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Introduction

Fundamental symmetries are often part of the axiomatic basis of theories in all
fields of physics, being the mathematical foundation of the conservation principles
observed in nature. The invariance of laws of physics with respect to the parity
reflection (P) and to the charge conjugation (C) is well established for what con-
cerns the interactions responsible for the formation of ordinary matter, namely the
electromagnetic and nuclear strong interactions. Therefore, particle physicist were
particularly surprised and intrigued after the discovery, dated 1957, that P and C
symmetries are maximally violated in weak interaction phenomena.

A small violation of the combination of the two symmetries (CP) was unex-
pectedly discovered in 1964 and undoubtedly observed so far only in the mixing
of K° and K° mesons. Nowadays, the underlying mechanism of this violation is
not yet clear and its deep understanding could have a great impact not only in
particle physics, but also in cosmology, being CP violation required to justify the
matter/antimatter asymmetry observed in the Universe. It is indeed the subject of

many research efforts from both the theoretical and experimental sides.

The high—precision experiments in the field of kaon physics, together with the
newcoming experiments to study the B® — B% meson, constitute the frontier in the
experimental search for CP violation. One of the major challenge of the two last
decades consists in establishing if the violation does occur or not directly in the K

meson decay.

This thesis is devoted to the first results of NA48, the CERN experiment con-

ceived to investigate direct CP violation in kaon decays with unprecedented accuracy.

After an overview on CP violation in the first two chapters, the detector and

the experimental technique are described in chapter 3. The method used is the



measurement of the double ratio R of Ks and Kz to n7n~ and n°x° decays, by
collecting simultaneously the four decay modes from two collinear Kg and K beams.
The deviation from 1 of the double ratio is a clear sign of direct CP violation, leading
to a non zero value of the parameter Re(€'/¢) ~ (1 — R)/6.

The general strategy of the data analysis, that has been carried out through a
large team effort inside the NA48 collaboration, is outlined in chapter 4. The next
two chapters are devoted to our original contribution to the analysis. The problem
of understanding the different acceptance for Ks and K, is discussed in detail in
chapter 5. The effect in the analysis of the residual Kg and Kg /K[ interference
in the “K ” beam line is the subject of chapter 6. Finally, in chapter 7 the final
result for Re(€'/¢€) is given. The result is based on the data collected during 1997,
corresponding to about 10 % of the statistics the experiment aims to accumulate.
Nevertheless, this early result by itself confirms the occurrence of direct CP violation

in kaon decays.



Chapter 1

CP symmetry and its violation

The definition of left and right, as well as of positive and negative charge, is usually
considered, even by common sense, as an arbitrary convention. In the language of
physics, this is due to the fact that the fundamental interactions responsible for the
nuclear, atomic and molecular bonds in ordinary matter, namely the electromagnetic
and nuclear strong forces, are invariant with respect to the inversion of the three
directions of space (P), and the exchange of all particles with the corresponding
anti-particles (C).

Nevertheless, experiments in the field of nuclear and high—energy physics have
shown that these invariances do not hold anymore for the nuclear weak interactions.
The violation of the combined symmetry (CP) is even more surprising, since it allows
for an absolute simultaneous definition of what is left and what is positive charge,
and allows to break down the matter/antimatter symmetry of the Universe.

In this chapter we briefly summarize the phenomenology of CP violation and we
give the status of the experimental search for the direct violation in the decay of

neutral X mesons.



1.1 Fundamental discrete symmetries

A physical system exhibits a symmetry when every real physical state transforms
under the symmetry operation into another real state, having the same energy. This
implies that the equations governing the evolution of the system are invariant under
such symmetry transformations. In quantum mechanics the invariance is expressed
by the commutativity of the hamiltonian operator H and the operator S associated

to the symmetry operation:
[H,5] = 0 (1.1)

The eigenstates of S, that are physical states with a definite property under the
symmetry transformation, conserve in time their eigenvalues. For example, if we
assume the isotropy of three—dimensional space the laws of physics must be invariant
with respect to rotations (in other words, the orientation of the reference frame used
to describe the system can be chosen arbitrarily). Since the rotation operator is a
function of the angular momentum operators, the symmetry causes the angular
momentum of an isolated system to be conserved in time.

The existence of a conservation principle associated to a symmetry is demon-
strated in general for all continuous symmetries (Noether’s theorem). The most
relevant fundamental examples other than the space isotropy, are the homogeneity
of time, leading to the conservation of energy, and the homogeneity of space, leading

to the conservation of three-momentum.

Up to 1957, three discrete symmetries were commonly assumed by physicists to be

of general validity as the ones mentioned above:

Parity (P): it consists in inverting the direction of the three axes of the spatial
reference frame. This operation transforms, for example, a right hand in a
left one, a chiral L-type molecule into its R—-type counterpart, and makes the
clocks go counter—clockwise. The arbitrariness in the definition of left and
right reflects the existence of this symmetry in our every—day life. To realize
it, let’s suppose to have a phone call with an extra—terrestrial friend living in a
far galaxy, and to try to agree with him about what is left. Of course we could

not use mere conventional facts as the sense of rotation of clocks, that would
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probably be opposite if an australian guy had fixed it. But we could not cite
even more “natural” phenomena, as the fact that most of people are right-
handed (actually, we are not even sure that our friend has two hands ... ), or
that natural amino—acids rotate plane polarized light to the left!, since these

are likely to be accidental facts in the evolution of our particular world.

This invariance is very practical in particle physics, since all particles have
a definite parity, i.e. they are eigenstates of the parity operator, and the
conservation of their eigenvalues (+ 1) puts strong constraints on the possible

decay modes.

Charge Conjugation (C): this is the inversion of a particle with its anti—particle,
and vice versa. Though our world is completely made of matter, for every
known particle, a corresponding anti—particle has been found, having opposite

charge and the same mass and life-time.

Time Inversion (T): it consists in inverting the direction of time. It is well known
that the constant increase of entropy of an isolated system breaks this sym-
metry, but this law, having a statistical nature, applies only to macroscopic
systems, while the microscopic reversibility of fundamental interactions is usu-

ally assumed.

The combination (in any order) of these symmetries (CPT) is proven to be true,
assuming Lorentz invariance and the very first principles of any conceivable quantum
theory, after a famous theorem by Schwinger and Liiders, then generalized by Pauli
(CPT theorem [49, 28]). A major consequence of the theorem is the equality of
mass and lifetime of particles and corresponding anti—particles, even if C symmetry
is broken. When it was formulated, the CPT theorem sounded to many physicists
as an academic exercise, since each of the three symmetries was believed to hold by
itself, as it was proven with high level of accuracy for all phenomena governed by

the electromagnetic and nuclear strong interactions.

!The fact that “right handed” amino—acids can be synthesized as well as the left handed ones
seems to exclude an asymmetry of fundamental forces responsible for molecular bonds. Actu-
ally, some speculative models have been proposed to explain the chiral asymmetry of the organic
molecules in terms of the parity violation of weak interactions, but without giving any strong proof.



1.2 Parity violation

The first doubts about the fact that parity is always conserved were raised by the
so—called 7 — 6 puzzle, from the name of the two weak—decaying particles that,
having the same mass, lifetime, charge, spin and production cross section, were
distinguished only by the parity of their decay products?. The possibility that the
parity symmetry could be violated by weak interactions was first proposed by Lee
and Yang [38] in 1957 and experimentally demonstrated during the same year by
the famous experiment of madame Wu and others [59]. The experiment observed
that the angular distribution of 3 decay electrons emitted from a polarized nucleus
depends on the scalar product between the particle momentum and the nuclear
polarization vector. Since this product changes sign after parity reflection, the
dependence is an evidence of parity violation.

It was immediately clear that the violation was maximal, in the sense that only
the left-handed components® of the particle wave functions (and right-handed for
the anti—particles) take part in the weak interaction hamiltonian. The helicity of
the neutrino, that interacts only through weak interactions, was indeed found to be
always —1 in an experiment carried out during the same year by Goldhaber and
others [32].

This discovery broke down an ancient prejudice, for which the physics community
felt the parity violation as astonishing as thinking that “God was left-handed”, to
use Wolfgang Pauli’s words. However, a way to recover a good symmetry also for
weak interactions was identified, even before the result of madame Wu, by Landau
[37] in the invariance under CP. In fact, all the experimental results were compatible
with a theory in which the role of left-handed particles and right-handed anti-

particles is exactly symmetric, as was the V — A theory of weak interactions.

Coming back to our extra—terrestrial friend, we could now think to call him and
to use the neutrino helicity as an absolute way to decide a common definition of
left and right. Nevertheless, to agree about what is a neutrino and what is an anti-

neutrino, we should share a common definition of positive charge. Since our friend

2This particle is now called charged kaon.
3For left-handed components, we mean the projections into the states of negative chirality,

that, in the limit of mass much smaller than energy, coincide with the states of negative helicity
h=7-%/IP 7|



lives in a very far galaxy, we cannot be sure that his world is made of matter?, so

that, if CP symmetry holds, we are in troubles again.

1.3 CP violation in kaon decays

The decay of neutral kaons is the first, and so far the only one, phenomenon in which
CP conservation has been found to be violated. The discovery, this time without
any previous hint, was done in 1964 by the celebrated experiment of Christenson,
Cronin, Fitch, and Turlay [18].

Before describing the experiment, let’s introduce the formalism used to describe
the neutral kaon system. Its peculiarity relies in the fact that the K° and its anti-
particle, the K°, are distinguished by the strong interaction through the strangeness
quantum number S, not conserved by the weak interaction, that is responsible for
their decays. Thus, a K neutral meson is produced by the strong interaction in
a state of definite strangeness (K° or K©°), but the weak hamiltonian makes the
system evolve into a strangeness—mixed state.

We describe the general neutral kaon state in a two—dimensional Hilbert space
having the K° and K° states as a basis. The C' P operator connects the two basis

states:

{OP|K°> = eitor| K0) 12)

CP|K®) = e~i*cr|KO)

where ¢¢cp is an arbitrary® phase, that we choose to be zero.
To account for decays (without including all the possible decay final states in the

Hilbert space) the time evolution is described by a non hermitian effective Hamilto-

nian of the form® [5]

. o D (M i My ity L3
T o\Mp, -t My, — itz (1.3)
12 2 22 2

4The possible existence of galaxies made of antimatter is currently disfavored by cosmologists
[21], but it has not yet been completely ruled out.

5The arbitrariness of the phase derives from the fact that the two states are not connected by
the strong interaction that produces them.

SThroughout all the theoretical discussion on CP violation we will use the system of natural
units (A=c=1).



where M and I' are two hermitian matrices. Assuming CPT to be true, we get
(K°|H|K®) = (K°|CPT H CPT|K®°) = (K°H|KO)
= M= My =M, 'y =Ty =T

(1.4)

Let’s now assume that also CP symmetry holds. We get
(K°|H|K°) = (K°|CP H CP|K° = (K°H|K° (L5
1.5
— M3 = M, [5 =T

and H becomes a symmetric matrix. Therefore, the states with definite mass and

lifetime, i.e. the eigenstates of the Hamiltonian, are equal mixtures of K° and K°:

1 o ~o
K = (K7 +|R) (1.6)
K) = —(K°) — [K9) (L.7)

V2
The | K1) and |K,) states are clearly eigenstates of C' P with eigenvalues, respectively,
+1 and —1. Thus, CP conservation would put strong constraints on their decay
modes: |K;) would mainly decay into a two—pion state (w77~ or n%z°) that is
always a CP=1 eigenstate’. On the contrary, |K,) would decay mainly into three

tr~x° or 37°) and never into 2 pions. Because of kinematical reasons, we

pions (m
expect |K;) to have a much shorter lifetime than |K>).

In fact, the neutral K mesons are found to decay with two components having
very different lifetime: the K-short (Ks ), with lifetime 7¢ = .9 107! s, and the
K-long (K ), 7, =5 107% s.

Assuming CP conservation, Kg and K; must coincide with K; and K,, and a

particle created in a pure K° state at time zero evolves as
) = 5 (0 g O iy ) =
L[y o) oy (s o)) o)

(1.8)

Since the pions are spinless, the CP operation coincides with the interchange of the two par-
ticles. Because of Bose statistics, the two pions must be in a symmetric state, so that they must
be CP eigenstates with eigenvalue +1.

For the 7t 7~ 7% and 37° states, we may think to add a 7° to the CP=1 couple, and the CP
eigenvalue will be

(CP)sr = (CP)po(—1)f = (=1)**
where £ is the relative orbital momentum of the #° with respect to the couple, and we have used
the 7% quantum numbers Cro = 1, Pro = —1. The small Q-value of the K — 3r decay (<100
MeV) strongly favors the £ = 0, thus CP=—1, state.
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Figure 1.1: Scheme of the experimental arrangement used for the first detection of
the CP violating Ky — n77~ decay [18].

where Mg and My, are the mass eigenvalues of the two states. Therefore, the prob-

ability to detect a KO after a time ¢ is
= , 1| = _t _1<L_L>
[(K°[(t)|" = 1€ s +e o —2e 2\"s L/ cos(AMt) (1.9)

This spectacular phenomenon of quantum interference is known as strangeness os-
cillations. The frequency of the oscillating term, coming from the interference of
the Kg and K7 components, allows to measure with impressive level of accuracy the

mass difference AM = My — Ms. The present world average is [14]
AM = My — Ms = 3.489 £ 0.009 peV/c? (1.10)

meaning that the weak interaction splits by one part per 10'* the mass levels defined

by the strong interaction, being the kaon mass about half GeV.

Up to 1964 all experiments on kaon physics were consistent with the identification
of the mass and CP eigenstates. The CP—conserving scenario resulted to be only
an approximate description of the real situation, after the discovery that the Kj
_I_

mesons decay with a small (2 107%) branching ratio to 77~

The apparatus used by Cronin and his collaborators is sketched in fig. 1.1. A
collimated neutral beam of about 1 GeV energy was entering a “cheap vacuum”
plastic bag filled with helium at atmospheric pressure, placed 17.4 m away from the
target in order to have a pure K beam. Two spectrometers consisting of bending
magnets and spark chambers, triggered by the coincidence of water Cerenkov and

scintillator counters, were detecting charged particles emitted from decays occurring



inside the bag. The 7t 7~ events were identified by requiring the invariant mass of
the two charged tracks to be compatible with the K° mass, and their total momen-
tum to be aligned with the beam. The apparatus was tuned by placing a tungsten
regenerator on the beam line, at different positions inside the bag, and by looking
at the 2-pion decays of the regenerated Ks 8. They recorded 45 & 9 77~ events
among an estimated sample of 22700 K decays, leading to a branching ratio of

(2.0 +0.4) - 1072,

Another experimental evidence for CP violation in the neutral kaon system was
soon detected [24] in the charge asymmetry of the semileptonic decays K — Eiﬂ'jF(z;()
(where £ is p or e). It was found that the branching ratio for the decay with the
positive lepton is higher by about 0.6 % than its CP—conjugate decay with the

negative lepton.

“The charge of the lepton preferably emitted in the decays of long-lived neutral
kaons” is a non—arbitrary definition of positive charge provided by CP violation,
allowing us to finally define a common convention for left and right with all ex-
traterrestrial particle physicists. We only need to be sure that the time in their

reference frame flows in the same direction than in our.

The discovery that CP violation occurs in nature is also an important fact for
Cosmology, since CP violation, together with the departure from thermal equilib-
rium during the Universe expansion and the non—conservation of baryon number, is
one of the ingredients needed to explain within the Big Bang model the observed
excess of matter over anti-matter in the Universe in terms of dynamics, without

resorting to a whimsical initial condition [48].

8The relative K° and K° amplitudes of a pure Ky, state are changed by the interaction with
matter, since K° and KO have different interaction probability, so that the state becomes the
superposition of a Ky and a “regenerated” Kg component.

10



1.4 Indirect CP violation

We now develop the formalism for the K° — K° system without the CP conservation

constrain. The diagonalization of the matrix in (1.3) leads to the eigenvalues

ML,S =M+ Re(Q) (111)

BEP) 3 15,
Q= \/<M12 - 17> (M12 —i, ) (1.13)

The corresponding eigenstates are

where

K¢) = 1.14
|Ks) Er (1.14)

K,) + &K
Ky = (Kol +éKy) (1.15)

1+ [e[?

where
1—¢ AM — 48 .

= = = e ]_.]_6
1+e WMy — Ty (1.16)

The € parameter expresses the CP-violating deviation of the mass eigenstates
from the CP eigenstates, usually referred as indirect CP violation. It should be
stressed that € depends on the phase convention for K° and K° of equation (1.2),
so that it may not be considered as a physical measure of CP violation. However,
it can be shown that the physically meaningful parameters, independent from the
phase convention, are Re(€) and 7 .

We also notice that, unlike K; and K5, the eigenstates Kg and K are not
orthogonal®. This formally expresses the fact that they can decay to identical final
states.

Indirect CP violation can be measured from the charge asymmetry of the semilep-
tonic decays. In fact, in virtue of the empirical so—called AS = A rule, the charge
of the lepton in the final state selects the strangeness of the decayed kaon:

K° = (Tn vy, K° — (7t

9We remind that, since the decay hamiltonian is not hermitian, the eigenstates corresponding
to different eigenvalues do not need to be orthogonal.

11



so that, if we explicit the K° and K° components of the Kg and K, states as

K5) = e (14 o) + (1~ o] (1.17
Ks) = s (14 91Ko) — (1= 91 (118

the charge asymmetry of the K semileptonic decays will be
(K — try) —T(Kp — £ nte) B
T(Kp — {tn-v) + T(Kp — £~7t5,)
(et wg| T\ K )| — (¢t o T K) | _
(€ m=v|T|KL)|? + (€7t 2| T| K ) |?
1+ —[1—¢
Trer e

§ =

(1.19)

~ 2Re(€)

where T' is the transition matrix and we have used the fact that CPT implies, for

any final state f

(fITIK®) = (K°|T|f) = (fIT|K®)" (1.20)
(If) = CPIf))
so that
(v, | T| K| = |4t i7|T|K°)| (1.21)

The relative effect on the asymmetry 8, from the possible violation of the AS = AQ
rule is known from the present experimental limits to be less than 107%.

The experimental value for Re(€) from the §, measurement is [14]

Re(&) = (1.63 £0.06) - 107 (1.22)

1.5 Direct CP violation

Coming back to the K, — nm decay, the amount of CP violation is usually expressed

by the parameters

<7"+7"_|T|KL> by
-~ 7 = _ = _le*®t- 1.23
o [m4—| (1.23)
77| T|K )
w = N = |7’]00|61¢’00 (1-24)

(x0n0| T Ks)

12



The indirect CP violation contributes to this process through the K; component
of the Ky state, but we could also have an effect of direct CP violation in the
decay K, — 7, if the CP-conjugated decay amplitudes <7r7r|T|K0> and <7r7r|T|K°>
are not the same.

Assuming CPT, the decay amplitudes of two CP—conjugated processes must obey
to equation (1.20). Therefore, they can differ only by the sign of their phase (often
called weak phase). Equation (1.20) can be generalized to include the strong phase
shift 6 due to the final state interactions of the two pions, that is not CP—violating
and appears with the same sign in both amplitudes (Watson’s theorem [55]):

e (fITIK®) = (e7*(FIT|K®)) (1.25)

Of course, the phase of a single amplitude has not physical meaning by itself, so that
direct CP violation can be detectable only if we are measuring final states where
more than one amplitude enter the game. It is the case for the two pion final states
that are the combination of two isospin states |I,I3 = 0), with I =0 or 2 (I = 1is
forbidden by Bose statistics):

e = 20,0 /20 (1.26)
= _\/§|070> + \/g|270> (1'27)

The amplitudes for the different isospin states are defined as

(I,0|T|K®) = Aje’s (1.28)
(I,0|T|K®) = Aj¢t  (I=0,2) (1.29)

Since the kaons have isospin I = 1/2, the empirical AI = 1/2 rule strongly favors
the transitions to the I = 0 final state with respect to the I = 2 one. In fact, the

ratio of the Kg branching ratios

BR(Ks —x'n") _|(w'n [T[Ks)* I+ Grmgame ™™
BR(Ks - w°r%) — [@r[T|Ks)P |1 = 2R citean) |

has the experimental value 0.686/0.313=2.18, leading to (62 — 8o ~ —7/4)

~0.03 (1.31)



Therefore, we introduce the variables

Im(AI)
= 1.32
1= Re(4r) (1.32)
Re(A») i(62—60)

= —Leh\27% 1.

w Re(Ao)e (1.33)
that will be developed to the first order. After some algebra, we obtain

pe = €+ ifo + (&w + i&w)/V2 (1.30)

T el + (w o ibsew) V2 '

_ e = . 5

oo €+ ifo — (Ew + i&w)V/2 (1.35)

T1q ié€o — (w + 1€58w)V/2

2

and, neglecting terms of o(€?,w?, é&w) and in any phase convention where |e{o| << 1,

we finally get

6/

1—|—w/\/§

2¢

ni_ ~e+ ~e+¢€ (1.36)

Moo =~ € — m ~€—2€ (]‘37)
where
e o, Am(Ao)
€ = e—l—zfg—e—l—zRe(AO) (1.38)
. iw(és —&) _ i Re(Ay) [Im(4s)  Im(Ao) £i(62-60) (1.39)
- V2 V2 Re(Ap) | Re(A2)  Re(Ay) '

¢ is a physical parameter that quantifies the indirect violation (one can check that
¢ is independent from the phase convention). In a (often used) phase convention
where Ay is real, it coincides with €, and in any case Re(¢) = Re(€).

Using the experimental result'’® 2AM ~ —AT and the smallness of the CP
violating effects, it can be shown [5] that an approximate formula for e is
221114)Im(M12) —1Im(T'12)/2 iIm(AO) ~ ¢id (Im(M12)> (1.40)

V(AM)? + (AT)?/4 Re(Ay) V2AM

As a matter of fact, the phase of € is found to be very close to 45°.

€~ eiarctg(—

The parameter ¢’ quantifies the direct CP violation. As we could expect, it
depends from the difference of the weak phases of the amplitudes in different isospin

channels.

10This result could be expected from the Heisenberg uncertainty relation AE - AT > 1/2, if we
think that the Ky and Kgs states, whose mass differ by AM, are decoupled, thus distinguishable,
after a time of the order 1/Ts ~ —1/AT.

14



The current experimental values [14]
.| = (2.285 £ 0.019) - 10 |5oo| = (2.275 % 0.019) - 102 (1.41)

are both compatible with |¢|, showing that the K in two pion decay is dominated
by the contribution of indirect violation.
From equation (1.39) we see that the phase of € is 7/2 + 8, — o and, since

8y — 6o ~ —m /4, we get that the phases of € and € are very close:

¢ ~ Re (6—/> (1.42)

This is likely to happen accidentally, since there is no conceivable connection between

the strong phases and the phase of e.

1.6 Measurements of direct CP violation

As it will be discussed in the next chapter, the empirical results about CP violation
can be accommodated within the Standard Model, but as of today there is no
mechanism that explains naturally where CP violation comes from and why it seems
to be so elusive. The determination of other CP violating parameters than the few
that were measured so far could give an insight, since the Standard Model puts
strong constraints about them.

The fact that CP seems to be a quasi—exact symmetry and that direct CP viola-
tion could be vanishing, triggered many ideas about new models where CP violation
is attributed to a new kind of interaction. The most famous one is the super—-weak
model by Wolfenstein [57], where the AS = 2 transitions between K° and K° are
attributed to a CP—violating effective four—fermion interaction, having a coupling
constant of the order G% (where G is the Fermi constant). The model is consistent
with the fact that the interaction is detectable only in the neutral kaon system, and

predicts all the CP violating effects to be included in the mixing, namely € = 0.

In order to check this prediction against the Standard Model where a non zero
value of ¢’ is possible, the measurement of the amount of direct CP violation has been
(and is being) the most afforded and challenging task of experimental kaon physics
in the last two decades. The difficulty of such measurement mainly comes from the

need to detect with high statistics and purity the decays of K, into 7°x°, that occur
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with 9-10~* branching ratio. The two pions immediately'! decay into 2 gammas, and
very precise calorimetry is needed to identify the events with kinematical criteria,
in order to discriminate them from background, starting from the detection of the
four gamma showers. The background is mainly due to 37° events, that have a 226
times larger branching ratio than 27°, with two undetected photons. As a matter
of fact, all the pioneering experiment of kaon physics were based on the detection of
decays into two or three charged pions or to semileptonic modes, usually by mean

of magnetic spectrometers.

The most convenient way to determine the ¢’ parameter from the experimental
point of view is to measure the double ratio of K — 77 decay intensities

g - TEL—-n®) D(Kg —ata™)  fnool® | o (€
(K — ntn~) T(K§ — 7°7%) ~ [n,_|? ¢

(1.43)

where we have used equations (1.36) and (1.37). In fact, if the same apparatus is used
to detect the four decay modes from the same beams, the intensity normalization
factors and many experimental effects as efficiencies and acceptances cancel in the
ratio.

Two experiments measured the double ratio with accuracy 6 - 10 during the

eighty:

NA31: this experiment was installed at the CERN Super—Proton—-Synchrotron (SPS).

The #tx~ and 7°#°

events were detected concurrently from high-energy (~
100 GeV) kaon beams. Two beams, of primary intensity 10'* and 107 protons
per pulse, respectively, were alternately produced at two different targets lo-
cated at a distance from the detector such to obtain pure beams of K and
K particles (the layout is sketched in fig. 1.2). In order to obtain the same
decay distribution, thus the same acceptance, despite the different lifetimes,

the Kg target was displaced during the run in steps of 1.2 m throughout the

50 m fiducial volume.

Charged pions were identified using two wire chambers (there was no magnetic
spectrometer), while a liquid argon—lead calorimeter was used to measure pho-
tons from 7%7° events. The calorimetric measurement of the pion energy was

obtained using also an hadron calorimeter, followed by muon veto counters to

1The g lifetime is (8.4 4 0.6)10717 s [14].
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Figure 1.2: Layout of the NA31 experiment at CERN
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suppress the K3 background. Anti-counter rings around the detector fiducial

region were useful in rejecting the background from three pion events.

The final result based on three years of data—taking (1986, 1988 and 1989) was
4]

Re (6—/> = (23.0£6.5) 10~ (1.44)

The main sources of error were, in order of importance:

o the statistics of K; — 77

e the accidental activity in the detector, that was not the same for K and

K due to the different intensities;
e the background to neutral events from K; — 37° (amounting to 2.7 %);

e the uncertainty on the relative energy scale for neutral and charged

events;

e the background to charged events, mainly from K.; decays of Kz, (amount-

ing to 0.7 %);

e the uncertainty on the residual acceptance difference between Ky and

Kg;
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o the inefficiency of wire chambers.

E731: Another experiment based on high—energy kaon beams, but using a different
technique, was performed at Fermilab. All the four decay modes were acquired
concurrently from two parallel identical K7 beams, one of which was hitting on
a regenerator to obtain the Kg events, as sketched in fig. 1.3. The regenerator
was alternated once every minute between the two beams, in order to cancel the
residual differences in intensity and acceptance. Charged events were detected
by mean of a drift chamber spectrometer, while a lead glass calorimeter was
used for the neutral events. A muon veto detector and anticounter rings were

used to reject background.

The data analysis strongly relied on Montecarlo simulation, tuned using K3
and 37° decays, to correct for the acceptance difference due to the different
longitudinal distributions of the decays from the two beams, and to evaluate
backgrounds. The ratio of the events from the two beams was fitted, simul-
taneously for the two decay modes, with € and the regeneration amplitude as
free parameters. The result was [29]

Re (6—/> = (7.445.9) 10 (1.45)

€

The error was dominated by the statistics of the K; — 7°7° sample. The

major sources of systematic error were the uncertainties on the acceptance
correction, the calibration of the lead—glass calorimeter, the accidental activity
and the backgrounds (amounting to 2.53 % and 2.26 % for the regenerator and

vacuum beams, respectively).

While the NA31 result can be taken as a first evidence for the occurrence of
direct CP violation in kaon decays, the E731 result was compatible with ¢’ = 0, and
the agreement between the two measurements is marginal. Therefore, despite the
large experimental efforts in the two laboratories, no clean answer about a non zero

value of ¢ was obtained.

Both CERN and Fermilab groups used the earned experience to project upgraded
experiments, aiming to reach an accuracy on Re(€'/¢€) of 2:107*. The two new exper-

iments are presently running and completing their data—taking. The measurement
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of Re(€¢'/€) with the CERN experiment NA48 is the subject of this thesis. The new
Fermilab experiment KTEV retains all the basic features of its predecessor. The
main improvements are the capability to stand much higher rates and the better

resolution of the electromagnetic calorimeter, made of 3100 Csl crystals.

XaY)

T T T T T I L U I U O T )

At=(t,-t))Ix,

Figure 1.4: Calculated interference patterns for the following ¢ — KK — fifs
decays: a) fi = ntn™, fo = 7% b) fi=Ltn"v, fo =L 7 D;and ¢) f1 = 2w, fo =
{rv.

Finally, another experiment is going to measure direct CP violation in kaon
decays with hopefully the same level of accuracy then NA48 and KTEV, but with
a completely different technique. The KLOE detector is installed at the DA®NE ¢
factory of the LNF laboratory in Frascati. It will study the ¢ decay at rest

¢’—>KK—>f1f2

where K K is an antisymmetric state of two neutral kaons
1

V2

1

(|K°(2)K°(~2)) — | K°(2)K°(~=2))) 7

([Kz(2)Ks(—2)) — |[Ks(2)Kr(—2)))
(1.46)

allowing to tag K° K9 K; and Kg events and to measure the interference pattern
for a number of f;, f, final states. Some examples of such patterns are shown in
fig. 1.4. For the cases fi = fo = 777~ and f; = fo = 7%, the amplitude for time
difference At = (¢(f1) — ¢t(f2))/7s = 0 must be null, since Bose statistics forbids
the simultaneous existence of the two couples, that would behave as two bosons

in a antisymmetric state. This is also the case of f; = 7777, fo = 7%7° in the
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absence of direct CP violation. Thus, the simultaneous detection of two distinct CP

eigenstates is a clear signature of direct CP violation. From the interference pattern

both Re(€'/e) and Im(€'/e) can be inferred.
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Chapter 2

CP violation in the Standard
Model

The existence of three quark generations allows CP violation to be accommodated
within the Standard Model of electroweak and strong interactions. The amount
of violation depends on free parameters that are unknown a priori and there is
no mechanism explaining naturally the smallness of the CP violation effects in kaon
decays. The particular constraints imposed to all CP violating decays make precision
measurements of such processes extremely appealing, since CP violation could be

the first probe to evidence physics beyond the Standard Model.
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2.1 The CKM matrix and the unitarity triangle

In the Standard Model (SM) of electroweak interactions the quark eigenstates for the
strong and electromagnetic interaction (i.e. the mass eigenstates) and for the weak
interaction do not coincide, as first realized by Cabibbo [12], who introduced its
famous angle to describe the mixing of the d and s quarks. After the charm quark
was introduced, the mixing was represented by a 2x2 matrix V, whose unitarity
assures the absence of flavor changing neutral current transitions (this property is
known as GIM mechanism [31]).

The charged current quark interactions are described by the Lagrangian term

Lw = =3 Lty (1 — ) (Vaa)isd; W + hec. (2.1)
DN
where u; and d; are the fields for the quark mass eigenstates with +2/3 and —1/3
charge, respectively, and the index ¢ spans on the quark families. It can be shown
[44] that the Lagrangian is not CP invariant only if the V matrix is not real'. A
complex mixing matrix could be generated by complex couplings for the Yukawa
interactions between quarks and the Higg’s sector, that are responsible, after spon-
taneous symmetry breaking, for the generation of quark masses.

With two quark families, the unitary mixing matrix must be real and does not
allow for CP violation, so that mechanisms going beyond the SM, as the super-weak
hypothesis, were formulated to account for it.

In 1973, before the discovery of the b and t quarks, Kobayashi and Maskawa [36]
were the first to realize that in the presence of a third quark generation, CP violation

was indeed possible within the SM framework. In fact the 3x3 mixing matrix

) Vie Vus Vi
Vekm = | Ve Ves Vo (2.2)
Via Vi Va

known as Cabibbo—Kobayashi-Maskawa (CKM) matrix, can be parameterized in

! Actually, non—perturbative corrections to the SM tree level lagrangian from strong interactions
could be a second (and flavor-diagonal) source of CP violation, that is parameterized through
the angle 8gcp. The experimental limits on the electric dipole moment of the neutron imply
fgocp < 10~°. The minimal form of the SM model offers no natural explanation of the smallness
of 8gcp, though models involving a new global U(1) simmetry (that would lead to the existence
of a new neutral pseudoscalar boson, the azion) have been proposed to solve this so—called “strong

CP problem” [47, 56].
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general by three angles and a single complex phase. The latter accounts for the
imaginary part of the matrix, allowing for CP violation.
Among the 9 possible parameterizations, a standard one has been recommended

by the Particle Data Group [14], in terms of the three angles 6;; and the phase é:
6

€12€13 $12€13 $13€°
¥ _ 5 6
Verm = —812€23 — C12823813€ C12C23 — 812523813€ $23€C13 (2-3)
6 6
812823 — €12€23813€ —C12823 — 812€23813€ C23C13

where ¢;; = cos(;;) and s;; = sin(6;;) (4,5 = 1,2,3) can be chosen to be positive
and 6 may vary in the range 0 < § < 27, but it is forced to be < 7 to account for
CP violation in K decays.

From phenomenology we know that s;5 and ss3 are of the order 1072 and 10~?

respectively, so that, with very good approximation, we have
s12 = |Vus|, s13 = |V, 823 = |Vap| (2.4)

In order to make the contents of the matrix more transparent, using the hierar-
chy of the mixing angles, an approximate parameterization has been introduced by

Wolfenstein [58], where each element is expanded as a power series in the parameter

A= |Vi| = 0.22:

A \ iy
Vormr = | =A+ 3AN[1=2(p+in)] 1327 — 54 (1 4442 Ax?
AN L= (p+am)(1 =53] —AN+ A[3(1-2p) —in] X 1 —34%)
+ O(X%)
(2.5)

The free parameters are now A, A,p,n, connected with the previous ones by the

following relations:

A =512
A=3%
%12 (2.6)
P = 81821;23 cos §
n= -1 _siné

812823

The order )\® in the expansion is needed to have the proper accuracy for the analysis

of K decays.

The unitarity of the CKM matrix implies various relations among its elements,

in particular

VudVy + VedVy + ViaVy =0 (2.7)

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

Figure 2.1: The unitarity triangle.

From (2.5) we see that

VoV = —AX® + O(XT) (2.8)
VuaVy, = AN (p + i) + O(X7) (2.9)
ViaViy = AN (1 — p — i) + O(XT) (2.10)

where

p=p (1 — %V) n=n (1 — %V) (2.11)

Therefore, the unitarity relation (2.7) can be graphically represented in the (p,7)
plane as a triangle having a unity length side, and the other sides of length

|V V| ——— AN 1| Vi
R —= U —= 2 2 = ]___ N 2']—2
b Vavy VP 1 2 ) x|V, (2.12)
[ViaVi3| =5 = _ 1|V
R — — ]__ 2 2 = _ 2.13
t IAA (L =p)* +17 2V (2.13)

This unitarity triangle is depicted in fig. 2.1. Its sides and angles are physical
observables, since any phase transformation simply rotates the triangle in the plane.
Its area is a measurement of the amount of CP violation and can be obtained, at
least in principle, by measuring |Vis|, |Vusl|, |Ves| and |Vi4| through CP conserving

decays.
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Assuming the SM provides a complete description of all the measurements, the

unitarity triangle can be obtained using the following informations:

e the scale of the triangle is given by |V,;| that can be measured with good ac-
curacy from exclusive and inclusive B meson decays. The semileptonic modes
B — D{" v, are the most useful, since a nearly model-independent treatment
of such processes is provided by the heavy quark effective theory (HQET). The

present value is [14]

V.| = 0.0395 -+ 0.0017 (2.14)

o Theratio |V,;4|/|Ves| is obtained from inclusive semileptonic decays of B mesons,
by measuring the lepton energy spectrum above the endpoint for b — ¢~ v,.
The interpretation of the result is limited by the theoretical uncertainties on
the shape of the generated lepton energy spectrum, resulting in a 25 % relative
error. The precision can be improved by using also the measurement of |V;|,
performed at LEP from the inclusive charmless semileptonic branching fraction

of beauty hadrons. The combined result is [43]:

Vs |/ |Ves| = 0.093 +0.016 (2.15)

e The AS = 2 transitions between K° and K© are induced, at the first order,
by the box diagrams shown in figure 2.2 and are dominated by the diagrams
containing quarks ¢ and t. The parameter € of indirect CP violation can be

computed in terms of the CKM matrix elements, defining an allowed region

y d s uct d

S d uct S

d w

Figure 2.2: Feynman box diagrams contributing to the first order to indirect CP
violation in the K° — K© system.
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around an hyperbola in the (p,7) plane. The relative accuracy of this com-
putation is about 20 %, dominated by the uncertainties on non—perturbative

QCD contributions.

o The BY — B mixing provides informations on the side of length R;, through
|Vid|, that can be obtained using the measured mass difference AM, and the
mass of top quark (the box diagrams with the top quark are the main sources
of mixing). Again, uncertainties from the hadronic long-distance contributions

are the main source of error, leading to a 20% relative error.

e Another limit on R; is obtained from the B? mesons that are believed to
undergo a mixing analogous to the BJ one, but with a larger mass difference

that induces faster oscillations, undetected so far.

=17 I
am, BNyivel /1 AN
0.8 [T Am, R eyl / S H
, A :
0.6 Am, P
, ekl :>
0.41 Nupl Vel e

0.2

05 1
p
Figure 2.3: Allowed region in the plane (p,7) from different measurements and the

favoured unitarity triangle. The constraint coming from B? oscillations is a limit at
95 % confidence level, while the others represent a +1¢ error band (from [43]).
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All measurements performed so far are consistent with the SM picture (see fig.
2.3) and lead to the following estimates for the unitarity triangle parameters [19,

43, 46]:

p=0.17 + 0.09 (2.16)
7= 0.36 £ 0.06 (2.17)
sin(2a) = 0 + 0.4 (2.18)
sin(283) = 0.74 + 0.09 (2.19)
v = 65° + 15° (2.20)

2.2 The prediction for ¢ and the penguin dia-
grams

Figure 2.4: Electroweak (a) and strong (b) penguin diagrams, responsible for direct
CP violation in kaon decays.

The direct CP violation parameter €, defined in (1.39), can be predicted by
evaluating the amplitudes for the AS = 1 transitions.

The diagrams that are responsible for a different weak phase of the amplitudes
for the two isospin channels A and A, are called penguin diagrams® (see fig. 2.4).
The s — d transition proceed through a one-loop flavor changing neutral current,
with the exchange of a virtual gluon (strong penguin) or a photon or Z° (electroweak

penguin). The strong penguin only contributes to Ay, since the isospin can change

2The name comes after a paper [25] where John Ellis was forced to include the word “penguin”
because of a lost bet. He noticed the striking resemblance of the diagram with a penguin after
having “smoked some illegal substance” [52].
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only by 1/2, while the electroweak penguin generates also a phase in A,, since the
electromagnetic current is a mixture of Al = 0 and AJ =1 transitions, so that the
total isospin variation can be 3/2. Of course, the electroweak diagram is suppressed
by a factor a/as ~ 1072 with respect to its strong counterpart, but on the other hand
the contribution of A, to €’ is enhanced by a factor Re(Ag)/Re(Az) =~ 22, so that
the two contributions are of the same order, but have opposite sign. The accidental
cancellation of the two contributions is indeed responsible for the smallness of €.

Actually, the calculations are very complex and suffer from large hadronic un-
certainties. The result is also critically dependent from the value of the top quark
mass.

Most of the computations [20, 19, 11] quote a value between 0 and 10 -107%,
even if a wider range of 0 to 20 -10~* is obtained by pushing simultaneously all the

relevant parameters to the extreme values of their predicted range.

2.3 Possible scenarios

The Standard Model provides a description of CP violation with some unique fea-

tures:

o there is a single source of CP violation, namely the phase of the CKM matrix,
so that CP—violating observables in all conceivable processes must be strongly

correlated;
o CP violation is limited to the flavor changing quark interactions;

e CP is not an approximate symmetry, since 7/p = O(1). The smallness of
effects for processes mainly involving the first two quark generations, as it is
the case for K — =, is explained by the small values of the mixing angles
and not by the CP—violating phase of the CKM matrix. As a matter of fact,
CP violating asymmetries of order 1 are predicted for some processes, all of
them having unfortunately a small branching ratio. The main examples are
B — ¥ Kg, that is going to be experimentally investigated at B factories, and
K (K1) — n°%xt)vw, for which the SM predicts a branching ratio of the order

107!, well below the present experimental sensitivity.
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Most of the predictions of the SM scenario still have to be tested, due to the
experimental difficulties. Different scenarios, as the supersymmetric ones, predict
very different features for CP violation, that is thus a powerful probe for new physics.
Therefore, it is important to collect all accessible informations by studying a number
of possible processes. In the near future our knowledge of CP violation will probably
substantially improve, since several experiments are on their way to produce new
results. High—precision experiments on kaon physics will study direct CP violation
and kaon rare decays, and dedicated experiments at B factories (as Babar at SLAC)

will measure CP violation in the B® — BO system.
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Chapter 3

The NA48 experiment

NA48 is an experiment, installed at the CERN SPS accelerator, that aims at a
substantial improvement in the accuracy of the ¢’/e measurement through the double
ratio method. The simultaneity of data taking for the four K — 77w decay modes,
the quasi—collinearity of beam lines and the tagging method are the main ingredients
of its innovative technique, that, together with the capability to stand very high rates
and the impressive performances of its electromagnetic calorimeter, should allow to
reach an overall accuracy of 2-107* on Re(€'/e) .

The experiment started its data-taking with the full detector installed in the

summer of 1997 and it is currently completing its program.
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3.1 First principles

The NA48 experiment aims to measure € /¢ with 2-107* accuracy through the double

ratio

0 0,0 0 o '

R = rr((flg'{gL : :+:—)) Fr((lf%'g:ZOZO)) = 16 Re (%) (3:1)
by collecting the four decay modes simultaneously with the same apparatus. The
advantage of this method consists in the fact that many experimental effects cancel
in the ratio, being common to Ks and K or to charged and neutral events. The
event reconstruction is based on a high—resolution electromagnetic calorimeter for
the neutral (27°) events and on a magnetic spectrometer for the charged (7+7 ™)
events.

The guidelines of the experimental project[3], based on the previous experience

of NA31, are the following:

Statistics: The most limiting decay mode is K} — #°7°, that is CP-violating and
has lower branching ratio ! and acceptance than K — «t7~. The statistical

error is thus

¢ 1
A (—) R~ 3.2
so that about 3 10° K — #°7z° decays are needed to reach a statistical
accuracy of 1 -107*. The experiment has been built to stand very high rates
(1 MHz of instantaneous particle flux) in order to accumulate statistics of this
order within 3 years of data—taking. This requires the implementation of very

fast and sophisticated read—out and trigger systems.

Acceptance: the illumination of the detectors from K¢ and K events is made as
equal as possible by using nearly collinear beams, converging at the detector
position. The longitudinal decay distributions, that are naturally very differ-
ent, can be made equal by weighting offline the K events according to their
reconstructed proper time. In this way the acceptances cancel (at least to
a first approximation) in the double ratio and the result does not critically

depend on the accuracy of Montecarlo simulations.

IBR (K% — ntx~) = (2.067 +£.035) 1072 BR(K? — #°%7°) = (0.936 £ .020) 102 [14]
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Ks /K identification: the novel method used to distinguish Ks and Ky, events
consists in tagging in time each proton of the Kg beam line (the less intense
one) with a detector that must be capable to stand rates of order 10 MHz. K¢
events are identified through the time coincidence between the proton time
and the event time in the detector. Therefore, both times must be measured

with a resolution < 500 ps.

Background: K? — 37° decays for the neutral mode and K3 , K3 and 7*7~x°

K;, decays for the charged mode are expected to be the main sources of back-
ground. A much better background rejection than the one obtained in NA31
is achieved by improving the performances of the electromagnetic calorimeter
and by using a high-resolution magnetic spectrometer. 37 events having one
pion outside the detector acceptance can be also vetoed by a set of anticounters

placed around the fiducial volume of the detector.

Energy scale: The uncertainty on the difference of energy scale between the charged
and neutral mode was one of the largest systematic error in the NA31 expe-
riment[4]. In fact, since for neutral events the decay longitudinal position is
obtained from the energy measurement, the accuracy in the size of the fidu-
cial decay region, which is critical for this kind of measurement, translates in
the accuracy of the energy and transverse scales of the calorimetric measure-
ment. Excellent performances are required to the NA48 calorimeter also to

considerably reduce this error.

Efficiency and accidental activity: both of these effects are canceled, at least to
the first order, by the simultaneity of data taking. However, to avoid second-
order biases, the trigger systems have been designed to have very low ineffi-
ciency, while high segmentation and excellent time resolutions are required to

the main detectors in order to discriminate accidental activity.

3.2 The Beam

The beam lines for the NA48 experiment have been designed to fulfill the following

requests:

o the two beam must illuminate the detector in the same way;
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e the kaon beam energy must be high enough (~ 100 GeV) to have a good
detector acceptance though covering small solid angles and to allow, in virtue
of the relativistic lifetime dilation, the proper collimation of Kg beam without
losing the short-lived component. High energies are also required to obtain
the required beam rate and resolution of the calorimetric measurement. The
spectra of the two beams should be as similar as possible in a wide energy

range;

o the observed decay region must be close to the Kg target in order to have a
practically pure beam of Kg particles; on the other hand the Ky, target must

be far enough to let the Ks component decay away;

e the K5 to K beam intensity ratio should be of the order |p|* ~ .5-107°
in order to have comparable number of events in the detector from the two

beams;

The beams are produced starting from the 450 GeV protons accelerated by the
CERN Super-Proton—Synchrotron (SPS), according to the scheme sketched in figure
3.1. The primary beam, having a nominal flux of 1.5 - 10'? protons per SPS pulse
(2.5 s spill every 14.4 s cycle), is focused onto the K target, a 2 mm diameter, 400
mm long rod of beryllium, followed by a copper collimator of 15 mm aperture and
a sweeping magnet to deflect charged particles away from the beam line.

The Ky, beam is produced with an angle of 2.4 mrad, in order to increase the
ratio of K° particle with respect to neutrons and photons. It is collimated in three
stages: a first collimator defining the beam divergence (4 0.15 mrad), a “cleaning”
collimator to stop particles generated or scattered in the defining collimator’s lips,
and a final collimator located 2 meters upstream the beginning of the decay region.

The non—interacting protons (~ 50 %) cross a bent crystal, illustrated in figure
3.2, that, through the phenomenon of channeling? takes care of splitting off a small
(~ 5-107%) fraction of proton beam. The method used has the advantage to deflect
the protons with a well defined angle, resulting in a beam with small emittance. A

3

mono—crystal of silicon having dimensions of 60 x 18 x 1.5 mm"® is used to obtain

2A charged particle can be channeled by the collective Coulomb field inside a crystal, if it enters
with a small angle with respect to its planes. The crystal can be mechanically bent with an angle
chosen according to the beam energy, such that the particles will follow the planes and a beam
deflection is obtained.
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a deflection of 9.6 mrad, which can be fine-tuned by rotating the crystal through a
motorized goniometer [23]. The resulting secondary beam, made of ~ 3-107 protons
per pulse, is then deflected by a set of magnets and transported parallelly to the K,
beam onto the Kg target, which is located 120 m downstream the K one. Along
the transport line, the secondary beam protons cross the tagging station, which is

described later on.

Si cut // to (110) planes
[60 mm x 18 mm x 1.5 mm]

’/3 ®=+287°

S~
0o =18.7mrad

PROTON
BEAM

Deflection:
6 =9.6 mrad

56 mm T

Figure 3.2: sketch of the bent crystal arrangement

The Kg beam is obtained from a target analogous to the K one, followed by
a sweeping magnet and a collimator. The latter defines a production angle of 4.2
mrad that has been chosen in order to make the ratio of Ks and K7 decay spectra
approximately equal, in a fiducial region chosen with length proportional to the
energy—dependent Kg lifetime, and in a energy range of 70 to 170 GeV (see fig.
3.3). The beam divergence is + 0.375 mrad.

The decay region begins right after the Kg collimator, 6 meters downstream the
K target. Since the two kaon beams are vertically separated by 6.8 cm at this
point, the angle between the two beam axes is chosen to be 0.6 mrad, so that the
beams converge in the region of the central detector, about 120 m downstream the
K target.

The decay volume is enclosed in a 89 m long evacuated cylindrical tank, having

inner diameter of 1.92 m at the beginning, increasing up to 2.4 m to follow the
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Figure 3.3: Ks and Ky, decay spectra in a region within 2 Kg lifetimes from the final
collimator (from the NA48 proposal [3]). The plotted region, where the difference
of spectra is 10%, defines the nominal energy range of the experiment

beam divergence. The size is chosen in order to allow the useful decay products
to propagate in vacuum. The tank is closed by a Kevlar window that separates it
from the spectrometer volume, which is filled with helium gas at 1 atm pressure.
The window’s average thickness is 0.9 mm, corresponding to ~ 3 - 107> radiation
lengths. The vacuum region continues inside a 152 mm diameter beam pipe that
crosses all the succeeding detectors to avoid interactions in the detector volume of
the undecayed particles (including gammas and neutrons). The pipe is connected

to the tank through an aluminum ring glued at the center of the Kevlar window.

3.2.1 The Tagger

The tagging station is required to measure the time of each proton of the Kg beam
line with minimal inefficiency and deadtime, and with a time resolution < 500 ps.
It has to stand rates of order 10 MHz and a radiation exposure of 1 Gy per burst.

The detector material must be light in order to preserve the beam quality. This
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Figure 3.4: Artist’s view of the NA48 tagging station (from [6]).

requirement, together with the radiation—hardness one, excludes the use of silicon

or crystal counters.

The chosen setup consists in two arrays, one for each view, of 12 very thin
plastic scintillators (NE102A) placed one after the other to share the beam flux.
Their thickness varies from the 200 pm of the most inner one to the 2500 pm of the
most outer one, according to the beam profile (see fig. 3.5), in order to equalize the
rate of each counter to about 1 MHz. There is an overlap of 50 pm between each
couple of adjacent counters to avoid acceptance losses. Along the beam direction,
the counters are 4 mm long and 15 mm laterally wide to reach the supporting

mechanical structure, that can be remotely moved with high precision.

The counters are readout by photomultipliers, placed in front of the 4 x 15 mm?
surface. The light from the counters is collected onto the photocatode by lucite
light guides through a 8 mm air gap, in order to avoid the effect of beam halo®. The

3some background due to Cerenkov light emitted by halo particle in the light guides was actually
seen, but it is easily discrimated because of the very different timing shape of the readout signals
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readout electronics samples the PM pulses using 8 bit, 960 MHz FADC* chips, that,
with respect to conventional TDCs®, are virtually deadtime—free. The amplitude
and arrival time of the pulses with respect to the clock are obtained by fitting their
shape.

The shortness of the photon optical path to the photocatode (1-2 c¢m) allows
for an excellent light yield (about 400 photoelectrons per pulse), resulting in a time
resolution of 100 ps.

Landau tails in the pulseheight distribution were considerably suppressed due
to the scattering of § rays out of the thin scintillator foils, allowing to reduce the
dinamic range of electronics and, together with the very high readout frequency, to

obtain a two pulse separation of 8 ns.

300 um
Ali S 757001}m7A2
I |
Beam |, g
e | o e e e o e o S B = Ribdi -H--trE---
(] ~
|
|
T1 T2
200 u m 2500 m
400 p m
vertical scintillators, 4 x 15 im T1,T2 : Trigger Counters

Al1,A2 : Anti-counters

Figure 3.5: Schematic view of the tagger profile (from [33])

3.2.2 Beam Monitors

Informations about the overall beam intensity (essentially given by the K beam)
are recorded by a beam counter (BCTR) located in the monitor station at the very

end of the neutral beam line, where a mylar window closes off the beam pipe. It

*Flash Analog—to—Digital Converter
5Time—to—Digital Converter
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Figure 3.6: Schematic layout of the KSM detector (from [9])

consists in scintillating fibre bundles, of 18 fibres each, sampling the horizontal and
vertical projections of the neutral beam flux and spaced 7.8 mm apart. Each group

of 3 bundles is read out by a single photomultiplier.

A counter telescope (KSM), located in the vicinity of the Kg target, is used to
monitor the Kg beam intensity by counting the particles emitted from the target
perpendicularly to the beam direction. It consists in four plastic scintillators, sur-
rounded by larger veto counters (see fig. 3.6). Three scintillators are read out by
photomultipliers at both ends, the fourth at one side only because of space limita-

tions.

These two monitors are helpful in tuning the beams. It is particularly important
to render the intensity ratio stable along the spill time, to avoid effects related to
differences in the instantaneous rates of the two beams. Time-variations of the
intensity ratio are primarily caused by the sensitivity of the Kg beam intensity to

the angle of the proton beam to the bent crystal, which can drift during the spill
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if the trimming magnets of the proton extraction from the SPS are not properly
tuned.

The monitors are also used to trigger the acquisition of “random” events, useful
to study the accidental activity in the detector (see section 4.9), and for offline

studies of effects related to beam intensity.

3.2.3 AKS counter

The beginning of the fiducial region for the K¢ beam line is defined by a detector
that vetoes all the decays occurring upstream it. As discussed in the next chapter,
this is useful to avoid the effect of different vertex position resolution for Kg charged
and neutral events, and to adjust the reconstructed distance scales.

The detector is placed a few
cm after the K collimator end.
It consist in an photon converter

followed by three 5 mm thick

scintillators of 8 x4.5 mm trans-

verse size. A fourth scintilla-

Veto

tor with a central hole acts as a

Scintillators
veto for the halo particles. The Final Collimator

converter is made of a 3 mm
thick iridium mono-crystal that, Figure 3.7: Schematic view of the AKS detector
if its planes are aligned with the beam direction, provides 1.79 radiation lengths.

With respect to amorphous iridium, it improves by a factor 2 the ratio of radiation

length to scattering length.

3.3 The detector

The layout of the central detector is shown in figure 3.8. It consists of a magnetic
spectrometer for the reconstruction of charged pion tracks, a Liquid Kripton electro-
magnetic calorimeter (LKr) for the photon reconstruction, a charged and a neutral
hodoscope system (CHOD, NHOD) for the precise measurement of event time, an
hadron calorimeter (HAC) that complements the calorimetric measurement for pi-

ons, a set of muon counters (MUV) to veto K,3 decays and a set of anticounters
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Figure 3.8: Layout of the NA48 central detector.
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(AKL) to veto 37 decays.

The z,y, z directions of the reference frame used throughout this thesis are de-

fined in figure 3.8.

3.3.1 Magnetic Spectrometer

The momentum of charged particles is measured by a spectrometer, consisting in
a dipole magnet and two couples of drift chambers (DCH) that track the particles
before and after they are bended by the field of the magnet. Since the chamber
walls cannot stand a large pressure gradient, the detector volume is at atmospheric
pressure, filled with helium in order to reduce the multiple Coulomb scattering.
The magnet aperture measures 2.45 x 2.20 m?. It provides an integrated field of

about 1 Tm, corresponding to a momentum kick of 250 MeV/c [34].

7 )
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X potentia wires

® sense wires

Figure 3.9: Schematic arrangement of the drift chamber wires used for one view.

The chambers are operated with a mixture of Argon and Ethane + 1% of H,O

and have a gain of about 6 - 10*. In order to stand high accidental rates, the
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maximum drift distance is limited to 5 mm (100 ns). Each chamber performs a
redundant measurement of the position of passing particles, which are detected in
Y, X, U,V views (with angles 0°,90° and +45° with respect to the vertical direction),
except for chamber 3 that has only X and Y views. There are two scattered planes
for each view, in order to resolve the ambiguity between the two possible positions
compatible with the measurement of a single wire (see fig. 3.9)

The 7680 channels are read by 40 MHz TDC with 25/16 ns fine time.

The resulting space—point resolution is 90 gm both in # and y.

The momentum resolution is measured to be

@ = 0.48% 0.009 P(GeV/c)% (3.3)

where the first term is due to Coulomb scattering and the second one to space reso-

lution. The two terms have about the same importance for the average momentum

of the observed pion (~ 50 GeV/c).

3.3.2 Charged Hodoscope

The event time of the 7™ 7~ events is measured by the charged hodoscope, consisting
of two planes of plastic scintillators, separated by 50 cm. Each plane is formed by
64 counters, divided in 4 quadrants and readout at their outer edge (fig. 3.10).

The fast signals are used for the first level of charged trigger. To this extent, the
geometrical division in quadrants is useful to select #*7n~ events that, due to the
transverse momentum balance, hit typically opposite quadrants.

The readout electronics is hosted in some

/*—"”' VME modules called PMB (Pipeline Mem-
. TIME MEASUREMENT

| ory Board), whose conceptual design is il-
|

|
|
o

lustrated in fig. 3.11. The analog signal

& time

is first discriminated and sent to a 10 bit
Figure 3.12: Time measurement from 40 MHz FADC/FTDC card together with
ramp fitting the discriminator output. While the ana-
log signal is shaped and digitized to get the signal pulseheight, the digital input
signal triggers a TDC ramp counting between two fixed levels, that is also sampled.

By fitting the ramp (fig. 3.12) it is possible to reconstruct the time with better accu-
racy than from the sampled pulse shape. The PMB modules have been specifically
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Figure 3.10: Layout of the charged hodoscope.
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Figure 3.11: Conceptual scheme of PMB boards.
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LKr CALORIMETER ELECTRODE STRUCTURE

CuBe ribbons Beam tube

Back plate

Spacer plates

Front plate

Figure 3.13: Section of a LKr calorimeter quadrant

designed for the charged hodoscope system, but are also used for the readout of the
AKS, AKL, NHOD, KSM detectors and of the Neutral Trigger (NUT) system.
The typical time resolution for a single counter, after offline correction, is 220

ps. The inefficiency of each counter is tipically 1-2 per mill.

3.3.3 Liquid Krypton Calorimeter

This cold homogeneous calorimeter is undoubtedly the masterpiece of the exper-
iment. In order to efficiently reject 37° background and to control the absolute
energy scale at the level of a few 107%, the calorimeter is requested to fulfill the

following requirements in the useful energy range (3-100 GeV):
e excellent energy resolution (better than 1 % above 20 GeV);
e excellent position resolution (about 1 mm)j

o the geometrical scale must be known at the level of 0.2 mm over the distance

of 1 m;
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e response non—uniformity and non-linearity should not exceed 0.5 %.

A high segmentation is required also to reduce the effect of accidental activity. An
excellent time resolution (< 500 ps) is needed for event tagging and to have further

rejection of background and accidentals.

Density 2.41 g/cm?®
Radiation length 4.7 cm
Moliere radius 4.7 cm
Boiling point at 1 bar 119.8 K
Radioactivity 500 Bq/cm?
Electron drift velocity at 1.5 kV/cm | 0.27 cm/us
5kV/em | 0.36 cm/us
Dielectric constant ~ 1.7

Table 3.1: Properties of liquid Krypton (from [45]).

To meet all these requirements an homogeneous ionization detector based on
liquid Krypton with tower readout was chosen. The physical properties of liquid
Krypton are listed in table 3.1. The detection technique offers high resolution and
stability. The large signal to noise ratio allows short shaping time.

The design of the readout cells is shown in figure 3.14. Each cell has a transverse
size of 2 x 2 cm?, defined by 40 um thick ribbon electrodes made of Cu-Be. The
ribbons are stretched between the front and back plates, and guided in accordion
geometry by 5 spacer—plates, longitudinally spaced by 21 cm (fig. 3.13). The
accordion angle (£48 mrad) is introduced in order to reduce the non uniformity
caused by the response dependence from the position of the shower with respect to
the electrodes. The total length of the active volume is 127 c¢m, corresponding to
27 radiation lengths.

The detector surface has octagonal shape with 128 cm apothem. The total num-
ber of cells is 13248. Their transverse size increases linearly along the longitudinal
direction, with a total variation of 1.1 %, in order to achieve a projective geome-
try, i.e. the photons originated in the observed decay region, 110 + 6 m upstream,
develop their showers parallelly to the electrodes independently from their impact
positions. This is essential to not introduce an uncertainty in the reconstructed

position due to the fluctuation of the depth of the shower maximum.
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The precision used to machine each individual ribbon and the spacer plates
guarantees the required level of uniformity and accuracy in the knowledge of the
transverse scale.

+1- 0,048 rad The detector is contained in a cryo-

DETAIL ON RIBBONS
AND SPACER-PLATE

stat, formed by an outer aluminum
vessel and an inner steel vessel, which
maintains about 9 m® of liquid Kryp-
ton at a temperature of 121 K. Front
windows are 4 mm (Al) and 2.9 mm
(steel) thick and, together with the
53 mm thick front plate, made of fiber—

%Camm beam glass reinforced epoxy, constitute 0.58

anodes radiation length of material upstream

Figure 3.14: Sketch of the readout cells with the active volume.

ribbon electrodes and spacer plate.
The front—end “cold” electronics is directly

mounted on the detector back—plate in or-

der to minimize noise and timing of sig-

TRANSCEIVER nal extraction. It includes a preamplifi-

ﬁﬁ%r—'\\; cation stage and a calibration system (see

g
DETECTOR = E_ g fig. 3.15). Just outside the detector, a

= g . . .
JOMite g transceiver drives the output signals to cus-
2 BITS

RING BUFFER FADC 4 tom readout modules, called CPD (Calori-
—[ 10 BITS meter Pipeline Digitizer), where they are

FADC R SHAPER
GAIN SWITCHING shaped and sampled by a 10 bit 40 MHz

AMPLIFIER

FADC. Since the required range (3.5 MeV
Figure 3.15: Scheme of the LKr readout to 50 GeV) corresponds to 14 bits, the gain
electronics. of the amplifier is switched among four
possible values, depending on the signal amplitude. The selected gain is recorded

through 2 additional bits. The CPDs also provides the input signals for the neutral
trigger.

During 1997 data—taking, some problems with the electrode decoupling capac-

itors were experienced and the detector had to be operated at half of the nominal
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Figure 3.16: Reconstructed positions of clusters in the LKr during 1997 data—taking.
The dead column at z = 50 cm is clearly visible.

3 kV High Voltage. A 4 cm wide column (called dead column in the following) was
not connected to HV because of a broken capacitor. Other 40 channels were not
working (dead cells in the following). The reduced HV caused a ~ 20 % increase in
the electronic noise and a small (< .5%) space charge effect, that has been corrected
offline.

The electronic intercalibration of cells was regularly done along the data—taking,
and stability in time was at the 0.1 % level. A correction factor was computed for
each cell using electrons from K.3 decays (the measured energy of electrons can be

compared with the momentum measured by the spectrometer).

The measured performances achieved during the 1997 run are the following:
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Energy resolution

o(B) 3.5 0.04
E ( E(GeV)@E(GeV)@O'Q) %

Position resolution

Time resolution

Linearity

maximum non linearity is 0.3 % over the range 3 to 100 GeV

3.3.4 Neutral Hodoscope

Though the LKr calorimeter is able to reconstruct the time of neutral events with
excellent resolution, another detector was foreseen to do another time measurement,
completely independent from the energy measurement. It consists of 256 bundles
of scintillating fibers, each one contained in a epoxy-fiberglass tube having 7 mm
diameter and 2 m length, immersed in the LKr volume. The tubes are fixed to the
second spacer—plate, at a depth of 9.5 radiation lengths, and extend horizontally
from the center to the outer edge where the signals are readout by 32 PMs.
The time resolution on the event time is < 300 ps for energy > 15 GeV.

The NHOD signals are also used to form a minimum-biased trigger that allows

to measure the neutral trigger efficiency.

3.3.5 Hadronic Calorimeter

A conventional iron—scintillator sandwich calorimeter, 6.7 interaction lengths thick,
follows the LKr detector, to contain the hadronic showers leaking out from the
electromagnetic calorimeter. It is formed by two modules (front and back), each
made of 24 scintillator planes, arranged alternatively along the = or y direction.

Signals from groups of planes are readout by 176 channels.
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Figure 3.17: Schematic layout of the hadronic calorimeter.

The energy resolution is 65%/+/E(GeV).

Its main use is to provide, together with the LKr, the total energy of the event
(ETOT), that is used by the first level charged trigger.

3.3.6 Muon Veto Counters

Three planes of scintillators, each one preceded by an 80 cm thick iron layer, are
located at the end of the NA48 detector to detect, thus identifying, the muons.
The first two planes, each measuring the position in one view, are segmented in 11
counters, 25 cm wide. The third plane consist of 6 horizontal counters. All counters
are readout at both sides to keep the K,3; veto inefficiency at per mill level. The

readout TDCs provide a time reconstruction with resolution below 1 ns.
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Figure 3.18: Position of the AKL rings around the decay region.

3.3.7 Anticounters

A system of anticounters surrounding the decay region was foreseen to fight the
background from K; — 37 and particularly the 37° that was expected to be the
most dangerous background source. Seven rings of scintillators were instrumented,
covering an acceptance region which is complementary to the central detector one,
as shown in figure 3.18 (where the AKL rings are marked as Anti 1-7). Each ring
consists in two planes of counters, each of which is preceded by a 3.5 cm thick iron
layer, acting as photon converter with ~ 95 % efficiency. A total of 144 counters are

present, all readout on both sides.

An important use of the AKL regards the study of accidental activity.
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3.4 Dataflow

The counting rates of the various detectors are of the order of 1 MHz. The trigger
and data acquisition (DAQ) systems are required to cope with this amount of data
with high efficiency and minimum deadtime. To this extent, the online selection
performed by the trigger should reduce the rate to about 5 kHz and the DAQ was
designed to stand peak rates of 10 kHz.

The data volume is about 10 kbytes per event (10 bytes x ~ 10* channels,
reduced on average by a factor 10 after zero suppression), so that a bandwidth of

100 Mbytes/s is requested to the DAQ.

One of the key—feature of the acquisition system is the pipeline architecture,
that allows to virtually suppress the deadtime. The signals from all detectors are
digitized, tipically with 10 bits, using a unique 40 MHz clock signal, that is broad-
casted to all readout systems. The sampled signals are stored in a pipeline (i.e. a
circular buffer), whose deepness of 200 pus determines the maximum data latency
time. In the meantime, the various trigger sources provide their informations, that
are processed and correlated by a digital pipelined system called Trigger Supervisor
(TS), that is in charge to decide if the event has to be accepted. In the positive
case, the TS broadcasts to all the detector readout systems a request containing
the trigger code, the event number and a timestamp, that is the event time mea-
sured in units of clock pulses from the beginning of the burst. The readout systems
asynchronously extract the event information around the requested timestamp and
send them through an optical link to another pipelined system, the Data Merger
(DM), that is in charge to synchronize the data coming from different subdetectors
and to format and compress them. The complete event is then sent to the Front
End Work Station (FEWS) that, after checking the integrity of data, sends it to the
CERN central computing facility through a Gigabit link, without significant local
data storage.

Starting from 1998, the DM and FEWS systems have been replaced by a more
powerful Linux PC farm, allowing to increase the DAQ bandwith from 70 to 150
Mbytes/s.

In the computing center, the data are processed online on a powerful cluster of

unix workstations (called cs2), gradually replaced since 1998 by a Linux pc farm,
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The NA48 Central Data Recording Infrastructure
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Figure 3.19: Logical scheme of dataflow from detectors to tape servers as for the

1998 data-taking
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through a software third level trigger (L3). The L3 divides the events in various
streams according to their characteristics and performs a first processing resulting
in a reduced output, but no further selection is done to avoid unrecoverable biases
due to software bugs. The data are finally sent to tape servers for tape storage.
The whole sample of data taken in one year is reprocessed one or more times after
the end of the run, as soon as the reconstruction program and the calibrations are
optimized.
The scheme of data recording as for the 1998 run is showed in figure 3.19.

During the 42 days of 1997 run 25 Thytes of data were written on tapes, and
about other 170 Thytes were acquired during the longer 1998 and 1999 runs. To
cope with these huge amount of data, massive distributed computing resources have

been allocated both at CERN and in the outer laboratories.

3.5 The Trigger

The main components of the multilevel trigger system of the experiment, illustrated
in fig. 3.20, are a charged branch, a neutral branch, and the already cited Trigger

Supervisor.

3.5.1 Charged Trigger

The charged chain of the NA48 trigger has been designed to efliciently select the
K°® — ntn~ events out from a 10* times larger background of events having charged
tracks. To this extent, it is mandatory to reconstruct online the decay vertex and
the two pion invariant mass.

This operation, that requires to process a large amount of informations from
the drift chambers through complex algorithms, is performed by the so—called Mass
Box (MBX), a mixed hardware and software real-time processing system based on a
farm of programmable processors. Since this system cannot stand the 300 kHz rate
seen by the drift chambers, a first fast selection is needed and the MBX is indeed
used as a second level charged trigger (L2C).

The first level charged trigger (L1C) aligns in time some signals coming from the
hodoscopes, the hadronic calorimeter, the muon veto and the AKL, and produces 16

logical combinations, useful for various trigger conditions. The signal for the #*7~
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Figure 3.20: Logical scheme of the NA48 trigger system.

trigger is the so—called QX, that is the time coincidence of signals from opposite
quadrants of the charged hodoscope. To form this signal, the quadrants of each
plane are extended to include the closest counter of the adjacent quadrant, in order
not to lose events having tracks passing close to the quadrant boundaries. The OR
of two planes is then used to suppress inefliciencies.

The timeslice (25 ns) of the QX signal gives the trigger time, but, since the
Mass Box needs a more precise time information, a further division of the timeslice
in steps of 6.25 ns is provided, through two additional bits, by a Fine Time (FT)
module, which uses a 160 MHz clock synchronized with the 40 MHz main one.

The level 1 Trigger Supervisor (L1TS) is a digital, fully pipelined system that is
in charge to send the requests to the L2C trigger. It receives every 25 ns the output
of L1C as well as a track multiplicity trigger signal formed from the DCH, and a
total energy signal (ETOT) formed by the neutral trigger from the informations of
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both calorimeters. The ETOT signal is found on when the total energy is above
about 30 GeV.

For the 7tn~ trigger, a narrow coincidence between the ETOT and QX signals
is required.

During the 1997 run, the QX was downscaled by a factor of 2 in order to reduce
the input rate to the L2C to about 70 kHz. This does not affect very much the
statistical error of the double ratio measurement,that is limited by the K neutral
mode.

If the trigger condition is satisfied, the L1TS sends a request to the DCH readout
and to the L2C with a fixed delay of 4 us with respect to the event time.

The L2C trigger system (Mass Box), provides the online reconstruction of 77~
invariant mass, using the data from the drift chambers 1,2 and 4. It consists of four

subsystems [53]:

the Coordinate Builder (CB) that receives the hit times from the drift chambers and
computes the coordinates, relying on the event time provided by the L1TS as

the timestamp and the fine time bits;

the Event Builder and Dispatcher (EBD), consisting of a programmable switch with
16 channels that builds the event by putting together the 12 coordinate packets

(4 planes x 3 chambers) that are serialized and sent to the processing stage;

the Fvent Worker Farm that computes the space—points, tracks and magnetic de-
flections and checks if they are compatible with the kaon invariant mass, as-
suming a 777~ decay. It consists of eight parallel event workers (EW), each

of which was based initially on a cluster of 4 DSP processors, then upgraded

(since 1998 run) to a 200 MHz PowerPC;

the Fvent Worker Farm Manager that receives the EWs output, communicates to
the EBD the list of free EWs and interfaces the system with the level 2 Trigger

Supervisor.

The L2C response must arrive within 100 us from the event time. The maximum
rate it can stand was above 100 kHz before the upgrade, about 200 kHz afterward.

The online resolution on the kaon mass is 5 MeV/c?, allowing for an output rate
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Figure 3.21: Logical scheme of the neutral trigger chain.

of about 2 kHz with conservative cuts on the invariant mass and the decay vertex

longitudinal position.

3.5.2 Neutral Trigger

The neutral trigger system (NUT or L2N) is in charge to identify 7°7° events with
minimal inefficiency and deadtime, by processing the information from the 13248
cells of LKr. It is required to have an output rate < 3 kHz, starting from the 110
kHz rate of the events releasing at least 30 GeV in the LKr.

To this extent, the system is implemented as a deadtime—free 40 MHz pipeline,
that, every clock pulse, computes the total energy, the center of gravity (cog), the
vertex position and the number of peaks, starting from the two orthogonal projection
of the energy releases in the calorimeter.

Its input signals are formed in the CPD boards, that provides the analog sum of
16 (8x2) cells to form super-cells. The pulse of each cell is used twice to get both
the z and y orientations.

The trigger chain is formed by three electronic subsystems [27] (as sketched in
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fig. 3.21):

the Filter Module (FM) digitizes the analog input signals using a 10 bit FADCs and
applies a zero suppression. The filtered super cells are then added to form 64

projections for each view;

the Peak Sum System (PSS) looks for maxima in time for each projection. By inter-
polating the rising edge of the pulse, a 3 bit fine time information is obtained
for the peak reference time, so that the number of peaks is counted in bins of
3.125 ns in order to better resolve accidentals. The system also computes the
total energy mo and the first and second moments of position m; and m, for

both projections

My = waEz Mpy = Zyz" E; s n=1,2

)

the Look—-Up Table (LUT) computes the relevant physical quantities allowing to
take the final trigger decision: the total energy Epxgr obtained from three

timeslices around the maximum using a parabolic fit, the center of gravity of

[ on 2 2
my, —I_ mly

Erxr

the energy deposits
cog =

and the decay vertex (obtained imposing the K° mass to the invariant mass

of the photon clusters, see discussion in section 4.2)

Erkr(mas + may) — (mi, + mi,)

2y = ZLKR T

mg
The LUT defines the 7°7° by conservatively cutting on these quantities and
on the number of peaks. Other trigger configurations are defined as well, for

different decay modes such as Dalitz and pp~y.

The total latency time is below 100 ps. The obtained online resolution for the
kaon energy is 2.7 % over the full energy range. Conservative cuts on number of

peaks, energy, cog and kaon decay proper time allow to get an output rate of about

2 kHz.
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The NUT also computes in similar way the total energy of the hadron calorimeter,
that is summed to Frgg to form the ETOT signal. All the measured variables are

recorded using some dedicated PMB boards.

The output of the L1TS, L2C and L2N systems is sent to the last trigger stage,
the level 2 Trigger Supervisor (L2TS), that correlates all the informations to

build the final trigger word. The main trigger conditions for the ¢'/e analysis are:
e the 777~ MBX trigger;

o the control trigger for the Mass Box, defined as
QX/2 x ETOT +QX/D

where the time coincidence is looser than the one formed by L1TS and the

downscaling factor D was 32 in the first part of the run and 128 afterwards;
o the 7%° NUT trigger;

e the control trigger for the NUT, defined as (the overline stands for anti-

coincidence)

NHOD x 1u x AKL

for the first part of the run, and only by NHOD for the second part.
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Chapter 4

Measuring e//e : the strategy

The data analysis for the €//¢ measurement must be very accurate to exploit all
the experiment capabilities and take into account all effects perturbing the mea-
sured double ratio at > 107* level. This chapter is devoted to outline and justify
the analysis procedure adopted in NA48. All the systematic corrections and uncer-
tainties that have been obtained through detailed studies by experts, and must be

considered in the final analysis of 1997 data sample, are also given.
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4.1 Charged reconstruction

The two charged tracks of the K° — 77~ decays are reconstructed using the
magnetic spectrometer, by building, from the drift chamber hits and drift times, the
track segments before (DCH 1 and 2) and after (DCH 3 and 4) the magnet. The
track momenta are obtained using a detailed map of the magnet field. A vertex is
defined at the longitudinal position where the tracks are closest. A small correction
was needed to take into account the presence of a magnetic field in the vacuum tube
before the spectrometer?.

Being the chamber space-point resolution ~ 90 pm and the distance between
the first two chambers ~ 9 m, we get a resolution of the track angle of ~ 107° rad,
resulting in a vertex position resolution of ~ 50 cm in the longitudinal direction
and ~ 2 mm in the transverse direction (see fig. 4.1). This allows to identify with
negligible error the Ks and K, events, since the two beams are vertically separated

by at least 6 cm in the fiducial decay region (fig. 4.2).

y DCH1 DCH2

~100 m ~9m

Figure 4.1: Vertex reconstruction using the first 2 chambers. Being A6 ~ 107°, 0 ~
1072 + 1072, we have AY ~ Af-100 m ~ 1 mm, AZ ~ % ~ 10 =+ 100 cm

L After observing a dependence of the measured w7 invariant mass from the azimuthal angle
of the decay plane, the field was accurately measured bﬁfore the 1998 data-taking and its map
included in the reconstruction program. The integral [ | B x ﬂ| of this spurious field amounts to
~ 21072 Tm.
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Figure 4.2: Reconstructed vertex position in the vertical plane for K°® — =

events.
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The resolution in invariant mass is 2.4 MeV/c? (see fig. 4.3).

4.2 Neutral reconstruction

The K° — n°7® — 4~ decays are reconstructed starting from the detected showers
in the liquid Krypton calorimeter. The energy of each shower is measured using
the cells within a radius of 11 ¢m around the maximum energy cell. A set of small

corrections is applied to account for:

o the energy lost outside the cluster boundary;

the energy lost in the dead (not working) cells;

the energy sharing with the other showers of the event;

the small residual dependence from the impact point within the cell;

the small space charge effect from accumulation of positive ions, due to the
low drift voltage used during the 1997 run (1.5 kV instead of the nominal 3
kV).

The average energy resolution obtained for the kaon energy as the sum of the 4
cluster energies F; is 0.6 %. Using the positions z; and y; of each cluster, it is
possible to reconstruct the longitudinal vertex position Z,, by requiring the 4~
invariant mass to be equal to the kaon mass Mk:
Mic* = > ) 2EE;(1—cosby) ~ Y > EE;b (4.1)

i g>i i g>i
being 0;; the angle between 2 photons, usually < 10 mrad. If § is the angle between
the beam axis and the direction of the 7% decaying in the two photons detected in
the LKr calorimeter, we have (see fig. 4.4)

i ~ d;jcosd N d;;

 AZ/coss§ AZ

(1- 6% (4.2)

(di' = \/(wz —z;)% + (y: — y;)? AZ = Zrkr — Zv)

and, since § < 10 mrad, we can write with approximation better than 10*
d;;

b~ 17

(4.3)
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AY ~6cCcm

AZ ~100m

Figure 4.4: Comparison of neutral reconstruction in the hypothesis of Kg or K
event.

1
_ .2
— Z, = ZLKR — K02 E E EzEJdij (44)

i i

We can also notice from figure 4.4 that, in order to discriminate between Kg and

K events, we should be sensitive to

d:s
L S ~ i

S _ oLy < -7
~ AZ25(5 §%) <107 ‘rad (4.5)

Thus, even with the very good performances of the NA48 calorimeter, it is clearly
impossible to distinguish Kg and K as for the charged events, and the use of the
tagging method is mandatory.

A small correction to Z is applied to account for the photon impact angle on the
calorimeter surface, i.e. the deviations from projective geometry due the extension

of the observed decay region.

The resolution of Z, can be naively inferred from equation 4.4 as
07 * [0z * (02 ’
2 _ v . v . v ,
#2) = | (Gaem) + (Grate) + (Geotw) | (40)

0Z, _ Zj;ﬁi Ejd?j - AZ
OE; 2MXc*AZ = 4<E>
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‘6Zv _‘_Zj;ﬁiEiEj(wi_wj) Az (4.8)

dz; | MiAZ T2<d>
Using typical values AZ ~ 100 m, o(E)/E ~ 1 %, o(Az)/Az = o(Ay)/Ay ~ 0.5

%, we get 0(Z,) ~ 70 cm, with a similar contribution from energy and position
resolutions. The longitudinal vertex position can thus be measured with about the

same accuracy than for charged events.

Since the neutral reconstruction is not sensitive to the transverse decay position,
we assume all decay to occur along the K beam axis, so that the kinematics is fully
described by Z, and the four photon quadrimomenta. This corresponds to 17 real
variables, that are reduced to 10 by the mass constraints (the kaon, the 2 7o and the
4 v). Since we measure 12 real quantities (4 energies and 8 positions), we still have a
redundancy of 2 variables. In fact, we have not used the 7% mass constraints yet, so
that to check against background that the event is a well reconstructed K° — 7°x°

decay, we can verify that, for one of the three possible 2-gamma pairings, the vy~

invariant masses

d VELE,Mgkd
miy = ElEZA;Z = \/ S (4.9)
¢ Y EEdE
P j>1 Iy

dsa VEsEsMgdss
= +/E.F = 4.10
M3a 3 4AZC2 \/E E E~E~d2 ( )
i 2ujs Ll

coincide with the 7° mass.
However, because of the kaon mass constraint, m, and ms4 are anticorrelated. For
example, for the dependence on energy:

Mo 2
6m12 ~ ki 1 . ,u’12 (4‘11)
0E,  2E, Mz

6m34 Mﬂ.o /J,%
OF, 2E, M2
(#2 _ B Ej;él Ejd%j — M2 B Ej;él Ejd%j )
1= = MK
(AZC2)2 Ez Zj>i EiEjd?j

The quantity p?/M3Z varies by construction between 0 and 1 and is expected to

(4.12)

fluctuate symmetrically around the value 0.5; therefore, the two derivatives always
have opposite sign. If we now consider

My + Ma3g M1y — M3q

2 2
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we get

Om, My 2u?
~ 1— 4.13
O0E, 4E; ( M (4.13)
om_ Mﬂ.o
~ — 4.14
0FE, 4E, (4.14)

so that we expect the sum and the difference of mi, and ms4 to be essentially uncor-
related and to have a different resolution (lower for the sum). Similar conclusions
can be drawn for the dependence from z; and ;.

Eventually, we introduce a y? variable to test the 27% hypothesis:

where for the resolutions o(m, ) and o(m_) we use values parametrized as a function
of the lowest photon energy. Typical values are o(my) ~ 0.45 MeV/c?, o(m_) ~ 1.1
MeV/c?. The 2v paring is chosen according to the best x? value, that will be used
to reject background. The ellipses drawn in figure 4.6 define events with a given

best x2 , value.

4.3 Quality cuts and background rejection
4.3.1 Charged events
Good K — wtn~ candidates are first selected through a set of quality cuts:

e closest distance of approach (CDA) of the two tracks < 3 cm. This cut is

effective against bad track association and events with pion decay;

o the reconstructed charge of the two tracks must have opposite sign and tracks

must be fitted with good x?;
e pion momentum > 10 GeV/c;

e the center of gravity (cog) of the event, built from the momentum-weighted

track positions at LKr surface X;,Y;, extrapolated from DCH 1 and 2, as

\/ (s XiIPiI>2 + (S mPA)Z

cog = (4.16)
Zi:l,Z |P1|
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must be < 10 cm. This cut cleans the sample from kaons scattered in the Ky

collimator and in the AKS, and also improves background rejection;
o time difference between the tracks < 6 ns to avoid accidental tracks;

o vertex time within + 20 ns from the center of the trigger timeslice. This avoids
events triggered by QX afterpulses (affecting 14 % of charged events [22])
and not triggered by the main pulse because of the downscaling factor of 2

that was applied to Q@ X.

To reject the large amount of 2-tracks background events (mainly from K3 ,
K.3 and 777~ 7° decay of K , having branching ratios up to 200 times larger that

ntn~), the following cuts are applied:

e the 77~ invariant mass M, _ is required to be equal to the kaon mass within

3 times the resolution, that has been parametrized as a function of the energy;

o the reconstructed kaon transverse momentum is required to be null within
errors. Due to the fact that the distance between the target and the spec-
trometer differs by a factor 2 between Kg and K , some care is needed to
choose the most appropriate kinematical variable in order to have a symmet-
ric cut for Kg and K7 . For a good event, a transverse momentum can be
generated because of an error Af (< 107° rad) in the kaon direction, as re-
constructed by the spectrometer, and an error AX (< 100 pgm) in the kaon
position at the chamber (i.e. the center of gravity at DCH1). Thus, the kaon
transverse momentum pr with respect to the direction given by the target and

the reconstructed vertex position will be (see fig. 4.7a):

AX + A6(Zpcar — Zv) Pe A(Zpcur — Zv)

= Pgsina~P
pPr K S1n & K ZV — ZT ZV — ZT

(4.17)

which is strongly dependent from the target position Zr, chosen according to
the vertex identification of the event. Since the error on the reconstructed
vertex position comes from A# more than from AX, we see that a better
and, what is more important, Kg /K symmetric reconstruction of transverse

momentum can be obtained by using for the kaon direction the line connecting

71



the target and the kaon reconstructed position at DCH1 (fig. 4.7b):
AX

'w = PgsinB~ P (A9+
Pr i sin 3 K ZpcH1 — ZT

) ~ PgAf (4.18)

We see that p7 is to a good approximation independent from the target posi-
tion, so that we can apply a cut (pr)> < 0.0002 GeV?/c?, that produces a

symmetric loss of good events < 0.1%, mainly due to misreconstruction tails;

,,,,,, Yo oo A
T \Y TS
DCH1
b)
Vol )
Prec e
MC ,,,,,

7777777777777777777777777777777777777777777777777777777777777777777777777777777 | ax
T Y, P

Figure 4.7: Definitions of the pr and pj. variables, describing the reconstructed kaon
transverse momentum. V and P are the true kaon vertex and momentum, V,.. and
P,c. the reconstructed ones. The misreconstruction effects are clearly exaggerated
in this sketch.

o the electrons from K.; are rejected by comparing the track momentum P
(expressed in GeV/c) measured by the spectrometer with the track energy F
(expressed in GeV) measured by the LKr calorimeter, that, contrary to the
case of pions, contains all the energy of electrons. A cut E/P < 0.8, having
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an efficiency of 95 % on good events and a rejection factor 500 on K 3 , has
been chosen. In order to make this cut effective, track extrapolations to the
LKr surface are required to be within the detector acceptance and to be at

least 2 cm far from the dead column and the other dead cells;

e events having tracks that match both in space (with a momentum—dependent
cut to account for multiple scattering) and time (with a cut at +4 ns) a hit in
the muon veto detector are rejected. Track extrapolations are required to be
inside the acceptance of the muon counters. The rejection factor of K, 3 events
is about 500, while a few per cent of good events are lost, mainly because of

pion decay;

o to reject A° — pr~ decays from the K5 beam, we apply a cut on the momen-
tum asymmetry |Pr+ — Pr-|/|Pr+ + P,-|, which is typically larger than 0.5
for such events. An energy dependent asymmetry cut, that is also useful to

minimize the Kg — K acceptance difference, will be discussed in section 5.3;

After these cuts, Montecarlo simulations show that the residual background is at
the level of a few per mill and is dominated by K.; and K3 events. As will be shown
in section 7.3, it is possible to directly measure the background contamination in
the final K charged sample, by selecting high—statistics samples of K.3 and K3
events and using the different shape of the 2-dimensional (M, _,p?) distribution
for K,3 , K.3 and signal events. The resulting error on the double ratio is limited

to a few 107%.

4.3.2 Neutral events

The quality cuts applied to the reconstructed neutral events are the following:
e photon energy 3 GeV < E, < 100 GeV;
o distance between the two closest clusters > 10 cm;

o clusters must be within the fiducial volume of the calorimeter and be at least

2 c¢m far from the dead column and the others dead cells;
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o the difference between any cluster time and the average time of the four clusters

must be < 5 ns;

o the center of gravity (cog) of the event

\/ (S wi|Ez~|)2 + (S yz-|Ei|)2

cog = (4.19)
Zi:l,ll |E1|

must be < 10 cm. The cut must be the same than for charged event. A

possible bias from different resolution is expected to be negligible, and will

anyway be included in the acceptance correction.

The main source of background for the neutral case comes from the 3 7% decays

of K7 . Two cuts are applied in order to minimize it:

e events with an extra—cluster of sensible energy (> 1.5 GeV) which is in time

(+ 3 ns) with the time average of the four photon candidates are rejected;

e 2v invariant masses must agree with 7° masses: best x2 , < 13.5

Since the surviving 37° events have 2 clusters undetected in the calorimeter,
their energy is underestimated and consequently their reconstructed vertex is shifted
toward the calorimeter. Therefore, we expect to obtain a better rejection of this
background also by tightening the cut on the maximum allowed Z,, that will be
discussed in the next sections.

Anyway, the residual background is of order 0.1% and can be directly measured
from data. In fact, Montecarlo simulations show that the x3 , distribution for
background events is approximatively flat, so that the background contamination in
the signal region can be obtained by extrapolating the number of events in the tails
outside the signal region, after subtracting the true signal contribution obtained
from Kg events. As will be shown in section 7.4, the error introduced in the double

ratio is 2 - 1074,

4.4 Energy binning and K; weighting

After having shown how it is possible to reconstruct and purify from background the
K — 77 events, we now come to discuss how to minimize the two main differences

between the samples of Kg and K decays:
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Energy spectrum: in order to avoid the effect of different spectrum distributions
without relying on their a prior: knowledge, it is suflicient to perform the
analysis in energy bins, provided we limit ourselves to the energy range
for which the beam lines have been designed, namely 70 to 170 GeV, where
the spectrum difference is contained within 4+ 10%. To avoid any residual
effect, a number of bins larger than 10 is sufficient, as can be checked through
Montecarlo simulations or, more directly, by plotting the result as a function
of the number of bins used. The double ratio in each bin must be estimated

from the four event counts using an unbiased estimator of In R.

Lifetime: the distributions of longitudinal vertex position z are clearly very differ-
ent for Kg and K, events because of the lifetime ratio 71 /7¢ = 579.6. To avoid
the resulting large acceptance difference, the two distributions are equalized

by weighting the K events as a function of the reconstructed decay proper

time
Z My
t = 4.20
e (4.20
with the function
_t<L_L>
w(t) = Ne \7s 7 (4.21)

where A is an arbitrary normalization constant. In chapter 6 we will show
how this weighting function has to be modified in order to take into account

the residual pure Kg and Kg /K, interference in the K beam.

The weighting procedure avoids to rely on the accuracy of the Montecarlo
simulation of the experiment. In fact, as discussed in detail in chapter 5, the
residual acceptance difference after weighting is of the order of per mill, thus
it can be computed with a large relative error. Furthermore, the weighting
minimizes all the effects related to geometry, as the detector efficiencies, and
considerably suppresses the neutral background, because of the shift on the
Z decay position for the 37° events. The price to pay is the loss (~ 40%) in

statistical power of the K samples.

At this point a question could be arisen: why not to perform the analysis

in bins of Z as we do for the kaon energy? The problem has to do with
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the definition of decay fiducial region, that, in the case of the analysis in
bins of Z, should be done through the reconstructed Z position in the same
way for Kg and K . In this case, the effect of different resolution in Z for
charged and neutral events could become dangerous for Ks events due to the
steepness of the Z distribution®. This is one of the main motivations® to put
an anticounter, the AKS, on the Kg beam line in order to veto all the decays
occurring upstream, thus defining the beginning of fiducial region without any
bias from reconstruction. For the K; beam the anticounter method cannot
be applied because of the much higher beam intensity, and it is mandatory to
use Z > zags. However, since the vertex distribution is approximatively flat,

we expect the event gains and losses due to resolution effects to be equal.

The length of the fiducial decay region is chosen as a number n, of Ky life-
times. For n, > 2 the statistics of good events after weighting is not critically

dependent from the chosen cut.

The fiducial regions defined via AKS for the two decay modes are actually
shifted by 21.04+0.5 mm, namely the width of the AKS scintillators. In fact,
the AKS won’t detect neutral decays occurring inside the scintillators, be-
ing negligible the photon conversion probability inside it, while it will detect
charged decays. This causes a distortion of the ratio of charged to neutral Kg,
that is compensated by weighting, provided that the same fiducial region is
chosen for K and Kg , and that the weighting is a function of the absolute
z position (i.e. the normalization constant A in eq. (4.21) is the same for

charged and neutrals):

2The distribution of Kg reconstructed vertex g(z) is given, for an energy bin, by the convolution

of the true exponential distribution f(z) = %e‘f with a gaussian function:

we can neglect the distortion due to the resolution (i.e. we have g(z) = f(2)) only in the limit
o € A In our case ¢ ~ 10 + 100 cm while A ~ 350 = 900 cm and the distortion is not negligible

8The other main reason is that the AKS is essential to fix the neutral energy scale and to reduce
its impact on the double ratio, as discussed in next section.
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T R(Z) w(Z) 42 [T g (2) 42 adP(0) n(0)
b= e gy w(z) a2 [T a2y dz | i (0)nd(0)
Zo g (2) w(Z) Jza ng'(Z)

(4.22)

being w(Z) x ng(Z)/np(Z). The effect on the double ratio from the uncer-
tainty on the two positions Z¢ and Zy can be neglected, as well as the effect of
AKS converter inefficiency (0.4%) and AKS counter inefficiency (0.36 +0.03 %
for 7°%7%, 0.77 + 0.10 % for 7T 7 ™), being the fraction of reconstructed decays
occurring upstream the AKS ~ 5 % [7].

4.5 Energy and geometrical scales

Since two different detectors are used to measure the kaon energy and vertex position
for charged and neutral decays, a difference in the absolute energy and geometrical
scales can produce a distortion of the measured double ratio. The error on the
neutral energy scale was in fact one of the main sources of systematic error in the

NA31 experiment.

4.5.1 Neutral energy scale

To evaluate this effect, let’s define the true decay distributions for Kg and Kz, neutral

events as

dng, 1 dng e 3s
= = 4.2
dz nyAs dz (1—e) Ag (4.23)

where A\s = Pg7s/Mg, the AKS position is taken as origin of the z coordinate
(zaxs = 0) and we have neglected the slopes of the Ky distributions (Ar > Ag)
Both distributions are normalized so that the total number of events between z = 0

and z = n,Ag are n, = ng = 1. The number of K weighted events will be

nehs = 1 —e™™
nLW:/ ML ~Ssdr = g (4.24)
0

dz n,

If we now suppose to have a relative error a, realistically < 1%, on the neutral

energy scale and we denote with a prime the measured quantities, we have,
P, = Pg(l+a) — N = As(l+a) (4.25)
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and, from equation (4.4),
(2exr — 7') = (2zxr — 2) (1 + @) (4.26)

expressing the fact that the longitudinal distance scale is also given by the energy

scale. The measured number of events, neglecting the distortions due to acceptance,

will be

z':n,—)\fg d n-Astazpgr/(1+a) _AL
ny = / ﬂdz = = / —e_ i dz
o dZ 0 (I—em) As (4.27)
e " Q&  ZLKR
~ 1
+ l—em™1l+a Ag
‘n‘rAis- dn _i (1 _ e—n‘r)
’ L 7 ’
nLW = /(; dz/ e Xs dZ = T = NLw (4:28)
nrw nLw e ZLKR
~ 2o = 4.29
ng ng ( 1—e™ Ag a) ( )

Thus, the effect of an error a on the energy scale causes a distortion (14 ') on
the double ratio with

—Nr

€ 2LKR

P~ -
1—e ™ Ag

(4.30)

We see that the effect can be suppressed by enlarging the fiducial region, but this
conflicts with the need to reject neutral background that populates regions with
large Z. The chosen value n, = 3.5 is a compromise between the two requests.
For such value, I' varies between —0.4 and —1 depending on the kaon energy. We

conclude that

(AR)energy scalex(1+a) ™~ « (4:3].)

It is important to stress that if we had not used the AKS to define the initial

K decay region, the effect would have been much larger:

— e_(1+°‘))‘5 ~ ]_ —

nristazprr/(14+a) v
e s LK R ZLKR
" / (Faps (4.32)
(23

zprr/(1+a) (1 - e_nT) As S
We also notice that n}, = ny, so that the K, events are not affected by the error

on energy scale independently from the fact that the weighting is applied or not.
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Figure 4.8: Effect of bin migration due to the error on the energy scale, expressed
through the parameter A of equation (4.33)

We have not considered so far a second effect of energy scale, namely the mi-
gration of events from an energy bin to another one, that, due to the fact that the
spectra of Kg and K are different, can introduce a distortion of the double ratio.
Let’s denote with sz(s) = dnys)/dE the energy spectra and with E;, E, E; the min-
imum, mean and maximum energy of a given energy bin. The relative error a on
the energy scale will cause the observed spectra for neutral events to shift by the
quantity aFE. Therefore, the effect on R can be estimated, neglecting acceptance

variations inside an energy bin, as
[ P sp(B)dE + (sp(Es) — sL(Ef))aE] [ P sS(E)dE] )
Rowe [ JE# ss(E)AE + (ss(Es) sS(Ef))aE] [ 2 sL(E)dE] (4.33)
= 14+ Aa

Rmeasured

where, if we approximate the spectrum in a given bin with a straight line,

1 d.SS — 1 d.SL — _
A~ (Ss (E)E(E)— - (E)E(EQ E (4.34)

We have extracted A from linear fits of the measured spectra in 5 GeV wide bins.
The result is shown in figure 4.8. Since the Kg¢ — K, difference of spectrum slopes,
thus A, changes sign along the nominal energy range (see fig. 3.3), the migration

manifests itself mainly by introducing an energy dependence of the measured R
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value, while the variation of the average value is less important than the previous

effect. In fact, the weighted average of A between 70 and 170 GeV is —0.3.

As already mentioned, the AKS can be used to define the energy scale with
great accuracy. In fact, the longitudinal decay vertex distribution of the events
passing the AKS veto should exhibit a sharp edge corresponding to the anticounter
position. Thus, the energy scale correction factor (1 — ), that must be applied to
the reconstructed cluster energies, can be obtained by fitting the decay distribution,

in energy bins, with the function

8(2) = B+N/ e Y(2)dZ! (4.35)
where
0 if 7 < —zigraeg
oZ) = 1w N (1=e) 4.36
( ) e PKIES(Z-l—ZLKRl—"‘) if 72 >= — ZLKRﬁ ( )

where the other fit parameters are [30]
e the normalization factor N;

o the baseline B that accounts for a possible error in subtracting the K events

that have been mistagged as Kg and for the AKS inefliciency;
e the vertex resolution o;

o the K lifetime c7rs that is usually left free to account for shape distortion due

to the acceptance and the spectrum shape inside the energy bin.

An example is showed in figure 4.9.

The result is stable with the kaon energy within 4:2-10~*. Variations of a along
the run were within £5-107*, reflecting the level of stability of calorimeter response.

The fit function described above doesn’t take into account non—gaussian reso-
lution tails, that were observed from the distribution of E/P for electrons and are
presumably due to the effect of hadroproduction in the electromagnetic showers [15].
These tails were modeled in a simple Montecarlo simulation and a was corrected in
order to match the average Z position in a region around the AKS obtained from

the Montecarlo. The correction amount to 5 - 107%.
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Figure 4.9: Example of AKS fit in an energy bin for neutral events. The fit param-
eters are described in the text.

Further studies have been done using data from some special runs where a 7~
beam was sent on a thin target placed in a known position in the vicinity of the AKS.
The decay distribution for the reconstructed #° — 2y, — 2y and n — 37° — 6+
decays is expected in this case to be a gaussian centered in the target position. Using
these data, the energy scale has been studied for wider ranges of energy and inter—
cluster distance (the latter is much larger on average for  — 2y than 7% — 2v), so
that the effect on the scale of various reconstruction effects (as non—gaussian tails
and residual effect of energy sharing and non-projectivity) could be investigated.

The final uncertainty on the energy scale was estimated to be [50, 30]

Aa = 5-107*
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4.5.2 Charged energy scale

The kaon energy for charged decays can be determined using only the knowledge of

the chamber geometry. If we write the 7T 7~ invariant mass as

M_|2__c4 = 2M:C4 + 2 (E,r+ E.- — P+ P,—c* cos 9)

M2c2  M2c? 62 (4.37)
~ oM+ 2P+ Pt (1 ul ul —(1-=
S (= SR (]

and we define p = P+ /P,—, Px = Py+ + P.—, we get

_ (1+p) )2 (M) L
P = 52 \/(MK ) — (Myc?) (2+ p—l—p) (4.38)

so that the kaon energy is obtained only in terms of the 777~ opening angle # and the
momentum ratio p which is independent from the spectrometer magnetic field. In
this way the accuracy of the geometry, which is known from precision measurements,
fixes not only the transverse scale, but, similarly to the neutral case, the energy and
longitudinal geometrical scale (Zpoca — Zvertex x 0) at the same time. The AKS fit
can be used as a check, as well as the position of the reconstructed kaon mass (in
this case the knowledge of magnetic field is also needed).

The uncertainty on the geometry, combined with the residual effect of the mag-
netic field in the decay region, produces a systematic error on the double ratio that

has been estimated to be

(AR)charged scale — +5- 10_4

The accuracy in the knowledge of the transverse geometrical scale of the
spectrometer can be also used to check the calorimeter transverse scale. From equa-
tion 4.4 we see that a distortion of the neutral transverse scale has the same effect
that a distortion of the energy scale. Thus, to contain the effect on the double ratio
to a few 107*, the scale of the distance among photon clusters must be known to an
accuracy of a few hundred pgm over 1 m. Though the detector has been machined
with this level of accuracy, the geometry has been also checked at the level of 300
pm/m by comparing the extrapolated tracks and the calorimeter shower positions of
electrons acquired during a special run without magnetic field in the spectrometer,

with a resulting uncertainty on R

(AR)transverse scale = :i: 3 ° 10_4
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A cross—check of the neutral and charged longitudinal scales can be obtained
from events with a m° Dalitz decay, where the vertex position is measured by both
the charged and the neutral reconstruction. They are found to agree within the

uncertainties quoted above.

4.6 Other systematic effects from neutral recon-
struction

Calorimeter non—linearity: The linearity of the calorimeter has been extensively
studied using E/P for electrons from K.3 decays, and also using 27° and
n decays. In the useful range (3 to 100 GeV) the maximum non-linearity
amounts to 0.3 %. The effect on the double ratio can be estimated by looking
at the changes of R after applying a similar distortion to the measured energies

and is found to be

(AR)non—linearity = £9- 10_4

Calorimeter non-uniformity: The uniformity of the calorimeter response is guar-
anteed at the level of per mill by the continuous electronic intercalibration of
cell and by checking it with K3 data. The resulting uncertainty on the double
ratio is

(AR)non—uniformity = £3- 10_4

Corrections of neutral reconstruction: The uncertainties in the corrections ap-
plied to account for energy sharing between clusters, space charge effect and

deviations from projectivity produce an effect on R estimated to be

(AR)neutral corrections — +4- 10_4

4.7 Kg tagging
The identification of Kg and K events through the tagging technique can fail for

two reasons:

o the accidental coincidence between a proton in the tagger and a K event in

the detector, causing a Ky event to be mistagged as Kg with a probability

arLs;
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Figure 4.10: Definition of the ars and agr mistagging probabilities.

o the lost of time coincidence between a Kg event and its proton, causing a Kg

event to be mistagged as Ky with a probability asy.

The meaning of the two parameters is illustrated in figure 4.10.

If we neglect all modulations of beam rates, we expect both effects to be equal for
charged and neutral events. In fact, with a flat time distribution for the accidental
protons, args is independent from the event time resolution®, that is different for
charged and neutral events. By choosing a tagging window of 4 ns, asr, is dominated
by the tagger inefficiency®, that is independent from the kaon decay mode.

Nevertheless, rate effects can produce some asymmetry: if the instantaneous
rate seen by charged and neutral events is not the same because of trigger effects
(for example, different dead times), the effective rates of accidental protons and the
effective tagger inefficiencies can turn out to be different. Furthermore, modulation
of accidental proton rate can introduce a dependence of arg from the event time
resolution.

In order to have the best symmetry of effects, the tagger will be used to
identify both charged and neutral events, and all the cuts that can affect

the rate (as the overflow cut, see section 4.9) are made symmetric.

4In fact, the convolution of a flat and a gaussian distribution still results in a flat distribution
with the same level.

5In fact, the resolution is <300 ps for both charged and neutral event time reconstruction, and
the tails have been checked through detailed study to give a marginal contribution.
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Both ars and asy can be measured with an error of order 10~ for charged events,
by comparing the tagging result with the vertex identification, which has negligible
error. For a tagging window of 4 ns it turns out that ars ~ 10% (meaning that the

effective proton rate in the tagger is ~ 25 MHz), while ars ~ 107%.

Let’s now give an a priori evaluation of the effect of mistagging on the double

ratio. If we define

NOO(-l——)

o(s) s the measured event counts;

nOL(Eg; ) as the true event counts, unweighted;

nOL(E(S—; ) as the true event counts, weighted;

nr(sym as the true “mistagged” counts, i.e. the K (Ks ) events, treated as
if they were Kg (Kp) for what concerns the weight and the definition of the

decay region;

we get

00 AT+H-— 00 +- +—, 4-
R L= Np” Ng o an(l_O‘ )+aSLnSm U (1- aSL)+aLSan _
measured — ar+— Ar00 T+ + 00 00

N;™ N; an(l O‘Ls)"‘O‘SLnsm ng(1 _0‘ )"‘O‘Lsan

00 +-
o l—aps+ SLnSm/n 1— aSL + O‘Ls an/ns

- Rtrue 00 00 (4 39)

1 - oafg +aip nSm/an 1 — agp + apsng,, /ng
The effect of weighting, neglecting 1/77, with respect to 1/7s and acceptance effects,
is
Ngw ™ Ng/2 (4.40)
NLw >~ L/, (4.41)

where n, is the size of fiducial region in Ky lifetimes (3.5 in the present analysis).

Therefore, we can write

n% y €

ni- ¢
% — RI|77-I——|2 =J1(1+2Re | — (443)
n €

S

where R; accounts for the K1, to K5 beam intensity ratio and I = Ry|e|? ~ 0.12
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Figure 4.11: Ratio of Ky events before and after the Z > z4xg5. The average is 1.20
for the neutral case and 1.09 for the charged case. This is the main acceptance effect
that contributes to the difference of ratio between the “mistagged” K and the Ky
events, expressed in the text with the parameter Au.

The “mistagged” K events nr,,, compared to the unweighted events ny, contain
a relevant fraction of events with Z,epte. < zaxs, because the beginning of fiducial
region is erroneously defined using the AKS veto instead of the reconstructed Z ¢,z -
This fraction is different for the charged and neutral cases, due to the different

acceptance (see fig. 4.11), that also affect the ratio of unweighted Kz to Kg . Thus,

00 /
Bom 0 In, (1 — 4Re (6—>> (4.44)

we write

ng €
+- /
n €
—Lm — oyt In, (1 + 2Re (—)) (4.45)
ng €
where the factor u takes into account the acceptance effects. The difference v+~ —u%

can be of order 107!, The analogous effect for mistagged Ks events is smaller® and,

8in fact, using Zyertez > zaks instead of the AKS veto produces an event loss of only 1%.
Furthermore, the ratio ngy /nr. is less distorted by acceptance effects than the ratio ng/ng.
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being also agy << ars, will be neglected:

n% w
T~ 4.4
n® ~ Tny (1 4Re (2)) (4.46)
_I_
Dsm i (4.47)

ni~  In, (1 + 2Re (%))
where the factor W = n, /2 is due to the weighting.

Finally, we disentangle the common and the asymmetric part of the effects by writing

00 +- 00 +- A
ol = 2Ls T Os | Qs = Os _ o, OIS (4.48)
2 2 2
00 +- 00 t- A
oty = OLS tops  aps — g _ agg _ 2oLs (4.49)
2 2 2
and the same for agy and u, so that
_—— Aa (a@sz+Aasy/2)W
R e 1 —ags 2 In.(1-4Re( <)) ‘
measured — Lltrue _ ars _I_ Ls | (osz— AOlSL/2)W
(i) (450)
1 _aSL+ SL -I-(OéLS— ) In.(u— 5*) (1 +2Re (Ee_/))
1 sz — A% + (ags + 2% )In(u+ 5%) (1 — 4Re (2))

We develop now to first order all the terms < 1072, using

ars ~~ 10_1 asyr 10_4 AOéLs,AOéSL 5 10_3 Au 5 10_1

AOéLs—I-OéSL—ﬁRe( )+AaSLI ( ‘|‘Re( ))

Rmeasured — Rtrue -1 + +
1-— OéLS

Aasg + In, (—1+ Re (2)) (@szAu + Aapst) + 6In.azs uRe (<)
+ 1+ In.azs w

(4.51)
and we finally write the equation in the form
!
Bieasured = A [1 — 6Re (6—> (1- D)] (4.52)
€
with
In, Avars(—1+aps) — Aags(l + Inu) + Aasy (1 + 1+ ags (Wu — 1))
A~1
+ 1 —azs (1= In)
(4.53)
ais In, @
aLs “hr U (4.54)

= 14 ags In,

From these last equations we conclude that:
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e the mistagging produces a dilution D of the measured value of ¢'/¢ , amounting
to ~ ars/2 ~ 5%. This small effect, that can be corrected with negligible
error, would be the only one if we had a perfect symmetry between charged

and neutral events (Aars = Aagr, = Au = 0);

o the large value of ars in conjunction with the charged /neutral asymmetry of
acceptance produces a sizeable (In, agsAu ~ 0.5%) systematic distortion to
the double ratio. However, after subtracting the “mistagged” events from the
measured event counts using the known value of ars”, the effect is corrected

with accuracy 0.5% - o(ars)/ars ~ 107%;

o the most dangerous effect of mistagging comes from the charged/neutral dif-

ference of ars and agsr, causing a systematic on the double ratio
AR~ —1.6 Aars + 5 Aasg (4.55)

we notice that the weighting increases the sensitivity to Aagy (from 3 to 5),

while n, has an opposite effect on Aasy and Aags.

Several detailed studies were done within the collaboration in order to accurately

measure Aarg and Aagy,.

The difference of accidental proton rate between charged and neutral events is
obtained by measuring the average number of offset coincidences between a tagged
K;, event and a proton in 4 ns windows outside the tagging window, but still close
to the event time (i.e. applying an offset to the event time in the range +40 ns),
as shown in figures 4.12 and 4.13. To check that the measured difference in the
offset windows reproduces the difference inside the tagging window, vertex—identified

_|_

K; — mtn~ events and K; — 37° 8, that can be selected from the sample acquired

with the neutral trigger, are used. The result is [35, 39]

Aars = (10 + 5)-107* (4.56)

It is worth stressing here that the accuracy of this correction depends essentially from the
accuracy to which apg is known, since the “mistagged” events are measured with large statistics.
No a priori knowledge of the Au quantity is thus required.

8To this extent, the K5 — 37° branching ratio can be neglected, while the small fraction of K,
events from Kg target is accounted for.
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Figure 4.12: Accidental proton rates (per event) for tagger—identified K events. A
modulation due to the 200 MHz SPS frequency is clearly visible.
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Figure 4.13: Average number of protons per event in 4 ns wide windows. In order to
follow the SPS frequency the windows are centered on the maxima of the modulation.
The arrow marks the region used to derive Aayg, being exempt by biases from QX
afterpulses and difference in the readout windows for charged and neutral events.
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The a2} parameter can be directly measured from the sample of K — 7%7% —

ete~3v Dalitz decays, that can be identified using the et e~ vertex. Unfortunately,
the statistics of this sample is poor (the branching ratio for 7° Dalitz decay being
1.2 %) and the error on a3y, is 3 - 10~* [54]. Nevertheless, the contribution to asg
coming from the tagger inefficiency is found to be the same for charged and neutral
events using data from Kg only runs, while the comparison of the reconstructed
charged and neutral time, in Kg + K run condition, is investigated using neutral
events containing 7° Dalitz decays or photon conversions. These studies lead to the

result [40]

|AaSL| < 107* (457)

4.8 Trigger efficiencies

Due to the simultaneity of data—taking and the weighting procedure that equalizes
the illumination of the various detectors by the two beams, the effect of efficiency
for Ks and K events is expected to cancel in the double ratio. However, possible
asymmetries may be caused by the difference of the instantaneous rate seen by the
two classes of events. Thus, the inefficiencies of the charged and neutral triggers have
been kept as low as possible and have been continuously monitored by acquiring a

fraction of events using downscaled control triggers.

4.8.1 Charged Trigger efficiency

As explained in section 3.5.1, the charged trigger for the 1997 run was formed by
the coincidence of the Qx/2 and ETOT signals (L1C) and by the MassBox (L2C).
The main control trigger was Q@ x /2 x ETOT, but with a wider coincidence window
to avoid any bias, and also events triggered by (Jx only were taken to check the
ETOT efficiency.

The measured inefficiency of the charged trigger was around 10 % for most of

the run. Its main sources were [22]:

e the “pure” MBX inefliciency, coming (in about equal parts) from the drift
chamber and the reconstruction algorithm inefliciencies and varying during

the run from 5 % to the optimized level of 2 %.
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e the unperfect alignment (“edge effect”) of L1 signals, causing the MBX to be
inefficient, since its reconstruction algorithm strongly relies on the information
from the hodoscope fine time bits. This inefficiency was also varying during

the run, depending on the alignment quality, around 1-2 %.

o the limited time budget allowed to the MBX to complete its reconstruction.
This inefficiency changed from ~ 3 % to ~ 1 % during the run, according to
the changes of time budget.

o the inefficiency of the Qx /2 x ETOT time coincidence, that was rather tight
in order to keep the L1 rate low. Usually around 1 %, this effect amounted to

7 % for part of the run, because of a bad alignment.

We should also mention that the MBX had a dead time of 1 % due to the
limited rate (~ 100 kHz) it could stand. The signal sent in this case to disable
L1 triggers is recorded, so that the dead time can be applied offline also to neutral
events to avoid rate effects.

Inefficiencies of ETOT, QX (using the neutral control triggers) and the coinci-
dence used in the control trigger (using a dedicated special run) were also measured
to be at the per mill level, and their effect on the double ratio can be neglected.

Anyway, no statistically significant asymmetries between Kg and Ky, events were

found (see section 7.5).

4.8.2 Neutral Trigger efficiency

The neutral trigger (NUT) was checked using a completely independent trigger
formed from the signals of the neutral hodoscope. The inefficiency is very small,

around 0.2 % with negligible impact on the double ratio (see section 7.6).

4.9 Accidental activity

Accidental events that superimpose on the triggered events are essentially coming
from the Ky target and their effect is expected to be made symmetrical for Kz and
K by the simultaneity of data-taking.

The rate of accidental events can be directly measured by looking at the out—of-

time activity in the detectors (as for the case of protons in the tagger), being the
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detector readout windows at least 250 ns wide (up to 1.2 ps in the case of DCH).
The largest effect on the detector response is the overflow condition in the drift
chamber read—out, that affects about 20 % of charged events. This condition occurs
when more than seven hits are recorded in a plane within 100 ns and is caused by
electromagnetic showers produced upstream the spectrometer. The events with an
overflow within 4+ 312.5 ns are rejected to avoid the bias from the loss of information.
The overflow rate is found to be the same for K5 and K within the statistical error
of 0.1 %. However, the cut is applied also to neutral events to obtain the best

symmetry of rates seen by neutral and charged events.

A Ks /Ky asymmetry dur to accidentals can be generated if the ratio of the two
beam intensities is not constant in time. In fact, if we denote with dnL(S)/dt the
event rates and we assume that the probability to lose an event is proportional to

the K1 beam intensity, the number of lost events Lp(s) will be in the ratio

Ly L () 4L () dt

Ls [ &spdu de

(4.58)

In principle, the simplest way to correct for this effect would be to weight the Kg
events with the ratio of K to Kg beam intensities, but this requires a reliable
way to measure the instantaneous intensities for each event on a 100 ns time scale.
Unfortunately, this is not possible because of the limited counts of the available

beam monitors.

Instead, event losses and gains are measured with the overlay method. It con-
sists in simulating the effect of accidentals by artificially overlaying good events
with events recorded using “randomly” triggered events. In order to realistically
represent the accidental activity “seen” by the two beams, the “random” K and
K triggers are actually generated by the intensity monitors (KL monitor, KSM).
The trigger from the KL monitor signal is taken with a fixed delay of 69.3 us, cor-
responding to the periodicity of the slow SPS proton extraction (three revolutions),
in order to avoid correlations with events in the detector. This is not needed for
the KSM signal, since it is sensitive only to the K¢ beam halo, which is essentially
uncorrelated with the activity in the detector. Random events are acquired without

zero suppression, with a rate of about 10 per burst for each type.
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About 20 % of the normal events are overlayed offline, at raw data level, with
the random that is closest in time. The contribution of noise is subtracted from
random events before the overlay. The resulting event is then processed like normal

events. Since the statistics is limited, each random event is used several times.

Actually, the correlation of the two beam intensities is very high (the correlation
factor is found to be 99 % [2]), so that no large Kg /K asymmetry of the effect
is expected. Indeed, the time distributions inside the burst of Ks and K1 randoms
is the same to a very good approximation, so that we can overlay also events of
different type (Ks with random K , and vice versa), gaining a factor /2 on the
statistical error of the computed effect.

As will be shown in section 7.7, the correction to the double ratio obtained in

this way results compatible with zero.

The overlay method doesn’t account for the possible “in—time” accidental activ-
ity, i.e. the accidentals coming from the same proton that produced the triggered
event. This is a potentially dangerous effect, since it can realistically affect only K¢
events. It has been investigated mainly by mean of the AKL counters, and results

to be negligible.
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Chapter 5

The acceptance correction and its
systematic error

Due to the principles of the experiment (namely, the collinearity of beam lines and
the weighting procedure), the correction to the double ratio induced by the different
acceptance for K and Kg events is expected to be small and understandable by
mean of a relatively simple Montecarlo simulation.

In this chapter we present our estimation of this correction and a study of its
stability against “reasonable” changes of the simulation parameters and of the ac-

ceptance cuts.
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5.1 Montecarlo generators

Two different Montecarlo programs where developed inside the collaboration:

e the NA48 SIMulation (NASIM) program, based on GEANT [16];

e the New Montecarlo Program (NMC) [51], written from scratch and intended
to be faster and simpler than the GEANT program.

In order to avoid the time—consuming tracking of showers in the calorimeters, a set
of showers for electrons and pions of various energy was generated once for all using

NASIM. Both programs can access this collection of showers using a shower library.

The effects that are included in the simulation used for this analysis (thus, in

the resulting acceptance correction) are the following ones:

o the geometry of the beam lines, including Kg halo from scattering in the

collimator and in the AKS;
o the detector geometry;

e the secondary interactions upstream the LKr calorimeter (as multiple scatter-

ing, nuclear interactions, gamma conversions) and the pion decay;
o the reconstruction of charged tracks and LKr clusters.
while the following ones are not included:

o detector inefficiencies, that can be measured by mean of downscaled triggers;

effect of accidentals, measurable using overlayed events;

mistagging, intrinsically independent from decay topology;

tails of £/P and of the event time reconstruction, that cannot be easily sim-
ulated. However, these effects are known to be smaller than 0.1 % and are in

principle Ks / K symmetric;

K, scattering and regeneration in the collimators (see section 7.8).
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5.2 Correlated Montecarlo

The Montecarlo data samples used for most of this analysis have been generated
using version 28 of the NASIM generator, modified in order to produce correlated

couples of Kg and K, events. The variables which are common to the couple are:

o the true Kaon energy. This makes sense because the effect of the different
energy spectra of the two beams is avoided by performing the analysis in

energy bins;

o the true decay position along the beam direction z. This is also not the case in
true life, but is justified by the weighting procedure that is applied on real data
to equalize the reconstructed decay Z distributions. The events are simulated
according to the K lifetime, starting from the AKS position (end of counters

for charged and end of converter for neutrals), up to 5 crg;
o the K — 77 and 7% — 77 decay kinematics in the K° rest frame;

To account for the differences of the beam lines, the transverse decay vertex
position and the kaon direction are simulated independently, as well as the event
propagation inside the detector.

The high degree of correlation obtained with this technique (i.e. the 2 events
of a couple are usually both accepted or both rejected) has two obvious advantages

with respect to uncorrelated Montecarlo :
o the reduction of statistical error on the Kg / K acceptance ratio;

e the possibility to disentangle more easily the sources of Kg / K asymmetry.

On the other side, some approximations not present in the uncorrelated MC are

introduced:
o the residual difference of energy spectra after binning is neglected;

o the difference of the distributions of the true z vertex position at the beginning
of the fiducial region (defined using the AKS veto for the Kg beam and the

reconstructed vertex for the K ) is not taken into account;
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o the correction, that is applied to bins of reconstructed energy, must be com-

puted in bins of true energy, neglecting the effect of energy smearing.

The effect of these approximations will be discussed in section 5.7.

Let’s now define how the correction is computed in this framework. For each of
the N event couples we define a variable Xf(L) which is 1 if the event is accepted
and 0 otherwise. This variable follows a binomial distribution with expectation value
equal to the acceptance Agz). Thus, we will use the following estimators for the

acceptances and their covariance matrix:

.X;S'(L)
a'S(L) = ETZ (51)
» _ asw)(l—asw))
Tasiy = I (5.2)
(X5 — XL _
Cov(ag,ar) = 2i( X ?\‘;2( o) (5.3)

The error on the acceptance ratio r = A /Ag will be

9 2 2
<ﬁ> _ (”"L> +(&> _ pUovlas,ar) (5.4)
T ar, as agary,

and with the approximation a = (as + ar)/2 ~ as ~ ar,

where p = Cov(as,ar)/(04504,) is the correlation factor.
Finally, the correction factor to be applied to the double ratio and its error will be
estimated as !

00 . +—

McC ag ar,
= == 5.6
@ aOLO a"s'_ ( )
s MOz | (T2 op00\ 2 N Tgt—\2 i Tg00\ 2 00
Zane = (277) [<r+—_> +<r00>]_2<a+—> (1—p )+2<a00> (1=¢")

(5.7)

Figure 5.1 shows the correlation factors measured on the produced data samples,
which allow to obtain the same precision of an uncorrelated MC that uses a number

of events larger by a factor 3—4.

ldue to the high statistics of the Montecarlo sample, the bias of this simple estimator is found
to be < 1-107* for all bins.
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Figure 5.1: Correlation factor for the generated samples of K — 777~ and K° —

797° events as a function of energy.

Using the naive values a™™ ~ 0.4 and a% ~ 0.25, one gets from the formula

above omc ~ 4/0.9/N+- 4+ 1.5/N%,

The sample used in this analysis consists of 4 - 10® charged couples and 6.4 - 10°
neutral ones (corresponding to about 2 GBytes of data), allowing to reach a precision
of 7-107* on the correction to the double ratio (to be compared with the statistical

error of 1997 data, that is 28 - 107%).

The correction will be computed in 10 energy bins between 70 and 170 GeV. The
final correction to the average double ratio R is obtained from the difference of the
R values measured on real data with and without the acceptance correction applied

to each bin.
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5.3 Acceptance cuts

The Montecarlo events that are reconstructed (i.e. at least one reconstructed vertex
with two tracks for charged events, at least four photon candidates for neutrals) are
selected with the same cuts that are applied to the real data.

The geometrical acceptance of the NA48 detector is defined by the standard cuts
listed below.

CHARGED EVENTS: tracks must fall in the acceptance of spectrometer, LKr
calorimeter (to identify electrons from K.; ) and MUV counters (to identify muons

from K3 )
e 12 cm < radial track position at DCH 1,2,4 < 150 c¢m;

o track extrapolation inside standard LKr fiducial volume, including inner radial

cut at 15 cm;

e distance from closest LKr dead cell > 2 cm. The list of dead cells (not including
the dead column) changes along the sample’s statistics following the actual

situation of 97 run;

o dead column cut: remove events having track extrapolation at LKr with

|X — 50cm| < 4 c¢m ;

e MUV fiducial volume: remove events having track extrapolation inside a

square with side of 25 cm and outside a square with side of 260 cm.

NEUTRAL EVENTS: photons must fall well within LKr sensitive volume and be

far enough to be resolved
o standard LKr fiducial volume, with inner radial cut at 15 cm;
o distance from closest LKr dead cell > 2 cm;

o dead column cut: remove events having clusters with

|X — 50cm| < 4 c¢m ;
e distance between 2 clusters > 10 cm.
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The largest acceptance difference between K¢ and K7, is expected to come from
the inner hole of drift chamber 1, where the two beams are still vertically separated
by ~ 1.4 cm. This asymmetry is evident by looking at the distributions of the
momentum asymmetry variable

|P7r+|_ |P7r_|

ASP =
|P7r+|+ |P7r_|

(5.8)

which is Kg / K1 symmetric by construction, being simply proportional to the cosine
of the 7 production angle in the K° rest frame 2. The drift chamber hole produces
an acceptance difference for events with large AS P, having a track close to the beam
pipe (see fig. 5.2). Nevertheless, a cut against large ASP values is needed to reject
A° — pr~ events in the Ks beam. Figure 5.3 shows how the energy—dependent
ASP cut

ASP < MIN(0.62,1.08 — .0052 * Ey4on)

can be used to minimize the acceptance difference between Kg and K, , by removing
the events with tracks close to the central hole in a symmetric way. The same
effect cannot be achieved using the radial position of tracks, which is not Ks / K,

symmetric, as shown in figure 5.4.

The other standard cuts of the €//¢ analysis, mainly motivated by background
rejection, which have been included in the acceptance correction, are the following

ones:

CHARGED EVENTS:

e pion momentum (P;) > 10 GeV/c ;

In fact, if p is the modulus of the pion momentum and @ the 7+ production angle in the K°
rest frame, in the lab frame we will have

2
|Prt| = \/<7Kpcos9 + Brvx VP + (cm,r)z) + (psind)? ~ pyx < 1+ (ems/p)* + cos6>

2
|Pr-| = \/<—7Kpcose + Brvx\/p? + (cm,r)2> + (psin9)2 ~ pyx < 1+ (cm,r/p)2 — cos 9>

cos @ cos @

Vit emefp? Vi mE —Am2)

ASP ~ = 0.83 cos@
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Figure 5.2: Comparison of ASP distributions for Kg and K, in various energy bins.
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Figure 5.3: Kg¢ — K relative difference, expressed as a number of o, as a function
of kaon energy and ASP. The line drawn on the plot shows the applied ASP cut.

track fit quality > 70 % ;

e closest distance of approach (CDA) of the tracks < 3 c¢m ;
o time difference of tracks < 6 ns ;

e center of gravity (cog) at LKr surface < 10 cm ;

o lifetime cut cr < 3.5 where ¢t = Z/Bvc7s ;

e rejection of events with tracks having a spatial match with MUV hits (the

timing cut is not simulated), to take into account pion decay;

| Mot - — Mgo|/c* < 3% (1.755M eV + Ejgon * 0.007372) MeV ;
e (pf)? < 0.0002 (GeV/c)?.

NEUTRAL EVENTS:
e 3<E, <100 GeV ;

e cog at LKr surface < 10 cm ;
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Figure 5.4: Comparison of radial distributions of tracks at drift chamber 1 in

ent energy bins.
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Figure 5.8: (Pr)? distributions (in GeV?/c?) for real Ks data, in different ranges
of cog. The Montecarlo distributions are also shown (normalized to the real data
for the first plot). Though the simulation of tails for (Pj)? > 0.0002 GeV?/c? is

not accurate, one can see that, as expected from the Montecarlo, they are generated

essentially by misreconstruction and not by the halo.
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Figure 5.9: Acceptance correction from charged and neutral events separately, as a
function of kaon energy. The cog cut is not applied in this plot.

e no extra clusters with energy > 1.5 GeV within £ 3 ns ;
o cT < 3.5

e best x2, < 13.5

The final acceptances as a function of energy and decay z position are plotted in

figure 5.5.

Table 5.1 shows the Kg /K symmetry of each cut. The asymmetry introduced
by the cog cut is due to the Kg beam halo and is expected to be compensated
between charged and neutral events (see fig. 5.6). The pf. variable has been defined
in order to be symmetric for 77~ events, but it introduces an asymmetry for events

with pion decay. In fact, the expected symmetry is recovered when the cuts against

pion decay (CDA, MUV, M, +,-) are also applied (see also figure 5.7).
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cut

1— Ags (%) |

1-— AKL (%) ‘ P (%) ‘ 1-— AKS/AKL (%)

CHARGED EVENTS

reconstructed (>= 1 vertex) 18.703 £ 0.020 | 18.797 + 0.020 63 -0.116 £ 0.021
P, > 10 GeV/c, track @ > 0.7 | 1.086 + 0.006 | 0.991 + 0.006 30 0.096 + 0.007
CDA <3 cm 1.241 £+ 0.007 | 1.231 £ 0.007 0 0.010 + 0.009
ATiger < 6 ns 0.034 + 0.001 | 0.033 + 0.001 0 0.001 £ 0.001
Rpcg cut 8.127 + 0.015 | 8.146 + 0.015 23 -0.021 + 0.021
ASP cut 28.759 + 0.025 | 28.650 + 0.025 70 0.153 + 0.027
cog cut 2.747 + 0.009 | 1.215 + 0.006 0 1.550 £+ 0.011
LKr fiducial volume 9.453 £+ 0.016 | 9.495 + 0.016 40 -0.046 + 0.020
LKr dead cells 2.168 + 0.008 | 2.162 + 0.008 19 0.006 + 0.010
LKr dead column 6.374 + 0.014 | 6.423 + 0.014 60 -0.053 + 0.013
et < 3.5 0.955 + 0.005 | 0.947 + 0.005 54 0.008 + 0.005
MUYV fiducial volume 6.148 + 0.013 | 5.933 + 0.013 39 0.228 + 0.016
MUYV hit rejection 8.114 + 0.015 | 8.110 + 0.015 0 0.004 + 0.023
M.+~ cut 6.593 + 0.014 | 6.583 + 0.014 0 0.010 £ 0.021
(p ) cut 3.586 + 0.010 | 5.903 + 0.013 0 -2.462 + 0.018
(p7)? + anti-m—decay cuts 9.023 £+ 0.016 | 9.005 £ 0.016 0 0.020 + 0.025
NEUTRAL EVENTS
reconstructed (>= 4 clusters) 53.666 £ 0.020 | 53.642 £ 0.020 78 0.051 £ 0.029
3 < E, <100GeV 9.580 + 0.017 | 9.554 + 0.017 58 0.028 + 0.018
LKr fiducial volume 30.722 4+ 0.027 | 30.738 £+ 0.027 32 -0.022 + 0.046
LKr dead cells 4.675 £ 0.012 | 4.658 £ 0.012 17 0.018 + 0.017
LKr dead column 12.693 + 0.020 | 12.801 =+ 0.020 54 -0.123 + 0.021
~v distance > 10 cm 2.365 + 0.009 | 2.346 + 0.009 38 0.020 + 0.010
cog cut 12.476 £+ 0.020 | 11.060 £ 0.019 6 1.592 £+ 0.029
no extra cluster 7.460 £+ 0.016 | 7.463 £+ 0.016 11 -0.004 £+ 0.023
et < 3.5 18.577 £+ 0.023 | 18.553 £ 0.023 11 0.029 + 0.038
X5 < 13.5 34.088 + 0.028 | 33.918 + 0.028 15 0.257 + 0.055

Table 5.1: Fraction of lost events from each cut (independently from the others),

with respect to the number of reconstructed events. The fraction of reconstructed
events with respect to the generated sample is given in the first row. The correlation
factor and Kg / K symmetry are also shown.
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Figure 5.8 shows that the tails in transverse momentum going over the p7. cut are
not essentially enhanced by the Kg halo (events with high cog) so that there is no
evidence for interference between the cog and pJ. cuts. This means that a detailed
simulation of the halo and of the tails in the spectrometer reconstruction are not
essential for the acceptance correction. The systematic uncertainty in the correction

coming from the halo simulation will be discussed in section 5.6.

The final acceptance correction as a function of kaon energy is plotted in fig.
5.9, without applying the cog cut in order to disentangle the charged and neutral
contributions. One can see that the acceptance difference mainly comes from the

charged events in the hardest part of the spectrum.

The values of the correction obtained in each bin after all cuts are showed in

table 5.2.

Energy bin aMc

70 — 80 GeV | 1.0007 + 0.0027

80 =+ 90 GeV | 0.9976 =+ 0.0021

90 = 100 GeV | 0.9992 + 0.0019
100 = 110 GeV | 1.0023 =+ 0.0018
110 + 120 GeV | 0.9994 + 0.0019
120 + 130 GeV | 1.0010 =+ 0.0020
130 + 140 GeV | 1.0015 =+ 0.0023
140 + 150 GeV | 1.0060 =+ 0.0026
150 =+ 160 GeV | 1.0107 + 0.0031
160 = 170 GeV | 1.0053 =+ 0.0038
global 1.0015 =+ 0.0007

Table 5.2: Acceptance correction in energy bins

5.4 Some data/MC comparison

In figures 5.10 to 5.14 the distributions of the most important variables (such as
Rdch and ASP for charged tracks, X and Y LKr cluster position for neutral events)
obtained with the Montecarlo simulation are compared to the distributions of real
data, after normalizing to the same number of events for each bin.

Though the effect of inefficiencies is not taken into account in the simulation,

the distributions for K¢ ad K are well reproduced and, what is more important,
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Figure 5.10: DATA/MC comparison of the ASP distributions before the ASP cut.
The contribution of A, not present in the simulation, is evident in the real Kg
sample.
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Figure 5.11: DATA/MC comparison of track radial position at drift chamber 1.
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Figure 5.13: DATA/MC comparison of the X cluster position distributions for neu-
tral events. The presence of the dead column is evident
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Figure 5.14:

tral events.
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a good agreement is found for the ratio of K¢ to K, showing that the acceptance
differences are well understood in the simulation. In all plots the real K events
are weighted. For the real events, the effect of mistagging is subtracted from the

neutral Kg events, while the charged events are identified by mean of the vertex.

5.5 Systematic error from beam geometry

The imperfection in the simulation of the beam line geometry can produce a system-
atic bias of the calculated acceptance correction. To give an estimate of such effect,
the geometry of the two beams has been changed in the simulation until the agree-
ment with the real data is lost, to see the corresponding changes of the acceptance
correction.

We have tried to shift the beams along the z and y coordinates and we see that
the simulation reproduces the vertex position distribution within + 1 mm (see fig.
5.15).

To evaluate the effect of such small displacements we don’t need different sets
of Montecarlo data, because the events which are not reconstructed before the shift
(due, for example, to a track missed in the beam pipe) are too far from the fiducial
volume to be accepted after the shift. Thus, we apply the shift to the tracks and
clusters of the same set of events before applying the acceptance cuts.

We also tried to change the shape of the vertex distributions by weighting  the

Montecarlo events with the function
w(é) =1+ A-exp((€ —£)?/(207)) (5.9)

(£ = x or y generated vertex position for Kg or K, )

3to conserve the correlation the same weight must be applied to both events of each couple,
but, because of the uncorrelation of the transverse vertex position, the weight changes the effective
position distribution for one beam only.
The equations 5.1-5.3 become

S(L S(L S(L
o Twx o V) (8w
T Siw e = N(Ei w)?

N2 0luxs\e XS xE
COU(as,aL) = (wXS)(wX7T) — Ezwz i i asar,

(22 wi)? N (22 wi)? N
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so that the events in the peak have a weight (1 + A) with respect to the events in
the tails.
We see that a conservative range for A is + 30 % (see fig. 5.16).

The variations of the correction with these changes in the simulation are shown
in figure 5.17. The order of the effect is a few 107*, similar for Ks and K;. We
observe that the shift has a larger effect than the change of shape, and that the
beam z position is the most critical variable. To understand why, the exercise has
been repeated after releasing one by one the main acceptance cuts (see table 5.3).
This shows that the sensitivity to the shift comes essentially from the presence of the
dead column (see figure 5.18). In fact, in the absence of this sharp dishomogeneity

of the calorimeter surface, all variations are within £1-107%.

X shift Y shift X shape Y shape
-1 mm | +1mm | -1 mm | +1 mm | A=-0.3 | A=+0.3 | A=-0.3 | A=+0.3

Kg
all cuts -2.5 +2.0 -1.1 +1.1 +0.4 -0.3 +1.0 -0.7
all cuts but DCH accept. -2.6 +2.1 -0.8 +1.0 +0.0 +0.0 +1.0 -0.6
all cuts but LKR accept. -3.0 +2.3 -0.7 +0.5 -0.3 +0.2 +1.0 -0.7
all cuts but dead column -0.8 +0.8 -1.1 +1.1 +0.2 -0.7 +1.0 -0.5
all cuts but dead cells -1.3 +2.7 -0.9 +0.8 +1.0 -0.6 +1.1 -0.8
all cuts but MUYV accept. -2.5 +2.0 -1.1 +1.0 +0.2 -0.1 +0.9 -0.7

K,
all cuts -0.7 +2.7 -1.3 +0.4 +0.2 -0.1 -0.8 +0.8
all cuts but DCH accept. -0.7 +2.7 -1.1 +0.3 +0.3 -0.2 -0.7 +0.7
all cuts but LKR accept. -0.3 +2.0 -1.2 +0.5 +0.0 +0.1 -0.5 +0.4
all cuts but dead column +0.1 -0.7 -1.1 +0.3 +0.2 -0.1 -0.8 +0.7
all cuts but dead cells -0.7 +2.9 -0.8 +0.5 -0.3 +0.2 -0.7 +0.7
all cuts but MUYV accept. -0.6 +2.7 -1.3 +0.4 +0.0 +0.1 -0.8 +0.8

Table 5.3: Variations of the acceptance correction (units 107*) after changing the
beam geometry, with different sets of cuts.

5.5.1 The effect of dead column

In the sample used so far, we have applied geometrical cuts against the dead
calorimeter cells (including the dead column), but the missing cells were not sim-
ulated in the Montecarlo. Thus, the photon energy misreconstruction around the
dead column is not taken into account and a possible underestimation of its effect
could arise.

A second sample of neutral events was generated, including this time all the

dead cells. With this new sample the correction becomes 1.0018 + 0.0007, which
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Figure 5.15: X vertex distribution for real and Montecarlo Kg events. In the bottom
plots, the MC distributions have been shifted by + 1 mm, producing a sizeable loss
in agreement with real data.
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is compatible, within statistical errors, with the previous value. Nevertheless, the
sensitivity to the shift along z of the beams is much larger (fig. 5.19), but is over-
estimated because the photons that are not properly reconstructed because of the
dead column, but would have been after the shift, cannot be recovered. However,
the result should be reasonable if the shift is small with respect to the cell size (2

cm).

To summarize, the estimation of the systematic from the beam geometry in
connection with the presence of the dead column is too optimistic when using the
first sample and too pessimistic using the second one. From the plot of fig. 5.19 we

conclude that a conservative estimate of this effect is an uncertainty of £4-107%.
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Figure 5.19: Sensitivity of the correction to the shift along # of Kg beam with the
two sample of neutral events (sample 2 includes the simulation of dead cells).

120



5.6 Other possible sources of systematic error

5.6.1 K5 beam halo

In the previous section we have tried to change the shape of the beam core. We
try now to estimate the effect of the uncertainty in the simulation of the Ks beam
halo, which, as discussed in section 5.3, could generate some asymmetry in the pr.
distributions.

We consider as halo particles the Kg having 8 > 0.6 mrad, where

b = \/(% (0.1 10—4))2 + (%’ (63 10—4))2 (5.10)

is the angle between the kaon direction and the nominal Kg beam axis.

From the data/MC comparison of the §x distributions (fig. 5.20) we see that the

halo is reproduced within 4 50 %. Thus, we estimate the systematic error from the
variation of the acceptance correction after applying a weight to the halo events in
the simulation between 0.5 and 1.5. From the result shown in fig. 5.21 we conclude

that the error is +2 - 107%.

5.6.2 Invariant mass cut

The cut on the 777~ invariant mass around the K® mass for the charged events,
has been included in the simulation, though the resolution of the spectrometer is
not well reproduced in NASIM. Although no Ks /K asymmetry is expected to
be produced by this cut, we have checked for a possible effect by varying the mass
window of the cut.

The result (fig. 5.22) shows that the effect should not exceed 41 -107*.

5.7 Comparison with uncorrelated MC

The official Montecarlo sample of 1997 analysis consists of 50 - 10° events for each
of the 4 decay modes (corresponding to 16 GBytes of data), generated using NMC
without Kg /K correlation.

These events can be analyzed in the very same way as real data and the resulting

acceptance correction is the inverse of the double ratio obtained from the Montecarlo
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Figure 5.20: Comparison of the fx distributions for Montecarlo and real Kg events
for events selected without the cog and p7. events.
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Figure 5.21: Behavior of the acceptance correction with the weight applied to the
halo events (having fx > 0.6 mrad).
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Figure 5.22: Behavior of the acceptance correction with the width of the mass
window for 7T 7~ events, expressed in ¢ of spectrometer resolution.

events. We get
(&™) uncorr. = 1.0028 + 0.0012 (5.11)

that is compatible, within the statistical error, with the correction computed with
correlated NASIM (1.0015 + 0.0007). No disagreement is found between the two

simulations also after plotting the correction as a function of energy (fig. 5.23).

As discussed in section 5.2, some approximations are introduced by the corre-
lation method which are not present in the uncorrelated Montecarlo. To evaluate
their effect, the uncorrelated events have been analyzed as the correlated ones, in
order to introduce the same approximations: the correction has been computed in
bins of true energy and the fiducial volume for K events has been defined using the
generated z vertex position instead of the reconstructed one. We obtain that the
global correction changes by 2.3 - 107* (see also fig. 5.24), showing that the error
introduced by the correlation technique can be neglected with respect to the total

statistical and systematic error quoted so far.

123



o
Q r
e [
1.025 |
F & Uncorrelated NMC 4
1.0z | —
r * correlated NASIM
1.015 | T
[ T T T T ¢
1.01 F T x
F - _ T 14
F o &
1.005 [T T . Te
ST L% | T ”I# 1 71 11| ”J
1 EHLE & o] i IHH ,,IJ‘F ——l -
e e i T
- L4 %* 1 1L
0.995 [ . = - = i
0.99
0.985 [
098 C L L L L L L
80 100 120 140 160

Kaon Energy (GeV)

Figure 5.23: Comparison of the acceptance correction obtained with correlated

NASIM and uncorrelated NMC

T
>

standard analysis T L

* “correlated-like” analysis

1.015 *

1.005 T T SRR S

*

3
*
*

T
*
o
==

e

t
N
e

L

t

*

*
iR
ar

o
e
[
i
i
k

TTTT
L
o
L
t
k
i
k
-

0.995 28 |- + 4

0.985

0.98 I I I I I I
80 100 120 140 160

Uncorrelated NMC K20 Eneray (GeV)

Figure 5.24: Comparison of the acceptance correction obtained from the uncorre-
lated NMC sample using two different analyses: the standard one (equivalent to
the analysis on real data) and the correlated-like one, where the approximations
described in section 5.2 are introduced.

124



5.8 Stability of the double ratio with the accep-
tance cuts

We perform now a check of the behavior of the acceptance correction by varying the
main acceptance cuts in both real data and MC events and looking at the stability of
the measured double ratio. We expect that the “raw” double ratio changes mainly
because of the acceptance effects, though other systematic effects possibly depending
on the geometry, as trigger inefficiencies or accidental activity, could arise.

In figures 5.25 and 5.26, the double ratio R, corrected only for mistagging and
background, is plotted as a function of the radial cuts at drift chamber 1 and LKr
calorimeter, before and after the acceptance correction.

By varying the DCH radial cut between 11 and 18.5 cm, we get a maximum
variation of R of 74 - 10™* before the acceptance correction, that becomes 9 - 1074
after it is applied. For the LKr cut between 13 and 17.5 cm, we pass from 39 - 10~*
to 15-107%.

From the difference AN of the statistics in each decay mode between the two

extreme cases, we can naively estimate the expected statistical fluctuation of R as

(N20)2 + (Ngo)Z + (N;_)Z + (N;__)Z (512)

. \/ANgO AN® AN~  ANI-
In both cases we find §R ~ 5-107%.

We conclude that no evidence for systematic effects larger than 1073 (and not

necessarily coming from the acceptance correction) is found.

5.9 Conclusions

The acceptance correction to the double ratio has been evaluated using a correlated
sample of Montecarlo events.

The main contribution to the systematic error is found to come from the uncer-
tainty in the simulation of beam geometry, estimated to be +4 - 107%.
This error is due essentially to the presence of the dead column, so that is expected
to become < 2 -107* for the analysis of 1998 data.

No other effect producing a systematic beyond 2:10~* has been found. By adding

in quadrature the contributions of beam geometry and Kgs halo, we quote a total
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Figure 5.25: The double ratio R, measured on 97 data (corrected only for mistagging
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charged events.
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systematic error of £5 - 107%.

The correction computed using the correlated Montecarlo sample is thus

(@™ opr. = 1.0015 £ 0.0007 (stat.) £ 0.0005 (syst.) (5.13)

Since we have verified that the correlated Montecarlo method does not introduce
relevant biases, we quote the final acceptance correction as the weighted average of

the correlated and uncorrelated samples:

aMC = 1.0018 £ 0.0006 (stat.) £ 0.0005 (syst.) (5.14)
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Chapter 6

K¢/K; interference and pure Kg
in the “K;” beam

So far, we have silently assumed to deal with two pure beams of Kg and K
particles. Actually, a relevant fraction of the K° — w7 events from the highest
energy part of the K; beam is due to pure Kg and Kg/K interference. The
size of the interference term depends from the production asymmetry parameter
D = (Ngo — Ngo)/(Ngo + Ngo), whose a priori knowledge is rather approximate
(2 30 %). In this chapter we present our analysis aimed to measure D directly from
the 1997 data and to estimate the effect on the €’/e measurement of the interference

and K terms (including the uncertainty on D).
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6.1 Introduction

The time evolution of a particle state initially created as a K° (K°) is

N s ot M __t
() = (e_z—ff{Ste 75 |Ks) + e n e |KS>> (6.1)
where t is the kaon proper time and N a normalization constant. The rate of 77
decays for a K° (K°) can thus be written as

Tun o [(m|T|3h(1))* =

N _t _t AMt _
|1|:|:|e|2 { e 7s + |n|*e” 7 % 2|p|cos ( P gﬁ) e

VS

) 6

where
(rm|T|Kr) i
(e TIKs) M Kp o Es
If we deal with a mixture of Ngo K° and Nz, K°, the number of decays in the
laboratory frame with kaon momentum Pg at a distance Z from the production
target, will be, neglecting terms of o(|e|?)

ZM. ZM.

_Z2VYK 2 _ZYK
ren(Z, Pg) o e 7sPx + |p|°e 72Px +

2 (1 L)Cos<c2AMZMK ) (6.3)

2(D(Px) — 2Re(e)) Inle” & (5% MM
K
where
NKO - NKO
D(Pg)= ———=— 6.4
(Pr) = 3o (6.4

In fig. 6.1 the relative contribution of not-pure-Kg in the Kg beam and not-
pure—Kp in the K beam has been computed after integrating the different con-
tributions between z ks and zags + 3.5 c¢7g, assuming a constant value of 0.3 for
D(Pg) . We get that the “impurity” of the K5 beam is at the level of a few 1073,
while for the K beam it reaches 15 % in the highest energy part of the spectrum, so
that it should be considered in the €'/e analysis, by including it in the K weighting

lthe other constants used in equation (6.3) are (from PDG [14]):
Mg = 497.672 MeV/c2 cts = 2.6762 cm ctr, = 1551 em

cAM/h = .1769 cm™! In| =2.28-107% ¢ =.76 rad
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function:

w(Z) = ren(Z — Zxst) : Tar(Zaks — Zxrr) | ZZaxoMi ‘ Tan(Zaks — ZKLT)

Pen(Zaks — Zrst)  Tee(Z — ZgLT) e ren(Z — ZgLT)
(6.5)

where Zg st and Zgpr are the positions of the beam targets.
The largest uncertainty in estimating this contribution comes from the produc-
tion asymmetry parameter D, whose value in the energy region relevant for NA48
can be inferred from NA31 measurements and theoretical models with 2 30% accu-

racy. From now on, we will neglect 2Re(¢) with respect to D.

6.2 Measurement of the production asymmetry
parameter D

We now try to extract D directly from the 1997 data sample, by comparing the Z
vertex distributions of the events N(Z) from the two beams, in energy bins. Being
the acceptances the same to a first—order approximation, the ratio of K¢ to K,

distributions can be fitted with the function

(Z—ZxsT)M
f(Z;A,D) = Armr(Z — Zgsr, Px; D) A exrp <_$>

o 6.6
ren(Z — Zgrr, Pr; D) ren(Z — ZxrT, PR3 D) (6.6)

having two free parameters D and A, the latter giving the intensity ratio of the two

beams, that is momentum dependent.

The fit has been done in 10 energy bins between 70 and 170 GeV. The charged
decays are identified by mean of the vertex, while for the neutral decays we have to

correct for the mistagging, so that the quantities to be fitted with f are

R*(2) = 7%3:22 (6.7)
R®(2) = %ﬁggg;(l —ags) —ars (6.8)

Due to the different way in which the beginning of the fiducial region is defined
for the two beams, the two distributions have very different shape close to the AKS
position. Thus, the fit must begin at a distance from the AKS dsxs much larger
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Figure 6.1: Fraction of “impure” 2 pion decays within 3.5 ¢7 from AKS. A constant
value of 0.3 for D has been used in both cases. Note the different scale in ordinate.
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than the Z vertex position resolution. We choose d ks > 3.5m for charged events
and dags > 4.0m for neutral events, after having checked the stability of the result

with this parameter (see figure 6.3).

0.7

0.6

0.5

D for last bin

0.4

0.3

0.2

T

2 3 4 5 6 7 8
beginning of fiducial volume (m from AKS)

0.1

R LA AR A AR R A A
6—,—4
i
e
L]
L

o

0.7

0.6

0.5

D for last bin

0.4

0.3

0.2

0.1

HH‘HH‘HH‘HH‘HH‘HH‘H\\ TT
i
| .
L

3 4 5 6 7 8
beginning of fiducial volume (m from AKS)

Figure 6.3: Behavior of the D values (obtained for the range 160 < Ex < 170 GeV)

varying the beginning of the fiducial region. The arrows mark the final choices.

To check for the possible effect of the acceptance difference, the acceptance ratio
Ar/Ag as a function of Px and z has been computed using the sample of correlated
MC events used in the analysis of previous chapter, that gives a small statistical
error with respect to the real data. We find that for charged events the acceptance
ratio tends to increase with z, producing a possible underestimation of D. Thus,

the measured ratio has been corrected for the acceptance ratio 2.

Figures 6.5 and 6.6 show the result of the fits for some energy bins. As we could
expect from fig. 6.1, we obtain sensible values for D only for kaon energy > 130 GeV.

2To contain the statistical error, the acceptance ratio has been obtained in bins of 2 m. The
correction applied to a given z value is obtained by linear interpolation of the closest 2 points.
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Figure 6.4: Ratio of Kj, to Kg acceptance as a function of z for the highest energy
bins.

To test the coherence of this procedure, the values of the normalization parameter
A(p) obtained independently using charged and neutral events, are compared in fig.

6.7 and they show to be compatible.
The effect of the acceptance correction is shown in fig. 6.8. As expected, we get

a relevant effect only for charged events.

Finally, the results obtained from charged and neutral events are compared in

fig. 6.9. From the weighted average of the two measurements we get the following

results:
Kaon energy (GeV) D
135 0.24 £+ 0.16
145 0.29 + 0.07
155 0.33 + 0.05
165 0.34 + 0.05

The systematic error can be conservatively estimated as the size of the acceptance
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Figure 6.6: Results of the fit for neutral events.
A (=P1-107*) and D (=P2).
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correction, that is 0.05.

The results are in good agreement with the expectations from the NA31 mea-

surements [13, 41], as shown in fig. 6.10.
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0 S S
: 1O expected from NA3L
- * NA48 ‘ ‘ 1
e e

e
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Figure 6.10: Comparison of measured D values with expectations from NA31 mea-
surements.

6.3 Effect on ¢ /e

If we explicit the €//e parameter in equation (6.6) using

! !
gt o~ (1+ 6—) 7% o~ (1 —26—)
€ €
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and we neglect Im(é'/e ) (¢T~ = #°® = ¢), we can write the measured double ratio

for a given bin as

L Jah 22 (1 4R (9)) Fu(AZ) + (1 2Re (£)) Fi(AZ) + Fs(AZ)] dZ
fZE—_ at=(Z)w(Z) [(1+2Re (£)) FL(AZp) + (1 + Re (9)) Fi(AZL) + Fs(AZ1)] dZ
fZg__ at=(2)Fs(AZs)dZ

Jyto a®(2)F5(AZs)dZ
(6.9)
where

o Z; and Z; define the fiducial decay region;

o AZ; = Z — Zgrr and AZg = Z — Zgsr are the distances from the beam

targets;

e a° and a™~ are the acceptances for neutral and charged events, assumed to

be equal for Kg and Kp;

Pen(Z — ZksT) ‘ Pen(Zaks — ZKLT)
Pan(Zaks — Zrst)  Tee(Z — ZgLT)

w(Z) =

is the weighting function that contains the best estimate for D and is (arbi-

trarily) normalized to 1 at the AKS position;

[ ]
Fi(Z) = |e*e 7Px (6.10)
Fs(Z) = e_ﬁ (6.11)
_ZMg (11 AMZM
Fi(Z) = D(Pg)ele” 7 (557 7%) cos (c K —¢> (6.12)
K

After defining the integrals of the different contributions

Ly = / Y (DYl D) Fx(AZ)T Sy / D) Fx(DZ)dZ (X = L,1,8)

Z; Z;
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we get, to the first order in €' /e ,

LR LPH LY SiT
O LiT ALt SY

€\ (2 L+ L£%)2 1 Li~+L77)/2
1—6Re| —) (==L L i I = 6.13
[ e(e) (3£°L°+/;9°+£g° 3/:2‘+£I+—+/;g—>} (6.13)

~afiene () o)

Thus, two effects can be disentangled:

a) a systematic effect on R if the weighting function, due to the uncertainty on

D, doesn’t take into account the interference term correctly, producing A # 1;

b) a dilution of €'/e by the factor (1 — §).

6.3.1 Systematic on R

The ratio A has been computed in 10 energy bins between 70 and 170 GeV. A
difference between the true D and the values used in the weighting function has

been simulated:

AD = (D)true - (D)estimated

where for (D)estimatea We use the values of NA48 97 obtained in section 6.2 for
Ex > 130 GeV, and those inferred from NA31 for lower energy.

The acceptance functions have been computed using version 28 of the NASIM gen-

erator.

The result is shown in figures 6.11 and 6.12. Being the effect dominated by the
last three energy bins, we can use an uncertainty® 4= 0.07 for D, resulting in an error
of & 1-107* for the average double ratio.

The smallness of the effect is due to the similar behavior with Z of the accep-
tances for charged and neutral events (fig. 6.14) in the highest energy bins. The
computation of 4 has been repeated after applying a distortion function

Z — Zmin

8We add in quadrature the statistical error obtained from the fit and the estimated systematic

(0.05).
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independently to a% and o™, varying §a between + 2 % (this uncertainty has
been estimated from data/MC comparison of z vertex distributions for Kg events).
The resulting changes of A are contained within a few 107°, so that the size of the
systematic on R is not essentially changed.

In fig. 6.13 the exercise has been repeated without taking into account the

interference and Kg terms in the weighting function:

(Z-Zaxs)ME

w(Z) = e BTG ) (6.15)

In this case a correction to the measured R value should be applied, amounting to

(—68 £ 7) 10~* for the last bin and (—6.5 + 1.0) 10™* on average.

6.3.2 Dilution of ¢'/e

The dilution factor (1—§) has been obtained, varying the true D value as before (see
fig. 6.15 and 6.16). This term depends very weakly on the acceptance functions.
The effect reaches 12 % in the last bin but on the average is

§=1.15+0.10 %

that is negligible for NA48.

6.4 Conclusions

The presence of Kg/ Ky, interference and pure Kg decays in the K1 beam must be
considered in the €'/e analysis by including it into the K weighting function (or,
less naturally, by applying an energy—dependent correction to the measured double

ratio).

The production asymmetry parameter D can be directly measured from the
NA48 data with the same level of accuracy of the values inferred from the NA31
measurements. We get a confirmation of the expectations that make us more confi-

dent about the values to be used in the analysis.

The systematic effect on the double ratio from the uncertainty on D turns out

to be limited to 1-107%.

The dilution of €'/e due to the interference and Kg terms, integrated between 70

and 170 GeV, is also negligible, being 1.15 £+ 0.10 %.
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choice of + 0.07 for the uncertainty on D.
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Figure 6.14: Efficiencies as a function of ¢ for charged and neutral events
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Figure 6.15: Dilution of €//e due to the interference and Kg terms, as a function of
energy.
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Chapter 7

The measured value of ¢ /e from
1997 data

During a 42 days run in September / October 1997, NA48 took the first data with
all its detector components successfully installed. We have derived the double ratio
from these data, by computing all the needed corrections, introduced in chapter 4,
according to the procedures developed inside the collaboration. The obtained result

for Re(¢€'/€) is given.

147



7.1 Summary of cuts

The data are first selected by rejecting all the runs and single bursts where some
pathological behavior in one or more detector was identified.

We summarize in the following all the cuts that were applied at event level. Most
of them have been already described and justified in the previous chapters.
COMMON CUTS:
the event time is given by the charged hodoscope for charged events and by the LKr

for neutral ones.
e no DCH overflows in the range + 312.5 ns around the event time;
e no MBX deadtime bit at event time;

o K events are identified by the presence of a proton in the tagger within £+ 2

ns around the event time;

e no hits in the AKS within £+ 3 ns around the event time for identified Ky

events.

CUTS FOR CHARGED EVENTS:
cuts are applied for each identified vertex in the event. If more than one vertex

passes the cuts, the event is counted only once.
e event acquired by MBX trigger;
e kaon energy obtained from angle (equation 4.38) between 70 and 170 GeV;
o the reconstructed charges of the two tracks must have opposite sign;
e track momentum > 10 GeV/c, x? of track fit must be good;

o closest distance of approach < 3 cm ;

ASP (momentum asymmetry) < MIN(0.62,1.08 — .0052 * Eigon)

e position of tracks at DCH 1,2,4 must be at least 12 cm away from the center

of chamber;
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|Mtne — Mgol|/c® < 3% (1.755 MeV + Ejpaon + 0.007372) ;

(p7)? < 0.0002 (GeV/c)? with the production target chosen according to vertex

identification;
center of gravity at LKr (see eq. 4.16) < 10 cm ;

track extrapolations within LKr acceptance, including an inner radial cut at

15 ¢cm, and a minimum distance of 2 cm from the dead column and the other

dead cells;

E (in GeV from LKr) / P (in GeV/c from DCH) < 0.8 (clusters are matched
with tracks with a cut of 10 cm on the distance between the cluster center of

gravity and the extrapolated track position);

track extrapolations within MUV acceptance (outside a square of side 25 cm

and inside a square with side of 260 cm, both centered on the Kz beam axis);

track extrapolations must not match MUV hits, both in space and time (within

+ 4 ns);

cr < 3.5 (using energy from angle);

hodoscope time must have been reconstructed?;
difference of track times within + 6 ns ;

vertex time within + 20 ns from the center of the trigger timeslice.

CUTS FOR NEUTRAL EVENTS:

event acquired by NUT #°x° trigger;

the following cuts apply to single clusters (the cluster center of gravity is used to

define the position):

photon energy between 3 and 100 GeV ;

'the inefficiency of hodoscope time reconstruction is around 0.2 % and has been checked to be
the same for Kg and K with negligible error
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o cluster inside LKr fiducial volume, at least 2 cm away from the dead column

and the dead cells;

for events having at least four photon candidates, the following cuts are applied to

all the possible 4—cluster combinations:
o distance between any two photon candidates > 10 cm ;
o time difference between each cluster and the average of the four < 5 ns ;
o total energy between 70 and 170 GeV ;
e center of gravity (see eq. 4.19) < 10 cm ;
o cT < 3.5
e no extra clusters with energy > 1.5 GeV within + 3 ns the average time;
° Xgﬂo < 13.5

If more than one combination pass all cuts, the one with lower x2 , is used.

Selected events for the four decay modes are counted in 20 energy bins. The K

events are weighted with the function in (6.5).

7.2 Mistagging

Since the events are identified by mean of the tagger, the Kg events Ng and the
weighted Kj events Np, must be corrected for the mistagging. To this extent,
we also count the “mistagged” events Ng,, and Np,,, namely the events which are
tagger—identified as Kz (Kgs ) but are treated as Kg (K ) for what concerns the
weight and the Z > 0 cut. Following the notations of section 4.7, we denote with n

the corresponding true quantities and with ays and agy the mistagging probabilities:

Npw = npw(l —aps) + aspingm
Ng = ns(1 —asz) + apsnpm (7.1)
Nim = npm(l —aps) + ascns
Nom = ngm(l —ast) + azsng
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Figure 7.1: Mistagging probabilities for charged events, measured as a function of

energy.

These relationships can be inverted to get the correction formulae

(1 — asp)Npw —

Nrw

ng =

ASLNSm

1 —asp —ars
(1 —ags)Ns — apsnim

1 —asy —ags

(7.2)

The ars and agp parameters are measured for the charged mode by identifying

the events with the vertex and by looking at the tagger response. We find

They are found to be independent from energy, as expected (fig. 7.1).

+- _
Ars =

+- _
Qgr, =

0.1120 4+ 0.0003 %

(1.5+£0.01)-107*

These values are used to correct the event counts in each energy bin for both

charged and neutral modes, while we treat the differences Aars and Aags (see 4.56

and 4.57) as systematic corrections. Their effect on the double ratio is estimated

by changing a%% and %} within the estimated range and looking at the resulting

variations of R. We obtain:

AO(LS == (10 + 5)10_4

—
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Aasr, = +1-100* — AR = + 5-107*

in good agreement with the expected effect (eq. 4.55). The statistical errors on

ats, akbr npm, nsm lead to an uncertainty of 3-107* on R.

7.3 Charged Background

In order to estimate the background contamination of the K;, — =+

7w~ sample, that
is expected to come only from K.; and K,3 decays, two samples of K events with
a well identified electrons or muons are selected. The K.3 sample is obtained by
applying all cuts of the charged selection but the invariant mass, pf., and E/P cuts,
and requiring instead a well identified electron using E/P > 0.9. The same is done
for the K,3 sample, where the anti-u cut is released instead of E/P,and the muon
is identified asking for a time coincidence of + 2 ns between event and MUV hit
times. The events in this sample are weighted as the Ky, ones.

The different shape of the (M, _,p7?) distributions for the 4 samples (Ks , K, ,
K3, K,3 ) can be used to derive the background levels by fitting the K distribution
as the sum of the other 3 distributions with free coeflicients, in some control region
where the shapes are very different. The distributions are shown in figure 7.2. Events
in all four samples are vertex—identified.

In the present analysis we use a simpler and robust method, consisting in inte-
grating the distributions in the signal region, and in the two control regions shown
in fig. 7.2. These are chosen in order to have a small contribution from signal (ob-
tained from the Kg ) and different ratios of K,3 to K.3 contributions. They have to
be out of the kaon mass region in order to avoid the effect of high—pr events from
the collimators of the Kz beam line (discussed in section 7.8). The Kj events in

the control regions will be the sum of three contributions:

{NLl = ¢ulNu + ¢eNey + 5N (CRl) (7.3)

NL2 = ¢’NNN2 + ¢’5N52 + ¢’3NSZ (CR2)

The contribution of signal (¢, parameter) can be obtained by normalizing the Kg
and K distributions at the peak (pf? < 5-107° (GeV/c)?, |My_ — Mg| < 2.5
MeV/c?) and is found to be relatively small (< 10%), so that the uncertainty in the
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normalization does not introduce a significant error. The other two parameters are

obtained by inverting equations (7.3):

¢) _ (Np1—¢:Ns1 )Ne2—Ney (N2 —¢sNs2 )

z D (7.4)
¢ _ Nu(Np2—¢sNs2)—(Npi—¢sNgi )N 2 :

e D

where

D = NulNe2 - NelN;ﬂ

is the determinant of the equation system, that is inversely proportional to the
errors on ¢, and ¢.. This is why the control regions have been chosen in order to
have a very different ratio of the K.;3 to K, 3 events (Nu/Nep - Ny2/Nea ~ 100).
The resulting values of ¢. and ¢, allow to compute the number of K,53 and K.3
events in the signal region. The result is shown in fig. 7.3, as a function of energy.
The background turns out to be dominated by K.; events and amounts, on the
full energy spectrum, to 0.22 £ 0.02 %, where the error is the statistical one. The
systematic error is estimated to be 4= 4 - 10™* by repeating the computation with

different control regions and looking at the corresponding change of the result. The
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computed fraction of background events is subtracted from the K charged sample

for each energy bin.

7.4 Neutral Background

As anticipated in section 4.3.2, the contamination of K; — 37° events in the neutral
sample can be directly measured on the data themselves by looking at the tails of

the x2 , variable using the following procedure:

e a control region (CR) is chosen in the x2 , distribution, well outside the signal

region x2 , < 13.5. We will use 36 < x2 , < 135 ;

o the amount of signal in the control region, due to misreconstruction, is esti-
mated from the selected Ks — 27° events, after having subtracted the con-
tribution of mistagged K . The Kg and K distributions are normalized
in each energy bin using the events having x2 , < 2.7, that have negligible

contamination;

o the difference between the K and Kg events in the CR results, as expected
from MC simulations, in a nearly flat distribution that is linearly extrapolated
backward to get the background level under the signal region. An extrapola-
tion factor of 1.2 + 0.2, obtained from Montecarlo to account for uncertainty

in the shape of the background x2 , distribution, is applied.

Fig. 7.4 shows the K; and normalized Kg distributions for two different bins
and for the full energy range (the Kg one is obtained as a sum of all the distributions
normalized in each bin).

The use of the Kg events as an estimator for the signal requires some con-
siderations. Bad x? for good 27° events are produced by the tails of the energy
reconstruction, that are not symmetric, being the main source the already cited
energy underestimation due to hadron photoproduction. This means that signal
events in the CR are shifted on average towards the calorimeter by the reconstruc-
tion, distorting the decay z distribution. For the K case, being the original decay
distribution nearly flat, the events that, though generated at z < 0, enter the fiducial

region, are compensated by those leaving the fiducial region at the opposite bound-
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ary (cr < 3.5) though generated inside?. For the K beam, the AKS veto avoids to
have gains and losses around z = 0 and the only effect is the average event loss from
cr < 3.5, statistically negligible because of the Ky lifetime. In fact, if we compare
the Z decay distributions for Ks and Ky, in the CR, we see that the distributions
are quite different, but for the low—energy bins for which no relevant background
is expected from Montecarlo, the integrals are indeed compatible within errors (see
fig. 7.5a). For higher energies, the background appears at large values of Z (fig.
7.5b). Thus, it is strongly suppressed by the K weighting.

The fraction of background events as a function of energy is showed in fig. 7.6.

It is subtracted in each energy bin from the K; — 7°7° sample. The average on

the whole energy spectrum is (10 + 2) - 10~*, where the error is dominated by the

2This is strictly true only if we neglect the acceptance variation with Z. Since a 10 % accuracy
on the background estimation is sufficient, the approximation is fully justified.
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uncertainty on the extrapolation factor.

7.5 Charged Trigger Efficiency

The efficiency of the trigger chain can be measured separately for Kg and weighted
K|, events (vertex—identified) using the control triggers, as discussed in section 4.8.1.
We get

Kg: 0.9138 +0.0010 weighted Kp : 0.9143 4+ 0.0018

The correction coming from the measured difference is applied for each energy bin

(see fig. 7.7), and the effect on the average R is

(AR)charged trigger — (6 + 23) : 10_4

7.6 Neutral Trigger Efficiency

The efliciency for Kg and weighted K , measured by mean of the NHOD triggers,

are

Kg: 0.9986 + 0.0004 weighted K : 0.9987 + 0.0010
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Though the comparison is limited by the statistical accuracy of the control sam-
ples, the smallness of the inefficiency makes the possible effect on the double ratio
negligible, since rate effects are not expected to generate a difference of inefficiency

larger than 10 %.

7.7 Accidental activity

The events overlayed with random events (described in section 4.9) are used to
account for a potentially different accidental activity affecting Kg and K events.
We use all the overlayed events, independently from the random type, rejecting
only random events containing a dead time condition (overflow or MBX dead time
bit). Events are identified with the tagger for both decay modes, and then corrected
for mistagging.
The selections of events before and after the overlay are compared, and the

following quantities are computed for each decay mode:

the number of lost events NV, i.e. the events accepted before the overlay and

rejected afterwards;

the number of gained events Ny, i.e. the events rejected before the overlay and

accepted afterwards;

the difference of the weights for events accepted both before and after the

overlay:

AW =) "w(Z') - ) w(Z)

The resulting values, normalized to the events before the overlay (> w(Z)+ Ny),
are shown in figures 7.8 and 7.9.

The total variation (gains+AW —losses) is about —2 % for charged events, dom-
inated by the DCH overflows that arise after the overlay, and —2.3 % for neutrals,
dominated by the x2 , cut.

In the neutral case there are more losses and gains for K than for Kg . This is
due to the average increase of energy in LKr after the overlay, that moves backward
the reconstructed vertex, causing event losses at the beginning of the fiducial region,

and gains at its end. Neglecting the acceptance variation with Z, the losses are
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exactly balanced by the gains and the average increase of the event weight (the
effect is analogous to the one discussed in the neutral background section). In fact,
the total event variation (gains+AW —losses) is found to be the same for Kg and
K .

The total energy variation after the overlay causes, especially in the neutral case,
event migration from one bin to another. This is taken into account in AW when
doing the analysis in energy bins (indeed, its value can be non null also for Kg
events). We can also notice the increase of losses and gains in the first and last bins,
due to migration across the energy range boundaries. However, the average shift
of the energy spectrum is limited to a few 10 MeV, so that no significant slope is
generated.

The correction for each decay mode is

Ntrue . Ew(Z) + Nl
Nmeasured Zw(Z/) + Ng

The correction on the double ratio results to be compatible with zero and no
trend with energy is observed. Thus, we apply a global correction to R, computed

to be
(AR)accidentals - (4 + 16) . 10_4

7.8 Regenerated Kg in the K; beam

The charged events that are rejected by the p7. cut were expected to be background or
badly reconstructed signal events. The invariant mass distributions for such events
shows instead a clear signal peak (fig. 7.10), only in the K case. The number of
events under the peak is obtained by fitting the mass distribution with a gaussian
plus a linear function. The result is that the signal events are 9.5 £ 2 % of the
high—-pr events (pf? > 0.0002 GeV?/c?) that pass the invariant mass cut (in-mass
events).

The origin of these events has been identified [17] by extrapolating the recon-
structed kaon direction back to the position of final collimator. After subtracting the
contribution of background, obtained from the properly normalized distribution for
high—pr out-of-mass events, a peak corresponding to the position of the collimator

border is observed (see fig. 7.11) . The decay distribution can be obtained in the
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same way and is compatible with the Kg lifetime (fig. 7.12a). Thus, the effect is
presumably due to Kg regeneration in the lips of the final collimator. It is worth to
stress that, due to the geometry of the K collimators, the regenerated kaons must
have been scattered by both the defining and cleaning collimators.

The number of events of these kind that are accepted (having pi? <0.0002
GeV?/c?) is estimated by extrapolating backward the number of events as a function
of pi? (fig. 7.13). The error is estimated by comparing the results obtained with
different fit functions (exponential or polynomial functions). We find that the total

number of high—pr event is a fraction

e, = (114+2)-107*

regen

of the charged K sample, and the accepted events are a fraction

- = (1.14+0.3)-107*

regen low pp

Since the same events are expected to contaminate the neutral sample, where

they cannot be identified, we need to apply a correction to R amounting to

L+ fi
A — regen low prp
( R) g 1_|_A +—

regen

where the factor A accounts for the acceptance effect. In fact, since the Kg regener-
ated events have in principle a different energy spectrum (fig. 7.12b) and a different
decay distribution than the Ky ones, their neutral and charged acceptances are not

in the same ratio than for the K sample:

Emaz 3.5X _
A~ fE'm.in dF fo *dZ a®(Z,E)e 2Z/xs(E) (dN/dE)segen ‘N}I;_
- 00

fE'm.a,a: dE f03~5>‘5 VA a+—(Z,E)e—2Z/>‘S(E) (dN/dE)regen NL

Emin

where a(Z, E) are the acceptance functions, (dN/dE),cgen the energy decay spectrum
of regenerated events, and the factor e=2%/*s() comes from the product of the nat-
ural decay distribution and the weighting function. The spectrum can be extracted
from the energy distribution of the charged events, that has been parametrized
(hatched curve of figure 7.12b).

Using the acceptances derived from our Montecarlo sample, we have computed

A =0.940.1, where the error is dominated by the uncertainty on the spectrum (we

have applied an extra slope of +£50 %/100 GeV).
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We conclude that the correction is

(AR)pegen = (—1043)-107*

7.9 Energy scale

The effect of the uncertainty on the neutral energy scale Aa = £5-107* given in
section 4.5.1 has been measured by repeating the analysis after applying a scale
factor 145-107* to the measured cluster energies, and looking at the corresponding

changes of R. As expected from expression 4.31, we get
(AR)neutral energy scale — +5- 10_4

If we combine in quadrature this error with the uncertainties on transverse scale,
linearity, uniformity, photon energy and position corrections, (quoted in section 4.6),

we get to a total systematic error from neutral reconstruction

(AR)neutral reconstruction — +12. 10_4

7.10 The result

The statistics of the selected events from the 1997 run is shown in table 7.1 before
any correction, leading to a double ratio, averaged over the energy bins, of 0.9775

=+ 0.0028 .

0_0 + 0_0 +

mode Ky —-7°7° | K —wn"n" | Kg—>n7n | Kg —n"n~
unweighted 435.1 954.0 1039.9 2220.9
weighted 122.79 268.56

Table 7.1: 1997 event statistics in thousand of events.

The set of corrections that have to be applied, described throughout this thesis,
are listed in table 7.2.

We define the “systematic” error on R as the uncertainties on these corrections,
even if most of them are of statistical nature, since the accuracy of the corrections
is often limited by the statistics of the control samples (it is the case for the effects

of charged trigger and accidentals, that are the largest sources of uncertainty).
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The double ratio is plotted as a function of energy in fig. 7.14, after all the
corrections that have been obtained in energy bins. The x? for the hypothesis of
a value independent on energy is 27.5 with 19 degrees of freedom. A suspected
energy dependence of the result has been ruled out after extensive checks on all
the sources of systematic error. Furthermore, this apparent trend with energy is
strongly disfavored by the three additional data points outside the nominal energy

range that are shown as well in fig. 7.14 but have not been used in the analysis.

Effect per bin | Correction x10*
mistagging using oy, al; yes + 61 =+ 3
mistagging Aars no + 18 =+ 8
mistagging Aagy, no + 5
77~ background yes + 23 + 4
7%7° background yes -8 =+ 2
charged trigger efficiency yes +6 =+ 23
acceptance yes + 18 =+ 8
accidental activity no +4 4 16
K regeneration no —-10 =+ 3
Neutral reconstruction no + 12
Charged reconstruction no + 5
Total +112 + 34

Table 7.2: Systematic corrections applied to the double ratio. In the “per bin”
column we have specified which correction are applied in energy bins. In this case
the correction to R is obtained from the differences of the averaged values before
and after the correction.

The corrected double ratio is R = 0.9887 & 0.0028 4 0.0034, leading to®
€

!
Re (6—> = (18.8 + 4.7 + 5.7)-107*

By adding the statistical and “systematic” errors in quadrature, we get the final

result

/
Re (6—> ~ (18.8 + 7.4)-107*

3the small difference between the result of the present analysis and the published one [26], that is
well within the systematic uncertainties, is due to small differences in the methods used to compute
the corrections and to the different Montecarlo sample we have used (only the uncorrelated MC
was used in the official analysis).
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bin basis, are not included. Three energy bins outside the nominal energy range of
the analysis (70 to 170 GeV) have been added as a check against a possible energy
dependence of the result.
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Conclusions

This thesis was devoted to the first result of the NA48 experiment on direct CP
violation in kaon decays. It is the first outcome of a large experimental project,
started in 1990, involving 16 institutions*.

We have entered the collaboration in 1997, when the detector was completed
and the data used in this analysis were being acquired. Thus, though we have
participated to the data-taking during 1998 and 1999, our work in the experiment

was mainly devoted to offline data analysis.

The determination of the value of Re(€'/¢) from the 1997 data sample involved
the long and accurate work of many people. In this thesis we have introduced the
analysis by summarizing our understanding of the strategy adopted in the collabo-

ration to deal with the various effects that affect the measurement.

We have then discussed in detail our personal studies through which we have
contributed to the final result. The differences in acceptance for the Kg and Kj,
beams have been investigated using a correlated Montecarlo technique that helped
us in disentangle the various effects and allowed to obtain the required statistical
accuracy with a relatively small sample. We have shown that the systematic uncer-
tainty on this correction is limited to less than 1-107* on ¢'/e¢ . Furthermore, it is
dominated by the discontinuity in the active calorimeter volume due to a column
not connected to HV during the 1997 data—taking, so that the error will be smaller
for the analysis of the data acquired afterwards.

We have also investigated the effect on the analysis of the “impurities” in the K

beam, namely the contribution to 77 decays from pure K¢ and Kg /K, interference.

4The NA48 collaboration is: Cagliari, Cambridge, CERN, Dubna, Edinburgh, Ferrara, Florence,
Mainz, Orsay, Perugia, Pisa, Saclay, Siegen, Torino, Vienna, Warsaw.

171



We have directly measured the amplitude of the interference term that is found to
be consistent with the expected mixture of K° and K° in the K; beam line. We
have also shown that, if the impurities are properly taken into account in the Kj,
weighting function, the effect on €'/e , averaged over the nominal energy range, is

limited to a few 1075.

Finally, we have developed a computer program to compute the double ratio and
all the main corrections that have to be taken into account, following the procedures

developed inside the collaboration. The result is
6/
Re (—) = (18.8 £ 7.4) x107*
that reproduces the official result recently published by the collaboration [26].

Though the accuracy of the measurement is still poor with respect to the poten-
tiality of the experiment, this result by itself strongly points to a non—zero value of €,
confirming the result of the foregoing experiment NA31 Re (Z—/) = (23.0+6.5)-107*
and the recent result from KTEV Re (%) = (28.0 £4.1)-107* [1].

The analysis of the 1997 data sample demonstrated the effectiveness of the tech-
nique used in NA48. In fact, the accuracy of the result was limited by the statistics
of the main sample and of the control samples used to evaluate the effect of the
trigger efficiency and of the accidental activity. Prospects for the on—going analysis
of the data acquired during the 1998 and 1999 runs, corresponding to a statistics
about seven times larger than the 1997 one, are thus very good. Another year of

data—taking is foreseen to complete the ¢’ program, in order to reach the aimed

accuracy of 2-107* on Re(€'/¢) .
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