A third component is added to the
gas mixture, in order to reduce the mean free path of the electrons, and thus avoid that the avalanche
propagates to more than one or two wires, thus reducing the spatial resolution. This is achieved by adding
a small amount of an electronegative gas (freon 13B1 (CF3Br) in PC1 and PC2). The proportions and
the components of the final gas mixture were chosen after an extensive study [41] and re given by the
volume fractions, for PC1 and PC2:

argon: 79.5%
isobutane: 20.0%
freon: 0.5%.
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This gas mixture gave the best signal amplification, without electric discharge. The signal amplification
is characterised by the gas gain G, defined as the ratio

N

G=—, 4.

-~ “4.3)
where N is the total number of charges collected, forming the signal, and ng is the number of primary
electron-ion pairs created. In order to calculate G, « is defined as the probability of ionisation per unit
path length, due to the passage of an electron,

1
=1

where A is the mean free path. A depends on the nature of the gas, as well as on the electric field E. So,
« is also a function of E, itself dependent on the position z. Thus o = a(z). There will then be

o 44)

dn = na(z)dz 4.5)

electrons created along a path dz for n initial electrons. In a simple cylindrical geometry, with one single
wire, the total number of electrons N is then by integration

N =n,exp [/Tb oz(x)dx] , (4.6)

where 7, is the wire radius and ry, is the cathode inner wall radius. Hence, from eqs (4.3) and (4.6)

G =exp [ / " a(x)dm} . (C%))

Different models were proposed to describe the form of o (z). Rose and Korff [44] e.g. proposed
a Bp
—=4A - 4.
» exp < I ) ; 4.8

where p is the gas pressure, E the electric field, A and B are gas-dependent constants.

4.3 PC1 and PC2 Characteristics

The CPLEAR proportional chambers PC1 and PC2 were built to provide the trigger with fast information
about the event configuration. They were 70cm long cylinders of 9.525cm (PC1) and 12.7cm (PC2)
radius at the wire-plane. Each chamber had a wire spacing of 1.039 mm so that PC1 and PC2 had 576
and 768 wires, respectively. The 15 um diameter wires made of gold-plated tungsten were placed in a
6 mm gap between the inner and outer walls, and filled with agas mixture of 79.5% argon, 20% isobutane
and 0.5% freon 13B1 (proportions by volume). The 2 mm thick walls were made of a sandwich structure
of aluminized kapton-foils, used as cathodes, rohacell foam used as support, and aluminised kapton-foils
again. Each chamber had a total surface density of 41.5 mg/cm?, corresponding to 1.1 - 10~3 radiation
lengths (Xp). The voltage between the anode and the cathode was set between 2600V and 2750 V. In
order to counteract the repulsive electrostatic forces between the wires, two rohacell wire-support rings
were included 17cm and 15 cm, from the centre of PC1 and PC2, respectively. The main geometrical
characteristics are summarised in table 4.1.
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Table 4.1: Proportional Chambers PC1 and PC2 characteristics (cf. fig. 4.1).

characteristic PCl1 PC2 |
Inner cathode radius R; || 92.25mm | 124.00 mm
Wires plane radins B, || 95.25mm | 127.00 mm
Outer cathode radius B, || 98.25mm | 130.00 mm

Gas gap (= 2]) 6.00mm | 6.00mm
Wire spacing s 1.039mm | 1.039 mm
Number of wires 576 768
Wire diameter (= 27,) 15 pm 15 um
Active length L 700.0mm | 700.0 mm

Covered solid angle [sr] || 0.965-4x | 0.940 - 47

4.4 Efficiency of PC1 and PC2

4.4.1 Introduction

The influence of various geometrical parameters such as z, ¢, and the track inclination angle at on
the efficiency of the proportional chambers PC1 and PC2 was studied. The dependence of the effi-
ciency on the track total momentum py, the cluster-size CS and the polarity of the magnetic field were
also investigated. The data used were “minimum bias” (trigger T1) events taken using two different
target geometries: that of run period P26, using the spherical gas target and that of period P29, using
the cylindrical high-pressure target together with the chamber PCO. Both geometries were found to
give compatible results. These results were then used to check the simulation data description of the
proportional chambers (PCs).

4.4.2 Method

The efficiency is determined by comparing the number of reconstructed tracks which have all eight
tracking chamber hits to those which have only seven hits, where the missing hit is in one of the pro-
portional chambers. It is assumed that the pattern-recognition and track-fitting programmes reconstruct
7- and 8-hit tracks with the same efficiency. One defines 7); as the efficiency of the ith chamber (PC1 to
DC6). Then the probability for a track to have eight hits is given by

8
P8 = Hﬂu
i=1

and the probability to have seven hits with the it* chamber missing is

1 —n
Py =Py —"
i
If the observed number of 8-hit tracks is Ag and 7-hit tracks is A7; (one hit missing in ith chamber), then
A8=N-P3 and A71'=N-P7i,

where N is the number of tracks crossing the active part of the detector. Ag and A7; are the measurable
quantities. One deduces that
_ As

N_Pg
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and
A 1—1
A7i=F§'P’(i:A8’ L
8 A
Finally,
Ag
; = —— 4.9
%= Aot A 4.9)

The number of successful observations Ag follows a binomial distribution for a total of N = Ag +
A7; independent observations. Then the unbiased variance of 7; is

Ag - Ap;
2 8 7i
o = 4.10

¢ (Ag + A7i)2 . (Ag + Az — 1) ( )

4.4.3 InputData

In order to avoid any bias due to the efficiencies of the chambers being used as a data selection criterion,

only “minimum bias” trigger T1 data were used. All the runs analysed from periods P26 (spring 1994)

and P29 (summer 1995) had constant PC running conditions (HV = 2650V, threshold voltage for the
~output signal Vipreshola = 3.0V and constant gas mixture). For the simulation data, true pions were

selected from trigger T23 semileptonic golden events, also based on period P25 conditions, in order to
- simulate as close as possible the trigger T1 characteristics. The data used are summarised in table 4.2.

Table 4.2: Selected raw and simulated data (Monte-Carlo) used in the study.

P26 data P29 data | P25 Monte-Carlo
27 Ml runs { 21 M1 runs 25 M1 runs
27 M2 runs | 20 M2 runs 0 M2 runs

4.4.4 Analysis Programme

The raw data from each run were first processed by reconstructing the tracks of each event using the pat-
tern recognition and the track-fitting programmes (version 5) and then written-out in MINRAW format.
The efficiency analysis is then performed on the MINRAW data by a separate programme which applies
the following selection criteria: '

1. For each track the parameters of “closest approach™ to the centre of the detector, in the transverse
plane (EPSFIT), and in the longitudinal plane (ZOOFIT), are computed and the following cuts
applied:

|[EPSFIT| < 3.0cm |ZOOFIT| < 5.0 cm
No significant change in the results was found when a cut at 0.5 cm was applied to both parameters.

2. A ftrack is kept if it contains 7 or 8 hits (not counting the streamer tubes). If it has 7 hits, the
missing chamber must be one of the PCs.
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3. The cluster-size (CS) of the hits in the PCs and the track inclination angle (o) with respect to the
perpendicular, at the crossing point of the wire plane in the transverse projection are determined.
Then for each of the variables ¢, z, po and cos ar and for each chamber, two histograms are
filled. One contains events with 8 hits (providing the As observable) and the other with only 7
hits (providing the A7; observable for chamber ¢ only). Finally the efficiency histogram for each
variable and chamber (figs 4.2, 4.4, 4.7 and 4.8) is obtained by applying equations (4.9) and (4.10)
to the relevant pair of histograms on a bin-by-bin basis.

4.4.5 Mean Efficiency

The mean efficiency of each of the chambers was computed by leaving the total momentum po, the z at
the crossing point and the angle ¢t as free parameters. Thus the mean efficiency in the standard data
taking detector configuration is obtained. Table 4.3 shows the number of tracks observed with eight

Table 4.3: Number of tracks having 7- or 8-hits, for magnetic field polarities M1 and M2.

As M1 M2 Az; | Ml M2
PC1 | 1899376 | 1761020 || PC1 | 80375 | 73242
PC2 | 1899376 | 1761020 || PC2 | 63952 | 59621

hits (A4s) or seven hits (A7) in PC1 and PC2 for both magnetic field polarities (M1 and M2). These
values give the following efficiencies:

= npcy(M1) = (95.940 £ 0.014)% npc1(M2) = (96.007 = 0.014)%
= npce(M1) = (96.743 £ 0.013)% npca(M2) = (96.725 % 0.013)%

The above quoted uncertainties are purely statistical. The trigger T1 data were however taken over an
extended period of time and therefore subject to fluctuations in detector conditions, beyond a purely sta-
tistical nature. An estimate of the uncertainty introduced by such effects gave an additional uncertainty
contribution of £0.21% . Thus, it can be concluded that within the uncertainties the efficiencies are
independent of the magnetic field polarity and that the mean efficiencies of the PCs, under the specified
running conditions are:

npc1 = (95.97 = 0.21)%
npca = (96.73 % 0.21)%.

Specifying that the tracks should cross the chambers with an angle oy such that cos ar > 0.995 causes
the efficiencies to increase to (96.18£0.21)% for PC1 and (96.84+0.21)% for PC2 (see Section 4.4. 12).

The trigger however uses the PCs information in an “OR” logic, such that a track is recognised as
a “primary” at the IDL level if “PCI OR PC2” have a hit. This then gives the relevant combined PC
efficiency of

n=1-(1—npc1)- (1 —npca) = (99.87 = 0.01)%.

During the P26 data taking period, PC1 had 8 dead channels (in 576) and PC2 had 5 (in 768). This
corresponds to a loss of efficiency of 1.39% for PC1 and 0.65% for PC2. This then gives the intrinsic
efficiencies of 7pc1 = (97.36 £ 0.21)% and npcz = (97.38 & 0.21)% (see also Section 4.4.10).

IThe variance of the distribution of the efficiencies measured for each run is a measure of these fluctuations, convoluted
with the statistical uncertainty. The latter are known and have been deconvoluted to obtain the uncertainty due to fluctuations.
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4.4.6 ¢-dependence of the Efficiency

The plots of figure 4.2 show the ¢-dependence of the efficiency (64 bins, each corresponding to a cham-
ber sector, i.e. 9 wires/sector for PC1 and 12 wires/sector for PC2). The inefficient sectors are unam-
biguously related to the dead channels. The frequency plots (fig. 4.3) are constructed from the ¢-plots
and show the scattering of efficiencies about their means. The mean efficiencies as determined from
the frequency plots are consistent with those obtained using the method outlined in Section 4.4.2 (equa-
tions (4.9) and (4.10)) and thus serve as a consistency check.

Figure 4.2: Efficiency versus ¢ in PC1 and PC2.
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Figure 4.3: Frequency plots of the efficiencies in the ¢-distributions.
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4.4.7 Z-dependence of the Efficiency

Figure 4.4 shows the efficiencies of PC1 and PC2 as a function of the z-position of the track when
crossing the chamber. The track selection was the following: po was left free and the angle o had to
fulfil the condition cos ar > 0.995, in order to remove tracks with significant transverse momentum.
The two “spacers” [41], to which the anode wires are attached, in order to counteract the repulsive
electrostatic force between neighbouring wires, can clearly be seen and their positions used to perform
several checks. Firstly, since these spacers have geometrically fixed positions, they can be used as a
sensitive and relatively bias-free 2 test of magnetic field polarity invariance, by comparing their positions
as reconstructed by tracks from both field polarities M1 and M2. Secondly, the longitudinal positions of
the chambers and their active lengths can be checked. Finally, the efficiency loss due to the spacers can
also be checked.

Figure 4.4: Efficiency versus z in PC1 and PC2.
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4.4.8 Position of the Spacers

By fitting an inverted Gaussian to the z-efficiency profiles (e.g. fig. 4.5), the positions and separations
of the spacers could be determined (table 4.4) and the above mentioned checks performed. By looking

Table 4.4: Position of the spacers, their separations and the deduced 2-shifts.

Field | Chamber First spacer Second spacer Separation z-shift
[mm] [mm] (mm] [mm]
M1 PC1 —156.11 £0.09 | 185.28 = 0.14 [ 341.39+0.17 | 14.59 £ 0.08
PC2 —137.05+£0.05 | 164.79£0.04 | 301.84+0.06 | 13.87 +0.03
M2 PC1 —155.73+0.09 | 185.68 £0.14 | 341.41+0.17 | 14.98+0.08
PC2 ~136.91 £0.04 | 164.94£0.04 | 301.85+0.06 | 14.02£0.03

at the difference (M1-M2) for each of the two spacers, the magnetic field polarity invariance can be
tested. The values are consistent for each chamber but non-zero with a significance of (2.0 — 2.9)c
corresponding to a confidence level of (2.3 — 0.2)%, thus showing an incompatibility between M1 and
M2 at this level.

2The only known biases are: the magnetic field knowledge, the pattern recognition logic and the track fitting procedure.
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Figure 4.5: M1-fits of the z-positions of the spacers.
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The spacer separations for each chamber are very consistent with each other (table 4.4) and compati-
ble to better than 2 standard deviations with the construction values of (340 1.0)mm and (300+1.0)mm
for PC1 and PC2 respectively. A possible increase in the separation values and a shift of the centre of
the spacer positions due to the track inclination angle with respect to the z-axis (“2-dilation effect”) was
calculated to be negligible.

The spacer positions also lead to a mean 2-shift (downstream) of the centre of the PCs with respect
to the “official” (offline) centre of the detector. From an analysis of the four z-shift values (table 4.4)
and assuming an M1/M2 compatibility, justified by the the small absolute differences, as compared to
the size of the effect, a chamber dependent shift is found. The chamber shifts with respect to the official
centre of the detector are:

PC1:
PC2:

The quoted uncertainties have been pessimistically chosen to include both extreme values, as the devia-
tion from the common mean for PC1 as well as for PC2 is 2.50. Nevertheless, the shift values are highly
significant! This rather surprising result was checked by looking at the extremes of the z-distribution of
track-hits in the other tracking devices i.e., DC4, DC5 and DC6 for the Drift Chambers (DC) and ST1
and ST?2 for the Streamer Tubes (ST) by using only the inner chambers for the track selection, thus en-
suring the ends of the active region could be seen. These tracking devices confirm a general downstream
shift of the centre of the detector. Considering all values together however suggests a radial dependence
of this shift, with the individual values being:

(+14.79 + 0.28) mm
(+13.95 £+ 0.11) mm.
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DC4: (+11.0 & 2.1)mm
DC5: (4+12.5 &+ 2.1)mm
DC6: (+10.5 %= 2.1)mm
ST1: (47.5 £ 2.5)mm

ST2: (+10.0 £ 2.5)mm

Figure 4.6 shows two separate straight line fits to the seven shift values. Assuming a radial dependence
gives a x2/dof = 0.88 corresponding to a confidence level of 49.7%, whereas assuming no radial
dependence gives a x2/dof = 3.79 corresponding to a confidence level of 0.08%, thus confirming the
significance of a radial dependence. Whether this is physical effect or an artifact of e.g. the track fitting
would need further investigation.

Figure 4.6: z-shift of the sub-detectors as a function of their radii.
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4.4.9 Active Length and Geometry of the PCs

By asking for all drift chambers to be present, the expected active lengths of the PCs using “minimum
bias” data are constrained by the active length of the DC6 drift chamber. Taking into account the finite
size of the selected region of tracks from within the target these maximum lengths are 519 mm for PC1
and 658 mm for PC2. From figure 4.4, one measures a non-zero efficiency in PC1 between (—257 £
10)mm and (+260 = 10)mm. This gives a measured total active length of (517 & 14)mm. For PC2 the
corresponding value is (652 & 14)mm. So, the different shape of the z-dependence for PC1 and PC2 is
confirmed to be consistent with the difference in geometrical acceptance.

4.4.10 Loss of Efficiency Due to the Spacers

The efficiency loss due to the spacers can be evaluated by an integration of the fitted Gaussian to
the spacer inefficiencies (fig. 4.5). The effect of the two spacers is (548 =+ 19)[mm-%] in PC1 and
(1125 + 31) [mm-%] in PC2, where [mm-%] is the unit of integration of the efficiency over z. Nor-
malising these values to the full active length of 700 mm in the PCs [41], one obtains the following
efficiency losses due to the spacers:

(0.78 +0.03)% loss in PC1
(1.61 % 0.04)% loss in PC2

These are consistent with the value of about 2% per chamber obtained in a test using a pion beam at
normal incidence [41]. For inclined tracks (with respect to the spacers), as is the case in the CPLEAR
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detector, the inefficiency is expected to be reduced. This qualitatively also accounts for the difference
between the values for PC1 and PC2, as each set of spacers were purposely placed so as to be misaligned
for inclined tracks.

44.11 po-Dependence of the Efficiency

Figure 4.7 shows the momentum dependence of the efficiency and is characterised by three main fea-
tures:

o arelatively flat momentum dependence above 350 MeV/c;
e arise in the efficiency below 350 MeV/c;

e afall in the efficiency at low and high momentum in PC1, while remaining rather constant in PC2.

Figure 4.7: Efficiency versus total momentum po.
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The first two features are consistent with that expected from the energy-loss of charged pions. In-
deed, since “minimum bias” trigger data were selected, the dominant type of charged particles are pions.
Their energy-loss calculated for the PC gas medium shows a relatively flat momentum dependence above
350 MeV/c and a rise below 350 MeV/c.

The third feature is related to the momentum resolution which is directly proportional to the track
curvature resolution. The latter has various contributions arising from: the spatial resolution, track-
length, number of sampling points and multiple scattering [8, §24.8]. The largest contribution to the
momentum uncertainty comes from the track-length L and is proportional to 1/ L2. Thus different track
lengths, which can be caused by a difference in the number of hits, lead to a difference in the width of the
measured momentum spectra. This difference in width leads directly to a momentum dependence of the
7-hit to 8-hit track ratio, which is essentially a measure of the efficiency of the chamber (cf. eq. (4.9)).

Thus for PC1 the track-length for 7-hit tracks is approximately given by the radius difference be-
tween DC6 and PC2 (LEC! ~ rpge — rpc2 = 382.5mm), which is smaller than that of 8-hit tracks,
given by the radius difference between DC6 and PC1 (L' ~ rpgg — rpc1 = 414.25mm). Hence
the momentum uncertainty for 7-hit tracks in PC1 is approximately 17% larger than that for 8-hit tracks
((LEC! /LEC1)2 = 1.17). This ratio is unity for PC2 as there is no radius difference for the two cases.

It is this difference between the two chambers, together with the sensitivity to the 7-hit to 8-hit track
ratio which causes the loss of efficiency at the ends of the PC1 spectrum compared with that of PC2.
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44.12 cosar-dependence of the Efficiency

In the track selection, z and pg are left (ree. The efficiency of the chambers is plotted as a function of
coc a (fig. 4.8). The observed behaviour has been qualitatively reproduced by a simulation taking into
account the geometry of the chambers and the primary ion-pair production and collection in the gas mix-
ture used. The overall behaviour of the efficiency versus cos a is governed by two partly compensating
effects; as cos ar increases, the path-length and therefore the primary ion statistics increases, while the
survival probability due to capture decreases.

Figure 4.8: Efficiency versus cos at.
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4.4.13 Cluster-Size versus cosary

The interest of this relationship is to show quantitatively the correlation between the cluster-size (CS)
and aT, where the cluster-size is defined as the number of adjacent hit wires per track crossing. The
mean CS is found to be the same in PC1 and PC2:

CS=1.12

The probabilities for different cluster-sizes is shown in table 4.5, from which one concludes that for both
PC1 and PC2, the probability to have a CS greater than 1 is about 10%, while there is less than 1.5%
probability of having a cluster-size larger than 2.

Table 4.5: Absolute cluster-size probabilities.

CS | =1 =2 | >3
BCI | 90.01% | 8.84% | 1.15%
PC2 | 88.45% | 10.37% | 1.16%

4.4.14 Results from the Analysis of Simulated Data

The same analysis was applied to simulated data. Pions from 25 runs of semileptonic golden events
(Trigger T23) were used, corresponding to about 130000 tracks. One finds a mean efficiency 0.5% and
1.5% lower than that of the real data for PC1 and PC2, respectively. The ¢-, z- and po-dependences
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of the efficiency are also comparable. However, the spacer positions of +150 mm and +130 mm for
PC1 and PC2 respectively, are 20 mm different compared to the construction values and significantly
different to the real data values (cf. table 4.4). This difference makes the simulated separations wrong by
40 mm. The efficiency losses due to the spacers are respectively 1.9% and 2.2% for PC1 and PC2. This
corresponds to the value of 2% per chamber quoted in reference [41] for non-inclined tracks. However
in the real data (see Section 4.4.10) the selection of inclined tracks due to the spacer positions leads to
smaller efficiency losses (0.8% for PC1 and 1.6% for PC2).

The cos ar-dependence as described by the simulation programme is qualitatively in agreement
with that of the real data. The mean cluster-size of 1.16 found from simulated data originates from
reference [41] and corresponds to a chamber high-voltage of 2700V. The value of 1.12 as found in the
real data (see Section 4.4.13) is understandably somewhat smaller because a high-voltage of 2650V was
standard for running periods P26 and later.

Finally the probability for a particle to give a signal in more than one wire is about 15% (10% in real
data), while less than 1.0% (1.5% in real data) give a signal in more than two wires.

4.4.15 Summary and Conclusions

Using a simple and reliable method to determine the chamber efficiency, the dependence on various
parameters was investigated and checked against the corresponding response from simulation data. The
main points of this study may be summarised as follows:

¢ The mean running efficiencies of the chambers were found to be:

nec1 = (95.97 £ 0.21)%
npcz = (96.73 £ 0.21)%

The simulation data essentially gave the above results except for a 0.5% and 1.5% lower efficiency
for PC1 and PC2 respectively.

¢ The ¢- and 2-response from simulation data were found to be comparable to that of the detector
data, apart from the simulated z-positions of the spacers. From a study of the tracking devices it
was found that there was a significant downstream shift of the centre of these devices with respect
to the “official” offline centre. For the PC1 and PC2, this shift corresponds to (+14.79=+0.28) mm
and (+13.95 =+ 0.11) mm, respectively.

e The difference in the M1 and M2 spacer positions, although being small, provides a sensitive
test of magnetic field invariance. These differences were found to be significant at the level of
(2.0 — 2.9)0, indicating that the effect can only be due to one, or a combination of, the three
presently known sources: the magnetic field knowledge, the pattern recognition logic or the track
fitting procedure. ‘

o The observed difference in momentum dependence of the efficiency between PC1 and PC2, for
the detector data, can be understood by the difference in momentum resolution for 8-hit and 7-
hit tracks in PC1. However the general form of the spectrum is governed by the energy-loss of
charged pions in the chamber gas. The equivalent simulated spectra show a similar behaviour.

¢ Qualitative agreement was found between the detector and the simulation data results for the
cos ar-dependence of the efficiency.

¢ The difference found in mean cluster-size between detector and Monte-Carlo data can be ex-
plained by a different assumption of the detector running conditions in the simulation.
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e Finally, the probability for a particle to give a signal in more than one wire is about 10%, while
less than 1.5% of events give a signal in more than 2 wires. The corresponding results from
Monte-Carlo were found to be 15% and 1% respectively.

Thus, it has been shown that the operational characteristics of the proportional chambers are well
understood and that apart from some minor descriptive errors in the Monte-Carlo, they are reasonably

well reproduced.




Chapter 5

The CPLEAR Simulation Data

5.1 Why Use Simulation Data?

When an experiment involves many physical processes in a complicated detector geometry, such as
CPLEAR, it is not possible to describe its behaviour analytically. But the individual physical (particles),
geometrical (detector) and logical (trigger) properties of the system are known. This knowledge can then
be used to simulate events with the same characteristics as the real events. This simulation is described
in Section 5.2 for the specific case of CPLEAR, and the produced database is presented in Section 5.3.

The simulated events are first used to check the understanding of the experimental setup by compar-
ing them with the real data.

Another interesting feature of the simulated data is their ability to describe the signal as well as the
background events, and thus to determine the acceptance of the experiment for different kinds of events.

The simulated data may also be used to measure a real physical effect, which is not included in the
generation of the simulated events, but which is of course present in real events. Thus any deviation
from one sample to the other may signal either the use of a wrong parameter in the simulation pro-
gramme, such as one of the detector characteristics, or a new, or a neglected physical process which
was not included in the simulation programme. The analysis presented in Chapter 7 relies on this tech-
nique to measure the K form factor in the semileptonic decays. Therefore, it is necessary that the
simulation reproduces correctly the real events, however some corrections might eventually be needed
(Section 5.4). After the final data selection (cf. Chapter 6), the quality of the simulated data will be
checked by comparison with the real data.

5.2 Principles of the Event Generation

The CPLEAR detector was simulated with the programme CPGEANT [45], which is the adapted version
of the GEANT programme [46] to the geometry of the CPLEAR apparatus. The principle of the event
generation was the following:

Generation: The pp-annihilation Golden Channel was selected and the particles momenta were gen-
erated according to the available phase space, using the routine GENBOD [47]. The intermediate reso-
nances (K**, K%, ... ) were also simulated.

Tracking: The particles then evolved in the detector material and the magnetic field. Multiple scat-
tering, energy-loss and §-ray emissions were taken into account according to the material distribution.

33




34 CHAPTER 5. THE CPLEAR SIMULATION DATA

However, the regeneration of K? into K2 in matter was not simulated and have to be corrected for
separately (cf. Section 6.5).

Digitization: When a particle crossed a sensitive medium, its position, momentum and energy-loss
were used to define the signal observed by the corresponding subdetector, according to its known per-
formances. The random noise inherent to any detector was also generated and included in the event
data.

The decay of the generated kaons, pions and muons was simulated with the corresponding lifetime.
The neutral kaon decay channels were chosen according to their respective branching fractions, and the
decay product kinematics was generated by GENBOD in the available phase space. It must be noted
that the linear parameter of the K%; and Kgs form factors was included in the simulation with the value
A4+ = 0.03. The following effects were not included:.

e The matrix element of the K®-decays into three pions was neglected, and the decay products were
generated uniformly in the phase space.

e No radiative decays were generated.

The event generation was finished when all particles had decayed or had reached the outside of the
apparatus.

Trigger Simulation: The trigger decision was then simulated and if the event was accepted, it was
transfered on tape. The generated history of each event was recorded together with the simulated detector
response, because both of these informations are necessary to associate the observed behaviour to the
generated characteristics of an event.

The next steps of the simulated data analysis are the same as for the real data. The two analysed
samples are directly comparable. The selection criteria (Chapter 6) and the data structure are identical.
The sole difference is that the generated (zrue) information is stored together with the simulated detector
response.

5.3 The CPLEAR Simulation Event Sample

The CPLEAR simulation data includes Golden Events in which the neutral kaon decays into one of the
following channels: ntz~, 7tn~ 7%, 7070, n%7%x°, mev and wuv. Independent data samples were
generated for each decay channel. The characteristics of the simulation data used in this thesis are the
following:

o The generated neutral kaons are restricted to lifetimes in the range (0 — 30) Tg, and the decay
rmust occur within 45 cm radius, and 40 cm in the z coordinate. The K° (K ) decay rate was
generated uniformly (FLAT) or exponentially (EXP). The latter case was only applied to the K2
decay channels, ie. 7+7~ and 7070, since the K{ decay rate varies only by 5% in the above
lifetime range.

e One sample of simulation events was generated according to the running conditions of period P25
(auturnn 1993), with the spherical target. After the introduction of the cylindrical target and PCO,
anew simulation was generated, based on the running conditions of period P28 (spring 1995).

e In order to reduce the data size, a minimal trigger was applied (T23=EDL), asking for one kaon
candidate with p; > 270 MeV/c plus one other track (cf. Section 3.9).
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The number of generated events with these conditions for each decay channel is summarised in table 5.1.

Table 5.1: Number of events generated in each decay channel.

Period | Type Tt atr=xl ey TUY
P25 | FLAT | 301442800 | 60'0007000 | 1300007000 | 60°000°000
P25 EXP | 105520000 0 0 0
P28 | FLAT | 89'950'000 | 48'900'000 | 7917787'044 | 122'560'000
P28 EXP | 380000000 0 0 0

5.4 Corrections to the CPLEAR Simulation Data

From the simulation data, the generated spectrum of different variables was compared with the corre-
sponding spectrum from the real data. It was found that the simulation of the energy loss dE /dz of the
scintillators (S1 and S2), the number of photo-electrons dn /dz from the Cerenkov counter (C) and the
time-of-flight Zof were not compatible with the real data. It was clear then that the simulation of the
particle identification detector (PID, cf. Section 3.6) needed to be improved. Similarly, the simulated
Dalitz distribution of the particles generated in the pp-annihilation was not compatible with the real data,
and again the simulation had to be improved.

Two different methods were investigated to perform the correction (Section 5.4.1). Their advantages
and disadvantages lead to the choice of the best method for each case. Then, the corrections and their
results are described (Sections 5.4.2 and 5.4.3).

S.4.1 Method: Weights or Modification of the Event Characteristics

This section shows how the simulated data can be corrected. Two methods are discussed. Also shown
is how the number of generated events is modified when the correction is applied to the measured
distribution of the simulation data.

It is assumed here that the measured spectrum of a variable z in the simulation data My(z) is
incompatible with the corresponding measured distribution in the real data M,4(z). The measured
distribution My,.(z) from the simulation data is related to the generated distribution G ,c(z) by

Mpo(z) = a(z) - Gpe(z), G.1)

where a(z) is the acceptance. Similarly, the measured distribution M;4(z) from the real data is related
to the generated distribution G4(z) of the real events by

Mrd(x) = a(x) : G’rd(a")’ (5.2)

where it is assumed that a(z) is the same for real and simulation data, since their selection procedures

are identical.

For the correction, one defines a weight

M’rd (.’E)
Mope(z)’

Corrections with weights:

(5.3)

w(z) =
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and multiply the number of simulated events localised at z by w(z), such that the corrected distribution
has the same shape as the real datal. This correction modifies the generated distribution Gp,e() into

G;nc(x) = Gme(z) - w(z), (5.4)

Then, the number of generated events Ny, = f Gme(z)dz becomes

/ G (z)ds = / Gme() - w(z)da. 5.5)

It is then necessary to know the function Gyc(z) to determine the value of Ny, ., which will be used to
normalise the simulated decay channels (cf. Section 7.2).

If Gme(z) is unknown, the corrected number of generated events N,,. cannot be evaluated by
eq (5.5). Nevertheless, using the approximation that the weight w(z) is approximately constant over
z,

w(zr) ~ W, (5.6)

one can compute from eq (5.5)

N~ / Go(2)de =T+ Nime 5.7)

Correction by modification of the measured spectra: Difficulties arise if the approximation given
by eq (5.6) does not hold. In this case, an alternative solution is to modify the distribution of x by
moving an appropriate fraction of the simulated events from one value of z to another value z', such that
the measured simulated event distribution M, .(z) is equivalent to the real distribution M, 4(z). By this
method, the total number of measured simulated events is conserved,

/ M, (z)dz = / Mpyo(z)dz. (5.8)
The modified number of generated events N}, is
N, = / G’ (z)dz = / M’Inc (5.9)
In eq. (5.9), the integral can be evaluated if one uses the approximation

which is justified by eq (5.8), if the acceptance a(z) is approximately constant. Then, from eqgs (5.9)
and (5.10), one obtains that the number of generated events is not modified by the correction:

Nppe = / N‘Z'Z;(x) dr = / Crme(z)dz = Nine (5.11)

1See Section 6.5 for more explanations about the method of the weights.
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Conclusion about the correction method: The validity of the approximations given by egs (5.6)
and/or (5.10) will determine which method should preferably be used. The choice will also depend on
the necessity to avoid large weights. Furthermore, using weights, correlated variables will have to be
corrected all by one single weight?. The statistics in each bin would then decrease, diminishing the
quality of the correction. On the other hand, the modification of the detector response £ — z’ avoids
this statistical limitation, but it does not ensure that the simulation of the trigger decision is the same
after the correction. So, in any case, the correction cannot be perfect, and the best solution would have
been to re-generate the simulation data, taking into account all the corrections.

The calibration data: In order to avoid biases, the corrections must be determined with data that are
independent of the data used for the K% form factor analysis (mev data). These independent data are
called calibration data. Two types of calibration data were used:

e The decay channel K°(K®) — #*7~ was used for the correction of the PID response to charged
pions (Section 5.4.2) and for the calibration of the primary vertex kinematics (Section 5.4.3). The
T n~ events were selected by asking for

1. one kaon candidate,

2. a good event quality,

3. the probability of the K® — #¥ 7~ constrained fit (9C) larger than 5%, and

4. the lifetime # of the neutral kaon in the range (0.5 — 4) 7s.
Since most of these cuts are similar to the semileptonic selection, they are described in more details
in Section 6.4.2. It must be noted that no cut specific to wev data was applied (e.g. e/m-separation

by neural network technique programme). In particular, no selection of the 7t~ events was done
using the PID response, except for the primary kaon candidate.

e Photon conversion data (Golden Events containing a neutral pion decaying into two photons,
followed by the process v — ete™) were used for the calibration of the PID response to the
electrons and positrons (Section 5.4.2). These events were selected by asking for

1. one kaon candidate,

2. a good event quality,

3. the constrained fit probabilities for 7*7~, 77~ 7% and mev channels less than 10%, and
4.

the opening angle between the secondaries in the laboratory frame smaller than 0.1 radians.

The condition on the opening angle was found to be the most efficient selection criteria to identify
the v — e*e™ events.

5.4.2 PID Response

The charged tracks reaching the PID give a signal in each of its subdetectors: S1, C and S2 (cf. Sec-
tion 3.6). The particles deposit energy in the first scintillator S1 (measuring the energy loss per unit
length dldx = %%, in units of [MeV/cm]), where the time-of-flight (= tof, in units of [ns]) is also
measured. Then the particles cross the Cerenkov counter C (measuring the number of photo-electrons

*The preceding development can be applied for more than one variable. Then, the functions depend on z, g, 2, ... , and
every integral should be replaced by multiple integrals.
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per unit length dndz, in units of [number of photo-electrons/cm]) and the second scintillator S2 (mea-
suring the energy loss per unit length d2dz = %, in units of [MeV/cm]). But the signal given by each
subdetector depended on the energy deposited in the previous subdetectors. Their responses are thus
correlated. From the real wev data, the measured spectra of the 4 variables for the electrons (fig. 5.1)

and the pions (fig. 5.2) present evident discrepancies between real and simulation data. This can be

Figure 5.1: Uncorrected PID response to the electrons. The four rows correspond to the dldz, dndr, d2dz
and tof. In each row, the real and simulation data distributions, as well as their ratio are presented. This ratio is
expected to be constant if the variable is correctly described by the simulation. It should be noted that the number
of events in the distributions is arbitrary.
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seen in the ratios between the real and the simulated distributions, which are expected to be constant,
if the variables are correctly described by the simulation. It appears that the dndz and the to f were
badly described for both types of particles. The probabilities computed from the neural network using
the PID informations for the e/r-separation (cf. Section 6.3.2) were also incompatible (fig. 5.3). Similar
distributions were found from the calibration data. These discrepancies had to be corrected for, other-
wise the cuts based on the e/r-separation programme would affect the momentum spectra and thus the
q?-distribution, needed for the measurement of the K form factor.

The choice of the correction method depended on the following points, all discarding the method of
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Figure 5.2: Uncorrected PID response to the pions. The four rows correspond to the d1dz, dndz, d2dx and tof.
In each row, the real and simulation data distributions, as well as their ratio are presented. This ratio is expected
to be constant if the variable is correctly described by the simulation. It should be noted that the number of events

in the distributions is arbitrary.
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Figure 5.3: The e/m-separation programme output distributions from the uncorrected PID response for electrons
and pions. In each row, the real and simulation data distribution, as well as the ratio are presented. This ratio is
expected to be constant if the variable is correctly described by the simulation. It should be noted that the number
of events in the distributions is arbitrary.
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the weights:
e The 4 correlated variables had to be corrected simultaneously.
e From figures 5.1 and 5.2, one sees that the corrections were large (of the order of about +40%).

e Both secondary particles of each event should have their PID response corrected. Since they
had correlated momenta, each kinematical configuration of the secondaries should have its own
weight, which could not be determined from the calibration data.

These reasons suggested the modification of the PID response rather than applying weights.

To this purpose, each variable (d1dz, dndz, d2dzx and tof) was divided into 12 bins in the range
[—1;11] 3. The first bin, [—1; 0[, was the inefficiency bin and the last one, [10; 11, contained all values
Jarger than 10. The real and the simulation calibration data provided the measured distributions in a
4-dimensional array of the PID response for each of the 4 particles e*, ™, 7+ and 7~ and for 15 mo-
mentum bins of 50 MeV/c width in the range (50 — 800)MeV/c. The tracks used for the correction were
secondary tracks selected such that they were unbiased by the trigger decision, by asking that the associ-
ated secondary track was seen by the trigger, i.e. had fired an S1 and was seen by the pattern recognition.
Indeed, in the case of 3-track events (only 3 tracks seen by the trigger, but 4 tracks recognised by the
offline analysis), the secondary track which was seen had in any case a signal in the first scintillator S1
and could not be used for the PID calibration.

Using the selected tracks, the correction for the scintillator S1 was computed for each momentum
bin, from the projected real and simulated distributions on d1dz. The S1 correction was then applied to
the complete array. Then, the Cerenkov response was projected on the 2-dimensional space defined by
the momentum p and the d1dz, and the correction was computed as a function of these two variables.
Again, the array was corrected. Similarly, the TOF correction was determined from the same p and

3The neural network (cf. Section 6.3.2) uses the 4 variables (d1dz, dndz, d2dz and to f) in the range {~1; 11[ (in their
respective units).
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dldz space, independently of the Cerenkov and of the scintillator S2. Finally, the S2 was corrected as
a function of p, d1dx and dndz. This way, the correction took into account the correlations between
the variables. The method was checked on the unbiased tracks selected from the calibration data. The
corrected simulated distributions had the same shape as those of the real data. However, applying the
correction to all the secondary tracks, differences appeared, due to the trigger simulation. Indeed, the
modification of the didz implied a modification of the trigger simulation:

e If dldx became negative while it was positive, the number of tracks seen by the trigger was
decreased by 1 unit.

o If dldz became positive while it was negative, the number of tracks seen by the trigger was
increased by 1 unit and the S1 module hit by the track had to be simulated having a hit.

This was the only modification which could be applied to the trigger simulation, without reprocessing
all the simulation data from a very low level.

Finally, as the trigger depended mainly on the primary particles, it was not possible to modify the
PID response of the primary pions without reprocessing the trigger simulation. Then, the correction was
applied only to the secondary pions and electrons.

In the wev data, the corrected PID distributions (figs 5.4 and 5.5) are found to be compatible to
within 20% of the real data distributions, except the tof, which deviates up to 40%. However, the
e/m-separation programme output distribution of the selected electrons is correctly accumulated near 1
(fig. 5.6), although large differences (~ 80%) appear at lower values. However, this is not problematic,
since only a negligible fraction of the electrons give an output smaller than 0.9. On the other hand, the
pions e/m-separation distribution is only correct within 40% in the region where it can be misidentified
with an electron (fig. 5.6).

To conclude this section on PID corrections, it is interesting to see its effect on the ¢2-distribution.
Figure 5.7 shows the ratio of the corrected and the uncorrected g2-distributions. The first effect is
the reduction by about 15% of the simulation data statistics. The second effect, more important for this
analysis, is the fact that at low ¢? (< 0.02 GeV?), and high g% (> 0.10 GeV2), the distribution is strongly
modified. These regions are then more sensitive to the quality of the simulation of the PID. The effect
due to the remaining differences will be studied with the systematics (Section 7.3).
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Figure 5.4: Corrected PID response to the electrons. The four rows correspond to the d1dz, dndz, d2dxr and tof.
In each row, the real and simulation data distributions, as well as their ratio are presented. This ratio is expected
to be constant if the variable is correctly described by the simulation. It should be noted that the number of events

in the distributions is arbitrary.
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Figure 5.5: Corrected PID response to the pions. The four rows correspond to the dldz, dndz, d2dz and tof. In
each row, the real and simulation data distributions, as well as their ratio are presented. This ratio is expected to
be constant if the variable is correctly described by the simulation. It should be noted that the number of events in

the distributions is arbitrary.
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Figure 5.6: The e/n-separation programme output distributions from the corrected PID response for electrons
and pions. In each row, the real and simulation data distribution, as well as their ratio are presented. This ratio is
expected to be constant if the variable is correctly described by the simulation. It should be noted that the number
of events in the distributions is arbitrary.
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Figure 5.7: Ratio of the g2-distributions of simulated rev events after and before the PID correction.
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5.4.3 Primary Vertex Kinematics

The kinematics of the particles created in the pp-annihilations (Golden Channel) is constrained by the
available phase space. The amplitude of the reaction also depends on the intermediate resonances (K%*,
K**, a9 and ay [41]). The measured distributions of two independent variables defining the phase
space (the neutral kaon momentum pgo and the cosine of the angle between the 3-momentum vectors
of the charged primaries, cos Oprim) Show differences of about +£40% between real and simulation data
(fig. 5.8). The observed discrepancies need to be corrected, since the momentum po is used as input in
the calculation of the four-momentum transfer ¢2.

Figure 5.8: Neutral kaon momentum pyo (first row) and cosine of the opening angle of the charged primaries
COS Qtprim, before the corrections. The plots present the real and simulation distributions, as well as their ratio.
This ratio is expected to be constant if the variable is correctly described by the simulation. The structures seen in
both variables are due to the intermediate resonances.
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From the kinematics, the generated phase space distribution is well known, and the needed correction

is not too large. Moreover, only one correction must be applied to each event, depending on two variables
only. In this case, the application of a weight to each event is the most appropriate method to apply the
correction.

Using the 7+ 7~ calibration data, the weight was computed from the real and the simulated distribu-
tions of the phase space defined by the invariant mass of the neutral and charged kaon pair myok+
and that of the neutral kaon and the pion pair myo,+. The phase space was divided into bins of
0.025 GeV? % 0.025 GeV2. Each distribution was normalised, such that the weights had values close to
one.

For mev data, the corrected pgo and cos aprim simulated distributions (fig. 5.9) are compatible with
the real data within £5% over most of their respective range. However, at high values of cos prim, the
correction introduces a difference of about 30% between real and simulation data, but this affects only
few events. .

Finally, the effect of this correction on the g®-distribution (fig. 5.10) shows mainly an increase at low
g?. Again, this region is found to be very sensitive to the quality of the simulation. Thus, the effect of
the remaining differences will be studied with the systematics (Section 7.3).
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Figure 5.9: Neutral kaon momentum pyo (first row) and cosine of the opening angle of the charged primaries
COS Qiprim. after the corrections. The plots present the real and simulated distributions, as well as their ratio. This
ratio is expected to be constant if the variable is correctly described by the simulation. The structures seen in both
variables are due to the intermediate resonances.
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Figure 5.10: Ratio of the ¢*-distributions of simulated wev events after and before the correction of the primary
vertex kinematics.
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Chapter 6

The Data Selection

6.1 Introduction

In this Chapter are presented the different selection steps of the data analysis from the raw data, written
on tape after the online trigger selection, up to the final sample on which the K% form factor analysis was
performed. Section 6.2.1 describes the offline analysis which was applied on the raw data (Production),
leading to the selection of events according to the K decay channel type (Filtering). Some technical
aspects of this procedure are emphasized in Section 6.2.2. The analysis tools used in the data selec-
tion (Kinematical Constrained Fits, and neural network technique for e/rw-separation) are described in
Section 6.3. The selection criteria specific to the semileptonic wev events are presented in Section 6.4,
and the selected real and simulation data are compared, in order to check the quality of the simula-
tion (Section 6.6). Finally, the acceptance (Section 6.7) and the background fractions (Section 6.8) are
determined.

v6.2 The Production and Filtering

6.2.1 Principle and Logic

The raw data written on tapes contained the informations given by the different subdetectors (wire-
numbers, ADC and TDC informations for example). The goal of the Production was to translate these
informations into physical values by means of geometrical and physical calibration constants. At this
stage, the physical values were e.g. the space coordinates of track hit-points, the number of photo-
electrons in the Cerenkov, or the energy-loss in each scintillator.

The Pattern Recognition Logic was then applied to the hit-point list of all the tracking subdetectors
(PC, DC and ST). Its task was to group the hits track-by-track. Then, the Track Fit programme fits a
spiral of axis parallel to z to every track. The momentum, the charge, a reference point in space and the
x? of the fit were determined.

The Track Fit results, as well as the PID and ECAL informations were then used for the offline
Golden Event selection. A flag was attributed to every selected event according to its possible decay
channel(s). Note that one event could be candidate for more than one channel.

In the next step, the Filtering, the data were split into decay channel candidates and were transfered
to tapes. After this stage, each channel was analysed separately.

47
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6.2.2 Technical and Computational Aspects of the Production

Technically, the computing performances were limited by the storage capacity, the data transfer capacity
and the CPU power of the computer system:

e The large amount of data implied the use of a large number of magnetic tapes. Furthermore,
the events were written on tape once after the Production and once after the Filtering. As an
example, the CPLEAR experiment collected a total of a few billion events. During a typical data
taking period, P28 (= 40 days, spring 1995), about 8000 IBM3480 tapes of 200 Mb capacity were
written. Each tape contained 10° events of raw data (= 2 Kb/event). At the production, 60 — 7 0%
of the events were rejected. The raw informations together with the Track Fit and the other pre-
analysis results were written on tape (MINRAW format). These additional informations increased
the size of each event to =~ 6 Kb, so that for each input tape, one output file of 180 — 200 Mb was
produced. After the Production, the total amount of data was doubled, and even more than tripled
after the Filtering. Depending on the type of magnetic support, Exabytes of 5 Gb, DLT2000 of
10 Gb or IBM3590 of 10 Gb capacity, 20 to 50 files were written on each tape.

e All the data on tapes had to be read and copied on a disk directly accessible by the processing
units (Stagein procedure). The analysed events were also written on the disk before being copied
on tapes (Stageout procedure).

e The large number of events and the complexity of the analysis programme needed an enormous
CPU-time. The mean CPU-time necessary to produce =~ 200 Mb of data was about 40 minutes
with the MOTOROLA RS6000 processor. The CPU-time needed for the production of one period
like P28 was then =~ 2 - 107 s (or > 200 days for one processor).

Because of these constraints, the operational scheme of the production was chosen to optimise the Pro-
duction rate. The Production programme, used in 1995 to produce the P28 data, controlled the Stagein
and the Stageout, and submitted the analysis programme to the available processing units for all the
input files. It worked within a loop proceeding periodically (= every minute) through a sequence of five
steps:

1. Selection of the next tape in the list of all the tapes to be analysed as well as the associated output
tapes for the produced data. Once a tape was selected for the analysis, it was removed from the
list.

2. Start the Stagein procedure for the first input tapes not yet analysed. The number of these tapes
depended on the available space on the disk. Occasionally, no new tape could be staged in until
the analysis of a previous tape was finished. Disk space was also reserved for each output file
(200 Mb). All these commands were submitted in background to allow the main programme to
continue running.

3. Submit the analysis programme for the tapes which have been completely copied on the disk.
4. Look for the data whose analysis was finished and send the Stageout command for the output file.

5. The analysed input files and the already staged out output files were cleared from the disk, in order
to prepare free space for the next tapes.

This procedure allowed an optimal use of the computing capacities: the disk space was at all time used
maximally, as well as the available processors. Quantitatively, the computational limitations were the
following:
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e The maximum transfer capacity achieved from the tapes to the disk, and vice versa, was up to
/2 9 Mb/s for the IBM3590 tapes.

e The number of tape reading/writing units was limited.

e The storage space on disk was limited. In autumn 1995, it was less than 40 Gb, however it in-
creased the year after.

e The processing power was also limited and shared with other CERN experiments. Typically 10 to
15 jobs were running in parallel, one for each input tape.

With these technical constraints, a maximum of about 150 tapes could be analysed every day. Unfor-
tunately, problems occurring randomly reduced this rate by a factor of two. These were mainly tape
reading errors, but also tape drive hardware problems, communication interrupted between devices due
to an overload, or no disk space available. Actually, the 5100 tapes analysed at CERN for the P28 data
taking period were produced and filtered within about 2% months at a mean rate of 70 tapes/day.

6.3 The Analysis Tools for the Data Selection

6.3.1 Constrained Fits

A Constrained Fit searches for the kinematical and geometrical configuration which is most compatible
with the measured event, and satisfying one or more constraints, e.g. the conservation laws [48].

In the CPLEAR experiment, the parameters used to characterise an event are the momentum (vector)
at a reference point for each track, the z and y coordinates of the intersection in the transverse plane
(vertex) for every pair of tracks and their z-separation at the vertex. The mass and vertex assignments
to the tracks, and the momentum and energy conservation laws lead to an over-constrained system of
equations. The number of constraints (1C, 2C ... ) corresponds to the difference between the number
of available equations and the number of unknowns. Practically, the constrained fit is performed by
minimising the x2 function

N N

it - it
X2 — ZZ(z;(neas _ x{z )VZJ l(mgneas _ xbfl ),
=1 j=1

under a set of M constraints defined by the M equations
cx(2%) =0, k=1,...,M

where the c;, are functions defining the constraints. The z;’s are the parameters used to describe the event
and V is their error matrix. The 2™ and V are provided for each track by the Track Fit results. The
minimisation is performed by using the Lagrange multiplicators method. The results are the fitted m;f @
and the value of the minimised x2 from which the probability of the fit is computed. This probability
will be used as a selection criterium, as it is a measure of the level of compatibility between the event
kinematics with the hypotheses given by the constraints. The constrained fits used in the semileptonic
analysis are the following:

1C-Fit This fit is used to select the Golden Events. It applies the hypothesis that the primary track can-
didates are a K* and a 7 , and that there is an unseen K°. The four-momentum conservation at
the primary vertex gives four constraints, three of which are used to determine the momentum of
the K°. There is therefore one constraint left for the fit (1C-Fit).
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2C-Fit Under the K°— e hypothesis, this fit imposes the four-momentum conservation at both primary
and secondary vertices. There are then 8 equations. The K°- and 1~-momenta give 6 unknowns,
therefore the fit is a 2C-Fit.

6C-Fit Under the K— mev hypothesis, this fit imposes the four-momentum conservation at both vertices
(8 equations), the alignment of the K%-momentum with the vector relating the primary vertex to
the secondary vertex in the transverse plane (1 equation) as well as in the longitudinal plane (1
equation), and the crossing in the longitudinal plane of the primary and secondary tracks at their
respective vertex (2 equations). These 12 equations and the 6 unknowns (KO- and v- momenta)
lead to a 6C-Fit.

4C-Fit Under the K°— 77~ hypothesis, the four-momentum conservation is required at the secondary
vertex (4 equations). The K°-momentum determined from the 1C-Fit is used so that there are no
unknowns. Therefore the fit is a 4C-Fit. It is used to reject 7+ #~ events which are characterised
by a good probability of this fit (4C-Fit).

2C-Fit Under the K°— 77~ n® hypothesis, this fit is analogous to the 2C-Fit(wev). Similarly to the

4C-Fit, it is used to reject m+ w70 events (2C-Fit).

6.3.2 Neural Network Technique for e/7-Separation

In the semileptonic analysis, an electron identification method is needed to complete the constrained
fit results. Since most of the events contain pions, it is necessary to distinguish electrons from pions.
In addition to their different momentum spectra, their different interaction characteristics in matter are
used:

e For a given momentum, their velocities and therefore their time-of-flight (tof) are different.
e Their different velocities produce a different amount of Cerenkov light.

e At the momenta under consideration (< 400MeV/c), the electrons are all minimum ionising
particles, while most of the pions deposit more energy due to ionisation.

All these differences can be exploited by using the PID informations, together with the measured mo-
mentum of the particle. Thus, 6 parameters are determined for each track (cf. fig. 6.1):

1. The momentum, computed by the Track Fit ..

2. The dE/dz in the S1 scintillator.

3. The number of photo-electrons dn/dz in the Cerenkov counter.

4. The dE/dz in the S2 scintillator.

5. The difference between the measured tof of the particle and the expected one if it was a pion.

6. The difference between the measured tof of the particle and the expected one if it was an electron.

This 6-dimensional information is best analysed using the neural network technique [49]. It has
the advantage to perform an analogical treatment of the informations in the multi-dimensional space
and gives optimum results. The present neural network, called NNPID [49], was trained with pions

'The Constrained Fit momenta cannot be used, because they are biased by the particle hypotheses applied to the event.
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Figure 6.1: PID response for the dE /dz in S1, the dn/dz in the Cerenkov (number of photo-electrons per cm,
npe/cm) and the differences of the measured tof, and the expected tof under e* or 7 hypotheses, as a function of
momentum p.
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recognised without ambiguities from minimum bias data (“trigger T1”) and with electrons from photon
conversion data. These electrons have momenta in the range (50 — 350)MeV/c, defining the NNPID
working conditions. The best performances were obtained with one hidden layer composed of 6 “neu-
rons”. The output of the network is a number between 0 and 1. The training was done such that the
NNPID gives the value 0 if the particle was a pion, and 1 if it was an electron (cf. fig. 6.2).

Figure 6.2: NNPID output for pions and electrons. All the values lie in the range (0 —1). The pion distribution is
situated close to zero, while the electrons are situated close to one. The e/m-separation is based on this difference.
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The efficiency of the neural network depends on its ability to distinguish electrons from pions. To
characterise it, a kind of probability of recognition is defined. The NNPID output distributions for pions
and electrons between 0 and 1 overlap in each momentum bin. For a given value z of the NNPID output,
one defines the probability for the particle to be an electron (pion) as the fraction of the electron (pion)
distribution laying below (above) the value z. In the following analysis, an electron is defined as a
particle of momentum in the range (50 — 350) MeV/c with a defined probability to be an electron, ie.
Jarger than zero and for which the probability to be a pion Pr is less than 2%. With that definition, the
NNPID electron recognition efficiency, with 2% pion background, is larger than 95% for 140 MeV/c
electrons (fig. 6.3, b), where the momentum spectrum is maximum in K® — mev events (fig. 6.3, a).

Figure 6.3: Electron spectrum in K° semileptonic decays (a) and the NNPID electron recognition efficiency (b)
defined with 2% pion background.
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The calorimeter (ECAL) [39] was also used for the e/n-separation. The method relies on the different
shower topologies produced by the electrons and the pions in the calorimeter. Indeed, the electrons
produce an electromagnetic shower, while most of the pions pass through. This method is described
in ref. [50]. It applies to electron momenta in the range (200 — 550) MeV/c and it can thus be used
as a complementary selection criterium to the NNPID. Its efficiency is about 60 — 70% with 6% pion
contamination. However, this tool will not be used in the present analysis, because it could introduce a
bias due to the unknown quality of the simulation programme for the calorimeter.

6.4 The Semileptonic Data Selection

6.4.1 Imtroduction

In this section, the data selection criteria specific to the K% form factor analysis are presented. The cuts
were optimised to reduce the background fraction and to select to most comparable samples between
real and simulation data. Only data from the periods P28-P29 (1995) using the proportional chamber
PCO were used for the present analysis. A typical semileptonic event is presented on figure 6.4.

Figure 6.4: Semileptonic event selected in the real data. One sees the primary tracks on the right. Their vertex
is situated inside the target, at the centre of the detector. The kaon candidate was not detected by the Cerenkov
counter. The secondary vertex is found to be outside the proportional chambers. Of course, no hit is visible on the
neutral kaon path, relating both vertices.

6.4.2 Selection Criteria

The semileptonic events must be efficiently separated from the other decay channels, mainly from
K® — #«t 7~. Indeed, n* 7~ events represent the main fraction of the charged decay channels written
on tapes. The semileptonic wuv events represent the other important background, mainly due to its
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similarities with the mer events. A special cut based on the missing mass at the secondary vertex was
developed to reject these muv background events. Then, in order to select the semileptonic wev events,
the following criteria were applied:

1. Kaon candidate selection. There must be at least one kaon candidate, which has an $1.C-82
signature in an efficient PID sector. Its p; must be larger than 300 MeV/c and its total momentum
p larger than 350 MeV/c. Its dE/dz and dn/dz must lie within 3 standard deviations from the
expected values.

2. Event quality cuts. The event must contain 4 charged tracks. All the tracks must pass through
different S1 sectors. Two or more tracks are primaries, i.e. containing at least one PC-hit. Each
primary (secondary) track must have at least 5 (4) hits in the tracking chambers and each track at
least 2 hits in the longitudinal plane. The reduced x? of the Track Fit is required to be smaller
than 5, and the primary vertex must lie within the target wall (rprim < 1 cm and |2prim| < 3cm).
Furthermore, the distance of closest approach of the 2 primary candidates to the vertex must be
less than 10 cm. The probability for the 4 tracks to originate from the same vertex must be less
than 5%. The primary and secondary vertices are well defined, separated by more than 1 cm in the
transverse plane, and are associated to tracks of opposite charge. The secondary vertex must be
outside PCO (rsec > 1.7 cm) and the two primaries must be seen by PCO. The secondary vertex
satisfies Tsec < 36 €M, |2sec| < 40 cm, with the lifetime ¢ less than 30 7s. The innermost tracking
hit of the secondaries must be at a larger radius than that of the secondary vertex, in order to
remove bad track associations.

3. Logical cuts. Among 16 possible particle-track associations?, one and only one configuration
satisfies the entire set of cuts. The event passes the offline simulation of the trigger and the chosen
primary K- pair is the one recognised by the trigger (matching).

4. Kinematical cuts. The primary and secondary pions must have a momentum larger than 80 MeV/c
and lower than 1000 MeV/c, which is more than the maximum momentum allowed for patticles
produced in pp-annihilations at rest. The secondary electron must have a momentum larger than
60 MeV/c and less than 350 MeV/c. To remove backscattered tracks from the external part of the
detector as well as events whose primaries are too close to each other, the opening angle oprim Of
the primaries must be such that {cos 0prim| < 0.98. To remove photon conversion et e~ -pairs, the
opening angle o, of the secondaries in the laboratory frame must be such that cos @sec < 0.90.
The probability of the 1C-Fit must be larger than 10%, and that of the 2C- and 6C-Fits larger than
59. To remove w7~ and wHn= 70 events, the probability of the 4C- and 2C-Fit are required to
be less than 10% and 5% respectively.

5. K/ and e/w-separations. There must be one and only one particle recognised as a charged kaon.
Similarly, one and only one particle is identified as an electron. An electron is defined as a particle
whose probability to be a pion is less than 2% (but larger than 0% in order to be defined). This
probability is computed by the NNPID for the momentum range (50 — 350) MeV/c. Any particle
outside this momentum range is not an electron candidate (cf. Section 6.3.2).

6. Special cuts.

e Asacomplement to the NNPID decision, and in order to select more carefully the electrons,
2 new cut based on the dndz can be defined. Indeed, the dndzx of the electrons is most of

2The charged kaon can be one of the 4 tracks. Then the primary pion can be only one of the 2 remaining tracks of opposite
charge. This leaves 2 possibilities for the secondary electron. The total number of possible configurations is then 4-2-2 = 16.
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the time positive, while that of pions is smaller than 1 (cf. figs 5.4 and 5.5). This is expected
since the electrons are always faster than § = 0.81, the minimum vclocity for a particle to
give light in the Cerenkov, while pions are not. This suggests the cut for the selection of the
electrons:

dndz(e*) > 0.

This is an efficient way to eliminate pions from the electron sample.

e The electrons must be seen by the trigger, i.e. the trigger did recognise a track associated to
this electron. This cut is justified for two reasons:

(a) If an electron is not seen, the trigger simulation relies entirely on the simulated PID
response of the pions, which is known to be poorer than that of electrons.

(b) If the event is kept, the electron was recognised by the NNPID, which requires an S1.
This means that the electron has in any case an S1 signature. Then, if it is not seen by
the trigger, one can suspect some effects, which might not be well simulated, e.g. not
enough hits in the tracking chambers or two tracks too close together.

e w7~ events are efficiently rejected by a cut on the opening angle of the secondaries in the
neutral kaon rest frame o, under the hypothesis of the semileptonic wev decay (fig. 6.5):

cos Qize > —0.9.

Figure 6.5: Cosine of the opening angle between the secondary tracks, in the K rest frame, from simulated wev
and mt7~ data. These distributions were obtained by selecting events with all the criteria (1 to 5), except the
“special cuts”. The 777~ events are mainly situated at low values of cos . and can thus be efficiently rejected
be asking for a cos o larger than —0.9.
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e Semileptonic muv events have a behaviour very similar to that of wer events, mainly due
to the lepton universality. Since the NNPID was not tuned for e/u-separation, because of
the lack of a clean muon sample, the kinematical variables are the only variables used to
distinguish the two types of events. Indeed, a certain fraction of wuv events was already
rejected by the constrained fits. Still, there remains a fraction close to 15%. Hence, a new
cut based on the missing mass at the secondary vertex was developed. Since the missing
particle is a neutrino, the missing mass should be zero. But a mass m, must be attributed
to the charged lepton. If m, = m, (m; = m,), the missing mass is expected to be zero in
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the wev (muv) sample, while it should be different from zero in the other one. The missing
mass M (m;) (function of the lepton mass hypothesis) depends on the measured momentum
of the neutral kaon and of the two secondaries, as well as on the event type hypothesis:

M?(my) = E*(my) ~ p°,

where E(my) is the missing energy,

B(me) = \/pyo +mgo = V/P7 +mi = /P +m,

and p is the missing momentum,
2 — — —\2
p* = (pxo — px — P1)°"-

The simulation of this missing mass M (m;) for the semileptonic events, taking into account
the resolution on the momentum measurement suggest the cut

M?%(m;) <0.

However, the improvement of the signal/noise ratio is different for both lepton mass hy-
potheses, suggesting that one could attribute to m; a value between me and m,, in order to
find an optimum of the ratio and of the rejection factor. It was found that m; = 0.75m, is a
good choice removing a large part of muonic events without removing too many mev events.
Thus, the following cut was applied:

M?(0.75m,) < 0.

6.5 Further Corrections to the Real and Simulation Data

In order to have the simulation data comparable to the real data, all known physical effects must be
included in the simulation. The corrections for the PID response (Section 5.4.2) and for the primary
vertex Kinematics (Section 5.4.3) previously described were applied to correct effects not well simulated.
In this section, further correction for neglected effects are described.

If an effect was neglected at the event generation (cf. Section 5.2), it can be included later by at-
tributing to every event a weight w. Then, one single generated event is counted “w-times”, without
changing its statistical significance:

Each single event follows a Poisson distribution (1 £ v/1). Multiplying it with a constant w,
one get w- (1 ++/1) = (w = w) events, what is statistically identical. Then, IV independent
events with weights w; become N’ = 3" w; £ /3 w2, which is different from 3_ w; &

\/sz—.

However, if more than one effect must be corrected, attention must be payed to their correlations. Let’s
define each correction of type “i” by the weight w; = 1 + €;. Then, the global weight W applied to an
event is:

W=[[w=[[0+e) =1+> ea+D > e+ 6.1)
2 % % i ]
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It appears that if two weights are correlated, then eq (6.1) is not true anymore. The correlation must be
taken into account in the third term, unless the weights are very close to 1 (i.e. ¢; < 1). Then,

W=1+) ¢ 6.2)

would be a good approximation. Hence, the problems due to the correlations can be avoided if all the
weights have values close to 1.

As was seen in Section 5.2, some effects were not included in the simulation. These are reviewed
now, plus two weights specific to the real data. Figure 6.6 shows the effects of each weight on the
g*-distributions.

Figure 6.6: Effect of the weights waecay, waRc and wy on the simulated semileptonic wev ¢>-distribution, of
Warsiope ON the simulated ata— 70 events, and of Wreg and o on the real data. For a description of the weights,
see the text.
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Decay Rate: The simulated wev, muv and 7+ 7~ 70 events were generated flat in lifetime (Section 5.2).
The exponential decay rate of the neutral kaon was introduced in these simulated channels by applying
the following weight, according to the decay rate expressions eq. (2.17) (w; or equivalently wgecay in
fig. 6.6):

w; = a;e" ™S + be L 4 e (/T2 cos(Am -t — @), 6.3)
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where i stands for each of the channels. This weight includes CP-violation effects and the coefficients
a;, b, ¢; and «; depend on the decay channel. Figure 6.6 shows that the q-distribution is not very
sensitive to this correction.

Radiative corrections to the K23 decays: Radiative corrections to the mev decay channel were com-
puted according to the calculations of Ginsberg [51]. These corrections include the contribution of
virtual and real photons. They were applied with the weight wagc. Its effect on the rates is shown on
figure 6.7. The g?-distribution is modified by introducing a small slope in the medium region. However,
at low and high values, the correction is larger (fig. 6.6).

Figure 6.7: Radiative corrections Arc(Er, E.) in [%] in the Dalitz plot E versus E..
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Form Factor: The semileptonic mev events were generated according to a linear g*-dependence of
the KY; form factor using the value Ay = 0.03. As a constant form factor (A4 = 0) is needed for this
analysis, a weight w), defined as

1

—_— 6.4
(1+ /\+,1;;;2;)2

wy =

was applied to counteract the effect introduced by the form factor dependence on ¢2, eq. (2.47).

Slope Parameters in 37 decays: The Dalitz plot distribution for the K® — w7~ 70 decays, para-
metrised by the variables X and Y (cf. ref. [8] or ref. [52]), depends on the coefficients g, h, j and k
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defined in ref. [8]. The weight W3rslope, defined as
Warsiope = 1 + gY + AY? + X + kX2, (6.5)

using the values g = 0.670, » = 0.079, j = 0.0011 and £ = 0.0098 [8], was then applied to the
ntn~ 70 events. The effect on the ¢2-distribution (cf. fig. 6.6) is not negligible, justifying thus the
correction. However, it is not necessary to check the quality of this correction, because the w7 7?°
decay channel is very much reduced by the selection criteria (cf. Section 6.8 concerning the background
levels).

Regeneration: The regeneration of Kg into Kg in the detector material was neglected in the simula-
tion. This effect was studied in an independent analysis [53] and a weight wreg Was deduced for each
rea] event in order to eliminate it. As it can be seen on figure 6.6, this correction has a negligible effect
on the g2-distribution.

Normalisation « at primary vertex: The detector efficiency was different for detecting K+ and
K=, due to their different interaction probability with the detector material. This effect was corrected
separately in the real and simulation data, using each data sample to determine the weight o which
should be applied. However, this correction, like the regeneration correction, has a negligible effect on
the ¢2-distributions.

6.6 Quality Check of the Simulation Data
6.6.1 Method

The quality of the simulation data was checked by comparing the spectra of the relevant variables with
those of real data. For that purpose, the semileptonic mev simulated events were corrected using the Kz
form factor’s linear energy dependence parameter Ay = 0.03, according to the value given in ref. [8].
‘Three types of variables were checked:

1. Geometrical: the radius and the z coordinates of the primary and secondary vertices, and the
neutral kaon lifetime ¢.

2. Kinematical: the momenta, the opening angles at both vertices, and the constrained fits probabili-
ties.

3. Physical: the light generated in the scintillators and the Cerenkov counters, and the measured
time-of-flight for each particle (cf. Section 5.4.2).

These characteristic variables were checked by plotting their distributions measured from real and sim-
ulation data, as well as their ratio. For each variable, the consequences of remaining discrepancies were
analysed. Three types of conclusions can be drawn:

1. The differences, if any, do not have a direct influence on the form factor measurement. Therefore,
possible remaining effects will be included in the systematic errors.

2. The differences are localised in a relatively small region, such that they can be removed by apply-
ing a cut on the data. In most cases, differences of this type are due to a specific background, thus
justifying the cut.

3. The differences are important and the Monte-Carlo description needs to be corrected for.
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However, since the corrections to the simulation described previously (cf. Sections 5.4 and 6.5) were
applied, large discrepancies are not expected and the first conclusion applies.

6.6.2 PID Response: Energy Loss, Cerenkov Light and Time-of-Flight

For these variables, one refer to Section 5.4.2.

6.6.3 Primary Vertex Position: 7ppim and zprim

The position of the pp-annihilation vertex depends on the beam and the target geometries, as well as
on the hydrogen pressure. Fluctuations in time are expected but they are not included in the simulation,
because of a lack of predictability. These facts might explain the differences in the shape of the distribu-
tions of the vertex position between real and simulation data (fig. 6.8). However, in the region of large
statistics the discrepancy is small. In addition, the position of the primary vertex is uncorrelated with the
four-momentum transfer g2, used in the form factor analysis. Hence, it is not necessary to correct for
the observed differences.

Figure 6.8: Distribution of the primary vertex position (r vs ) from real data (firt plot), simulation data (second
plot). The third plot show the ratio of the real over simulation distributions. The ratio lies in the range (0-2.5),
with the dark region for large ratio.
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6.6.4 Primary Vertex Kinematics: pxo and cos Gtprim

For these variables, one refer to Section 5.4.3.
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6.6.5 KO-Lifetime

61

The next interesting variable is the reconstructed neutral kaon lifetime ¢. The agreement between real
and simulation data is particularly good (fig. 6.9) and no correction is necessary.

Figure 6.9: Distribution of the K° lifetime.
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6.6.6 Secondary Vertex Position: 7,.. and z,..

The distributions of the secondary vertex radius 7s¢, and zg.. depend on the momentum distribution
of the K° (previously corrected), its lifetime and on its direction in space. The observed distributions
(fig. 6.10) are qualitatively correctly described by the simulation. In particular, the excess of events at the
wire-plane of the different chambers is due to neutral kaons decaying close to the chamber and creating
two tracks glvmg hits in neighbouring wires. For these events, the detector electronics applied the
clustering 3, such that the same position at the wire-plane was assigned to both tracks. Thus, the vertex
was forced to lay on the wire-plane. However, the ratio of the two distributions shows some structure
with variations within £10%. Similarly, the 2 distributions differ within the same proportion. These
variations will be discussed with the systematics (Section 7.3).

Figure 6.10: 5. and z;. distributions of the secondary vertex.
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3 Association of two or more adjacent hits, based on the hypothesis that one single track can fire more than one wire.
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6.6.7 Kinematic Variables of the Secondary Vertex

The distributions related to the secondary vertex kinematics depend on the KJ; form factor. Since this
is the parameter to be measured, one cannot modify these distributions. Moreover, the phase space was
generated flat and this is the reference to which the real data is compared. Then any difference between
the real data and the simulated phase space has either an independent source ( KO momentum, PID
response, trigger simulation), or it is due to the effect one want to measure. Nevertheless, it is necessary
to check that these variables are correctly described. Figure 6.11 shows the distributions for pe, pr,
COS Qs COS Oigec(lab) and cos ag,. All these variables are relatively well described, i.e. remaining
differences lie within +5%.

Figure 6.11: Secondary vertex kinematics variables: pe, Pr, COS Qe COS Qsec(lab) and cos axcr.
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6.6.8 Constrained Fit Probapbilities: 1C, 2C and 6C

Last but not least, the constrained fit probabilities are some of the most constraining parameters in the
event selection. The simulated distributions of the 1C-Fit and of the 2C-Fit probabilities P and Poc
are found to be good, but the 6C-Fit shows a large discrepancy between the real and the simulation data
(fig. 6.12). This suggests that the uncertainties of the spatial coordinates of the vertices, used specifically
in the 6C-Fit, are underestimated in the simulation. However, it will be seen that this has no influence
on the g?-distribution, because the correlation between Psc and ¢ is smaller than 1%. It is thus not
necessary to correct for that effect.

Figure 6.12: 1C-, 2C-, and 6C-Fit probabilities.
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6.7 Acceptance

The acceptance of the whole event selection procedure, from data taking to the final cuts, was determined
by comparing the selected and the generated distributions of the simulation data. In order to illustrate the
effect of the selection cuts, the rejection factors of the different classes of cuts for the signal (wev’) and the
backgrounds (wuv, nFn~ and atn—70) are firstly presented. These rejection factors were determined
from an analysis of a pre-selected sample of events. For the pre-selection sample, a kaon candidate was
requiered, and the 6C-fit cut and the cut on the opening angle of the secondaries in the neutral kaon
rest frame were applied. However, no cut on the NNPID probabilities for e/r-separation was applied
to obtain this sample. Table 6.1 presents the rejection factors of the different kind of selection criteria
for signal and background events. The efficiency of the kinematical cuts for rejecting nta~ events,
and of the e/r-separation for all backgrounds can be seen. Finally, the total rejection factors and the
number of simulation events selected in each decay channel are also given. From the real data, a total of
366000 events were selected from the P28-P29 data sample (1995).

Table 6.1: Rejection factors for different classes of criteria applied to the signal and background events. The
fast row shows the final number of selected simulated events. Note that these numbers are not normalised for

branching fractions.
Rejection factors

Cuts ey Ty ko T 0
Pre-selection 821.3 977.9 525.2 4036.4
Event quality cuts 1.3 1.1 1.1 1.2
Logical cuts 1.5 2.1 1.8 2.0
Kinematical cuts 14 14 30.7 1.3
C-fit probability cuts 1.6 1.1 1.0 7.9
e/m-separation 1.7 7.9 234 18.8
Missing mass cut 1.2 2.6 2.1 2.3
Total rejection 7.3 x 103 | 714 x 103 | 1568.8 x 10° | 4301.9 x 10°
Number of selected events || 3'161’338 | 47’939 197 355

For the measurement of the K% form factor’s linear energy dependence parameter A, the relevant
variable is the four-momentum transfer g2 (cf. Section 2.6.1). Therefore, the acceptance should be
studled against the g2 variable. From the generated and the selected distributions, the acceptance against
g2 was found to be relatively constant in the range (0.02 — 0.12) GeV? (cf. fig 6.13, first column) The
mean absolute acceptance was found to be =~ 0.02% in this range. The decrease at low ¢ is due to
the cuts on the opening angle in the KO rest frame, and the increase at hlgh g2 is due to the radiative
corrections (cf. Section 6.5). A more detailed analysis on the Dalitz plot ¢ = mg,, Vs me,,) shows that
the acceptance is relatively constant in the region of high statistics (cf. fig 6.13, second column).
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Figure 6.13: In the left column, the top and the middle plots show the generated and the selected mev event
distributions of the g*-variable. The acceptance (third row) is obtain from the ratio of the selected divided by the
generated distribution. Similarly, in the right column, one sees the generated and the selected distributions, and
the derived acceptance (in units of 1072%) in the Dalitz plot (g2 = m?2, vs m2,). In both cases, the acceptance is
found to be relatively flat in the region of high statistic.
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6.8 Backgrounds

The backgrounds were analysed from the Monte-Carlo simulated events for the different decay chan-
nels. From their respective branching fractions, the normalised distribution of each decay-channel was
determined (fig. 6.14). The wev decay channel constitutes the signal. The wev events for which the
secondary pion was misidentified with the electron, and the electron seen as a pion, were considered as a
background, called ewv. For the measurement of the K9, form factor however, the ewv events were con-
sidered as signal events, since they also depend on the form factor. These events added to the uncertainty
on the determination of ¢2 (resolution). The wuv, 77~ and 77~ ¥ events were also considered as
backgrounds. Figure 6.15 shows the fraction of each background as a function of g°. The main contribu-
tion was due to the wuv events. These wuv events are distributed all over the g®-range, with a maximum
at high ¢2. Although much less important, the env events also contaminate the region at high g*. On
the other hand, the 777~ events are mainly concentrated at low ¢°. Finally, the 7T 7~ 7" events are so
much suppressed by the data selection, that their contribution to the final sample is negligible. Photon
conversion events (7 — ete™) represent another type of background, but they were rejected by the cut
on the opening angle in the laboratory frame. The measured average fractions on the full g®>-range of
signal and backgrounds are shown in table 6.2.

Table 6.2: Signal (mev) and background fractions measured from the simulation data.

Decay-channel | Fraction of the distribution
[%]
Tev 92.3
eny 0.8
TUY 6.2
T 0.6
rra—n° 0.1
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Figure 6.14: Distribution of the signal (wev) and of the different backgrounds as a function of ¢2. Note the
logarithmic vertical scale.
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Figure 6.15: Fraction in [%] of each of the backgrounds, as a function of ¢2. The total of the backgrounds is
shown as a full line. The 7+ 7~ #° background is the full line at less than 1%. It is thus negligible.
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Chapter 7

The Kg3 Form Factor

7.1 Introduction

The principle of the measurement is the following. From Section 2.6), it is known that the K%; form
factor f, depends only on the four-momentum transfer ¢ from the KO to the lepton pair. This depen-
dence is expected to be linear (cf. eq. (2.47)). Since the decay amplitude is proportional to f.., and thus
depends on g2, the parameter A, can be determined by comparing the g2-spectrum of real data to that
of simulation data. Indeed, A, was extracted by fitting the ¢>-distribution of the simulation data the ¢2-
distribution of the real data (Section 7.2). Then, the systematic uncertainties are determined (Section 7.3)
and the final result is quoted with all the uncertainties in Section 7.4.

7.2 Fitting Procedure

7.2.1 Relation between Real- and Simulation-Data

The four-momentum transfer ¢> from the K° to the lepton pair is given by eq (2.38). The assumed
linear dependence of the form factor f(q?) on ¢? is given by eq (2.47). One defines Np(g?) as the
number of real data events measured in a bin centred at g2 and N §‘+=0(q2) as the number of simulated
mev events (Signal) without g2-dependence of the form factor (A = 0), and N;(¢?) is the number of
selected events of the background channel 1.

Since the number of generated events of each channel (signal or background) is arbitrary, one needs
a normalisation factor &; for each channel (§rev , rprs {ntna— and & +,-50) such that the respective
branching fractions are respected. Their values will be determined in Section 7.2.3.

One more overall normalisation constant £,.4; gat, 1S necessary to normalise the number of real data
events to the total number of the simulated events (rev + backgrounds).

With these definitions, one can write the relation between the real and the simulated ¢2-spectra:

2
reat data* ND(@%) = brew - N5+ ") (L4 Ds 2502 + 3 &+ Nilg?) .1
™ i=bkg

where 7 stands for the background channels.

7.2.2 Resolution

The resolution was studied from the simulation data by distinguishing the generated four-momentum
transfer g, from the reconstructed one gZ,,. Their difference (g2, — ¢2,,,) is a measure of the detector
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resolution. In the ideal case of a perfect resolution (qgen = gZ,.), one could use a2, in the fit of A4.
However, figure 7.1 shows that the mean resolutlon is of the order of 0.008 GeV? (RMS), and depends
on the value of ¢2. Therefore, since only ¢2,, was measured in the real data, the simulation data must

Figure 7.1: The three plot show the resolution (e — qgen) for different g2-ranges: 0.00 < ¢> < 0.05 GeV?,
0.05 < ¢% < 0.10GeV? and 0.10 < ¢2 < 0.15GeV?. These plots show the dependence of the resolution on ¢Z,...
The asymmetric tails seen on the first and last plots are due to the physical limits of the full g®-range.
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also be presented asa functlon of g2, to be comparable. However, the amplitude of the process does
not depend on g2, but on qgen Hence, the form factor (eq. (2.47)) must be a function of qgen, and
eq (7.1) becomes

= q
§1'eal data * Np (qgec) = §7rel/ /\+ O(QTec) (1 + )‘+ Ti:;)z + Z fz - N; (qzec)a (7.2)
T i=bkg
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which may also be written as

v M Johe=0 5y o 12
frea.l data * ND(q12-ec) = §7TCV : [ Ns+ O(qgec) + E%\/NS-F 0(q'12-ec) ° qgen] + Z 52 - Nz’(qzec)'
™ i=bkg
(7.3)

However, because of the finite resolution, there is not a one to one correspondence between g2, and
qgen, hence, eq. (7.3) cannot be applied. A new variable must therefore be defined in order to be use
. A+=0, 2 4 .
instead of the term N+ (gZe.) * Qhruet

g&:)o (q'rec) Z w] qtrue(] (7‘4)

i.e. the sum of the products of the weights w; (¢%) of the events reconstructed at the value ¢2,,, multiplied

by the fourth power of the true four-momentum transfer, ¢* ven(i)” With this definition, and with

/\ = =
Nt (qhee) = N&*™°(gk); (7.5)
eq. (7.3) becomes:

§’real date " ND (q'rz'ec) = £7re1/ : [ Nga-);o (q12'ec) + \/ N)\;:)O qrec Z 52 qrec) (7.6)

1=bkg

The resolution is now correctly included because each event is weighted with the generated g2 even if it
was reconstructed at a different value. Hence, the same amount of simulated events will be “incorrectly”
reconstructed (i.e. events for which the reconstructed g2, is different of the true g en) as in real data and
the samples may be compared. In other words this procedure introduces the ¢ -dependence of the form
factor in the 51mulat10n data using qgen, “like does nature” for the real data, and it displays both samples
as a function of q,ec Moreover, this is done independently of A;.

7.2.3 Determination of the Normalisation Parameters &;
7.23.1 Definitions

To satisfy the condition that the relative branching fractions are respected, the parameters &; are defined
by

& - NP _ BR{ + BRf

= 7.7
N0, (A, =003) _ BES,, + BRL,’ 7

where BR;S and BRZL are the branching fractions from the respective Kg and Kg decays, and sz is the
total number of generated events of channel ¢ (sum of K‘S’ and Kg decays). One deduces from eq (7.7)
¢ = NJ.,(Ay =0.03) BR+ BRf .
’ N BR3,, + BRL,

(7.8)
For semileptonic 7rev events, the effective number of generated events depends on the value of Ay and
has to be corrected to obtain the reference number N2, (A+ = 0.03). One may thus define &z, as

é- N’I?EV(O'OS)
NS ()

which is exactly what is obtained from eq (7.8) for 1 = mwev.

(7.9)




72 CHAPTER 7. THE K%; FORM FACTOR

7.2.3.2 Number of Generated Events N?

The total number of generated events sz~0 must be determined in order to be used in eq (7.8). This
number is known for the uncorrected simulation events (cf. table 5.1). However, it was modified by the
applied corrections. The new value will be calculated now.

Some of the simulation data were generated “flat” in the range of lifetimes between 0 and 307s,
decay radii between 0 and 45cm and of z-values at the decay vertex within +110 cm. One defines A4;
as the number of such generated events and B; as the corresponding number of events without the cuts
on the K° (K°) flight distance. The ratio of B; over A; was determined for the events generated flat in
lifetime (cf. Section 5.3) from a simulation of “golden events™:

B;
e 1.4514. (7.10)
For the 7~ events, generated with an exponential decay rate, this ratio is equal to unity.

The effect of the lifetime cut was deduced from the form of the “decay rate weight” w; (eq (6.3)).
Defining C; as the total number of events, without any time or spatial cuts and weighted by a factor w;
to reproduce the time dependent decay probability of channel ¢, one obtained:

Brev

Crev = - 580.142 (1.11)
Corpw = B ?:’(’)‘” - 580.142 (7.12)
Cotr- = Borx = Aar (7.13)
Cortp—no = %%1 - 579.142 (7.14)

The numerical factor 30 corresponds to the lifetime range of the generated events (0 — 30 75), and the
numbers 580.142 and 579.142 are the ratio 71, /7s corrected for CP-violation effects. .

Finally, in order to determine the total number of events N7, one needed to correct C; by a factor 7
for each specific weight j applied to the decay channel 5. These factors Iz-j are the “\,. = 0” correction
(I, and the radiative corrections (IAEC) for mev events and the slope parameters correction . ;ifpe)
for 7+ 7~ n° events. The factors I7 are the ratios of the total number of weighted divided by unweighted
generated events (G%,./Gme, according to the notation of Section 5.4.1). It must be noted that the weight
used to reproduce the exponential decay was already included in the calculation of C;. The normalisation
« at the primary vertex was applied to all events and is the same for each decay channel. Thus, it cancels
in the determination of the &;’s, as well as the effect of the correction to the primary vertex Dalitz plot,
and N? becomes:

N=c-][H (1.15)
j

Using eq (7.8) and (7.15), the expression for ¢; becomes

Crev IARC  BR? + BRF

eV

& Hj Ig BR;?"eV + BR7IFe1/’

& = (7.16)

where all corrections for radius, z and lifetime cuts cancel. It should be noted that I, does not enter in
the numerator of eq. (7.16), because its purpose is to correct the number of generated wev events when
the value of A, # 0.03. Since in the numerator is the number of generated wev events with A+ = 0.03,
then I, = 1.
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7.2.3.3 Corrections for the wer Simulated Events

A = O correction The semileptonic wer events were generated assuming a linear g°>-dependence of
the form factor (cf. eq (2.47)), using the value A, = 0.03. But the total number of events N (A)
depends on ;. It is calculated as follows.

One defines D) (¢?) as “a kind” of probability for one event to have a momentum transfer ¢2. Then,
one may write

[o ]
MM=M/1MﬁM=M. (7.17)
—00
In the particular case where Ay = 0,
(o ¢]
N@=M/ Dy(¢°)dg* = No. (7.18)
—o0

From these definitions one concludes that Dy (g?) is exactly a probability because it is normalised to 1,
while Dy (q¢?) is not but is related to Dy(¢?) by

2
Da(@®) = Do(g?) - (L + 24 25)?, (7.19)

T
using eq. (2.47). Combining egs (7.17) and (7.19) one finds:
oo q2
N(A4) = No/ Do(g®) - (1+ }""57)2 -dg”. (7.20)
—00

T

- After expanding the bracket, eq (7.20) becomes
- * 2Y,7,2 At * 2y,.2 7.2 Ay 2 N, % 2\ o4da?
N(Ay)=No | Do(g®)dg” +2—=No Do(¢°)g°dg“ + | =5 | No | Do(g”)g*dg®,
—00 m1r —0o0 m7r —00
(7.21)

which can be written as

M= Ap o
NOW) =N - (1+27—n—;—q2+ (Fn%)zq4)’ (122
s nw

where q_2 and q_4 are the mean values of the ¢2- and ¢*- distributions. These distributions were produced
using the event generator of semileptonic events, yielding the mean values:

¢2 = 0.033350 GeV?, (7.23)
and
¢* = 0.0017845 GeV*4. (7.24)

Hence, the multiplicative factor I\, (). ) is finally

AL 7o A vy
_N(ny) | 1+25+ (GR)%

= = — — (7.25)
N0(0.03) 14+ Q%%réqz + (0_77-?%3_)2,14

I’li\eu(A-F)
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Radiative Corrections to Kga Decays The integration over the Dalitz plot of the radiative corrections
(cf. Section 6.5) gives the value Ja gc. The simulation of 10° generic wev events correspond to 1.0481 -
10% corrected events. Thus,

Iagc = 1.0481 +£0.0015 (7.26)

723.4 Corrections for the 7T~ 7? Simulated Events

Slope Parameters The effect of the slope parameters in a+ 7~ x0 simulated events was integrated over
the Dalitz plot (cf. Section 5.4.1), and gave the value of [§e7:

I3 = 1.12 +£0.01 (7.27)

7.2.3.5 Corrections for Real Data

The case of the real data is somehow different because the generated number of real events (Grq accord-
ing to the n_otation of Section 5.4.1) is unknown. Therefore, the effects of the corrections Wreg and &
cannot be evaluated, and the normalisation factor &4 date defined in Section 7.2.1 is left free in the fit
of A_{_.

7.2.3.6 Values of the Correction Parameters ;

The values of the parameters &; were then obtained from eq. (7.16) (cf. table 7.1). The uncertainties on
the parameters cannot be absolutely determined, mainly because of the indetermination introduced by
the PID corrections on the total number of generated events (Section 5.4.2). Therefore, the uncertainties
for each &; is estimated to be within +10%.

Table 7.1: Parameters &; for each decay channel i calculated from eq (7.16), taking the branching fractions from
ref. [8]. A; is the total number of generated events. IV, 9 is the corresponding number of events for all lifetimes, all
decay distances and after corrections.

[ Channel A; | N? I Branching Fraction I &
mer (s = 0.03) | 7917787044 | 23201574 780 | 0.000670(7)/K+0.3873(27)/KY | 1.0/I;;
P 1297560000 | 37438313746 | 0.000469(6)/K0+0.2717(25)/KY | 4.746
e 380/000'000 | 330°000°000 | 0.6861(28)/K1+0.002067(35)/K. | 108.6
ata—ad 489007000 1’533'883'569 0.1256(20)/Kg 4.910

7.2.4 Determination of the K, Form Factor Linear Energy Dependence Parameter Ay

In order to determine the form factor slope parameter Ay, a x? minimisation is performed on the expres-
sion given by eq (7.6):
9 1

— E : 2
X = 2 : (é’real data " Np (q'rec)
g2 bin Gq2 bin

2
= X3 =0 A X3 =0 2 =
— Srev [ Nsa) q72‘€6) + '_; ng-al) (qgec) - Z =i Ni(qzec) 3
M ! i=bkg
(7.28)
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where the Z; are the values of the normalisation factors.

The form of 022 win» for each individual ¢®-bin, depends on the variance 0% of the number Np of
real data events, on the variance 01-2 of the number N; of background events, on the variances ag(l) and
0?5( ) of mev simulated events Ng(;) and Ng(44), and finally on the covariance Cov(s1),5(¢4)) between
the last two variables!:

2 _¢2 2
O 42 bin _g'rea.l data "9D

+§72reu' (1+m

2 2
+&ren + "5 1 0S(gY) . (7.29)

A+=0+ 2
A Ns(g)
+2-&, = =0 | CoVis),set)

+> & df
7

The =; values may either be fixed at the values of &; previously calculated, or they may be free
parameters of the fit. If the term

=. _£)2
Z (-"L f’b) (7.30)

)
i=bkg O

is added to the expression of the x?, the systematic errors on the value of A, due to the uncertainties on
the background levels, are directly included in the statistical error. In eq. (7.30), E; is the free parameter,
& is the previously calculated normalisation value, and o¢; is the uncertainty on ;.

The ¢?-distributions were determined for the real data, for the simulated signal (wev and erv chan-
nels?) and for the simulated backgrounds (wuv, 7t~ and 7+ 7~ 70 channels). These distributions were
used to perform the fit.

In order to check the values of the normalisation factors &;, the fit was firstly performed in the Dalitz
plot defined by the two invariant masses m2, (= ¢) and m2,. In this plot, the different channels are
better separated than in the one-dimensional q2-distribution. The values of the ¢;’s were left free, and

The covariance Cov(s(1),s(¢%)) Was computed as follows. The statistical weight of one eventis z = 1 £ 1. Then,
Nsqy = 3, wi - and Nggey = S, w; - gf - z, from which one deduces the covariance between fi = w; - z and
fo=wi-gf -2

Ofi Ofa 2 4

Cov(sy; pas) = 9z Oz Cov(z,z) = wi- 'wiq;4 l=wi-¢

Finally,

ONg(1) ONs(4) 2 4 2 4
Covisqa),siety = D Shi Ofs Ol = dDot-i-wiogi=) wl-gf.
i % Z

The ¢*-distribution measured from the emr channel depends on the K% form factor, although the corresponding events
are badly reconstructed. Hence, the events from this channel have to be included in the signal (cf. Section 6.8).
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no term was added to the %2 to constrain their values. Since the background was important at low and
high ¢? (cf. Section 6.8), the fit of the background fractions was performed on the full range of ¢*. The
measured values of the &;’s are found to be compatible with the calculated values (cf. table 7.1) within
1.5 0 (cf. table 7.2). The large uncertainties are due to the small statistical fractions of the background

Table 7.2: Measured background fraction from a x2-fit leaving these fractions free.

Parameter | Fitted value | Difference to the
calculated value

Erpy | TAOEL72 1540
£, +n- | 146.8 £33.9 1130
Ertmmo | 270 £33.1 0.670

channels. This result shows that the simulated data are sufficiently well described, and that the measured
and the calculated values of &; are compatible. The calculated values (table 7.1) can then be used with
the 10% uncertainties quoted previously:

Err = 4746 £0.475
Erip- = 108.6 £10.9
Ertp-go = 4910 = 0.491.

For the final determination of A, the fit was applied to the one-dimensional distribution of g2, in
the range:

0.02 < ¢ < 0.12GeV>. (7.31)

These limits were chosen accordingly to the reasons seen previously, i.e.:

e The PID corrections showed that the ¢>-distribution is sensitive to the quality of the simulation
beyond the limits given by eq. (7.31) (cf. Section 5.4.2).

e The primary vertex kinematics corrections also showed a sensitivity for the values of g2 below
0.01 GeV? (cf. Section 5.4.3).

e In the selected range, the radiative corrections remain relatively constant, while outside this range,
the corrections become large and uncertain (cf. Section 6.5).

e The acceptance is not flat for ¢2 < 0.02GeV? and g2 > 0.12GeV? (cf. Section 6.7).

e The 7t 7~ background is mainly situated at ¢ < 0.02 GeV?, and the wuv background has its
maximum at high g*-values (cf. Section 6.8).

For the final fit of A, the normalisation factors were kept fixed in eq. 7.28. Two free parameters
remained: ;. and & eql date- The result of the fit is:

Ay = 0.02446 = 0.00122,

with x2 = 33.0 for 18 degrees of freedom, corresponding to a confidence level CL. = 1.7%. The real
data normalisation parameter is found to be &reqldata = 10.187 £ 0.027. The correlation p between
&real data and A4 is p = 0.645. Figure 7.2 shows the dependence of the form factor f+(q?) on ¢?, where
the form factor is normalised such that f.(¢? = 0) = 1.0 (Egs (2.47) and (7.6) were used to calculate
the ratio f(g%)/f+(0), taking into account the backgrounds and the resolution).
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Figure 7.2: The . (¢®) form factor dependence on g2, normalised such that f.(¢> = 0) = 1.0. The result of the
fit (line) is superimposed to the data points (crosses). The ¢>-range of the figure corresponds to the range used in
the fit.
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7.3 Systematics

The contribution of different effects to the systematic uncertainties are discussed now, and are sum-
marised in table 7.4.

7.3.1 Background

The uncertainty on the background level was estimated to be about +10%. Two different methods were
applied to measure the effect of these uncertainties:

1. The term given by eq. (7.30) was added to the x2, with the values calculated previously, and the
=; of the backgrounds were left free. The result of the fit is then:

A+ = 0.02448 £ 0.00134.

The quadratic difference between the new uncertainty (0.00134) and the uncertainty determined
with fixed values of Z; (0.00122) gives the systematic uncertainty due to the background:

Oeyst(bkg) = 0.00055.

2. The E; were fixed at £ £ 10%. Half the difference of the A} values determined for +10% and
—10% corresponds to a 1 o effect on A:

Background | Ay (& + 10%) | A4 (& —10%) Osyst
channel
TUY 0.02403 0.02489 0.00043
ata~ 0.02459 0.02433 0.00013
ata—nl 0.02447 0.02444 0.00003

The three uncertainties added quadratically give the total contribution of the background to the
A+ uncertainty:
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asyst(bkg) = 0-00045.
Both methods give similar results. However, the first method takes into account the correlations between
the backgrounds, making its calculated osyst(bkg) somewhat larger and more accurate. Hence,

Osyst(bkg) = 0.00055.

7.3.2 Boundaries of the g*-Range

The sensitivity of the measured A, value on the fit boundaries was studied by changing these limits. The
lower bound was varied by steps of 0.005 GeV? in the range 0.01 < ¢* < 0.05 GeV?2, with a constant
upper bound at g2 = 0.12 GeV2. Similarly, the upper bound was varied in the range 0.09 < ¢* <
0.013 GeVZ2, with a constant lower bound at g? = 0.02GeV?. The results are shown in figure 7.3. The

Figure 7.3: Dependence of A;. on the ¢?-limits of the fit. The horizontal line represent the mean value. For the
Jower bound, the two first values are not taken into account for the systematics study.
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value of A is independent of the upper bound, and the dependence on the lower bound is not statistically
significant. Hence, the possible systematic effect can be neglected. There is thus no systematic effect
due to the boundaries of the g*-range.

7.3.3 Variables Used in the Calculation of g*

The momentum transfer g2 was calculated from the neutral kaon momentum pxo, the pion momentum pr
and the cosine of the angle between these two particles cos akr. The value of A} should be independent
of these variables. However, any systematic effects due to the quality of the simulation data for the
description of these variables can be studied by measuring A for different slices of pgo, pr and cos axr-
The data were separated into N = 5 different ranges for each of the variables, and ). (%) was determined
for each slice i. The x2-fit of a constant over the N independent measured values is expected to have a
value equal to the number of degrees of freedom (ndf = N —1 = 4), if no systematic effect is involved.
For larger x2, a factor a is defined such that
2

’5‘5 =N-1 (7.32)
The uncertainty on each of the N measurements is then multiplied by a, such that the uncertainty on the
mean value is also multiplied by o. Hence, the variance of the systematic effect under study is deduced
to be the difference between the modified and the non-modified variances:

Ol = (0 = 1o, (7.33)
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More details about this method can be found in ref. [8]. Figure 7.4 shows the result for the three variables
used for the determination of g2, i.e. pga, pr and cos axy.

Figure 7.4: Dependence of A, on the neutral kaon momentum po, the pion momentum p, and the cosine of the
angle between these two particles cos ax,. The first point of each plot corresponds to the fit on all the data. The
five next points correspond two five independent slices in the physical range of each variable.
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The values of the x?/ndf and the corresponding systematic uncertainties were calculated with
Osat = 0.00122, and are summarised in table 7.3. The total uncertainty due to the three variables is
obtained by adding the individual values quadratically:

Osyst(variables) = 0.00284.

7.3.4 Other Effects

e The description of the other variables, like the kinematics of the charged primary particles, or of
the electron might also induce systematic effects. However, these effects are all included in the
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Table 7.3: Systematic uncertainties due to the neutral kaon momentum pgo, the pion momentum Py and the

cosine of the angle between these two particles cos okz.

CHAPTER 7. THE K%, FORM FACTOR

Variable | x*/ndf | Osys
DKo 4.336 | 0.00223
Dx 2.583 | 0.00154

cosag, | 1.469 | 0.00084

description of pyo, pr and cos ak . Hence, all the contributions of these variables are included in

the previously determined oy (variables).

o It has also been checked that the value of ), is independent of the neutral kaon strangeness. The
results obtained for A, (K°) and A, (K°) were found to be compatible (cf. Section 7.4).

e The possible effect of the correction weights is also included in asyst(variables).

e It should be noted that the radiative corrections slightly modified the Ay value, namely:

)\+(ARC) - A.{.(NOARC) ~ —0.001.

Hence, the possible uncertainty introduced by the radiative corrections is certainly much smaller

than 0.001, and thus negligible.

e The addition of a quadratic term to the energy dependence of the form factor does not improve the
quality of the fit, and the quadratic term is compatible with zero. Hence, it can be neglected.

Finally, a summary of the relevant systematic effects is given in table 7.4.

Table 7.4: Sumumary of the systematic uncertainties.

Source Osyst
Background level 0.00055
g*-range for the fit < 0.00001
Description of the pgo spectrum 0.00223
Description of the p, spectrum 0.00154
Description of the cos ag, spectrum 0.00084

| Total 0.00289 |




7.4. FINAL RESULTS 81

7.4 Final Results

The final result for the linear energy dependence parameter Ay, determined from the P28-P29 data
(1995) with 366'000 reconstructed K° (K") — mev events, is

Ay = 0.0245 £ 0.0012;,; £ 0.0029y.

This result shows that the uncertainty on A4 is dominated by systematic effects, because the large statis-
tics of the simulated and of the real data emphasize the differences between the two data samples.

The total uncertainty can be calculated from the quadratic sum of the statistical and the systematic
uncertainties:

A4 = 0.0245 = 0.0031.

This result should be compared with the other measurements given in table 2.1. Note that only two
measurements have smaller uncertainties. Combining all the measurements with our result, the new
world average becomes:

A, = 0.0291 + 0.0014,

where a scaling factor of 1.2 has been applied, according to the procedure of ref. [8]. This new world
average may be compared with the corresponding parameter A, (K*) for the form factor of the charged
kaon semileptonic decays (K;’fo,) [8]:

Ay (KE) = 0.0286 + 0.0022.

Both values of Ay (K°) and ) (K*) should be equal if the AI = 1/2 rule holds [13]. The mean values
quoted above for A, (K°) and A4 (K*) are very well compatible, showing thus no deviation from the
Al =1/2 rule.

Finally, a test of CP-violation in the semileptonic decay amplitude was performed with the measured
values of . for KO and K° decays, with the results:

A4 (K% = 0.0262 =% 0.001 75z =+ 0.00384ys1,
and
A+ (K0) = 0.0227 = 0.001 75z £ 0.0031 gy

The systematic uncertainties were obtained with the same method as described previously. Using the
fact that the weighted mean of A, (K°) and A, (E(T) should have the same systematic uncertainty as the
value of A determined from the full sample, the correlation p between the systematic uncertainties of
A4 (K®) and A\ (K?) was found to be p = 0.41.

The asymmetry Ay constructed with A4 (K°) and A\, (K9) is a measure of direct CP-violation in the
decay. This asymmetry was deduced to be

_ MK -2 (K9

Ay = —
A+(K%) + A4 (K9)

= 0.072 £ 0.092.

From this result, the following limit, at the 68% confidence level, can be set on [Ay}:
|Ax| < 0.13.

Therefore, no CP-violation in the semileptonic decay amplitude is seen, as expected from the standard
model.




Chapter 8

Conclusion

The linear energy dependence parameter A4 of the KY; form factor has been measured in several ex-
periments. The obtained results are not always compatible, and the latest publication dates back nearly

twenty years.

The data sample from the CPLEAR experiment contained a large number of KY% decays. In the
present work, these data were used to evaluate the K23 form factor. The method which was employed
relied on an analysis of the Dalitz plot distribution. The measured density was compared with the simu-
lated density for events generated with a constant matrix element. From a total of 366’000 reconstructed

K° (KO) — mwev events, one obtained the result:
Ay = 0.0245 £ 0.0012;, 3 0.0029ys;.

The uncertainty on M. is dominated by systematic effects originating from the simulated data sam-
+ y sy g g
ple. This result was included in the list of all available measurements, and the new world average was

determined to be

A4+ = 0.0291 = 0.0014.

This new world average was compared with the corresponding form factor’s linear energy dependence
of the charged kaon decays Kgf,, No deviation from the AI = 1/2 rule was found.
Finally, a limit was given on the value of the asymmetry

A4 (K®) — A4 (RO

—-| < 0.13,
A+ (K% + A4 (KO)

[Ax| =

at the 68% confidence level, thus showing no direct CP-violation in the semileptonic decay amplitude
of the neutral kaons.
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