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Chapter 1

Motivation for NA48
L. B. Okun once said that if kaons did not exist we would have invented them in order
to illustrate the fundamental principles of quantum physics.
With their medium-sized masses and their ability to interact both weakly and
strongly, kaons seem to be specially selected by nature to show, through a few typical
phenomena, the reality of quantum effects. One such phenomenon is the existence, in
the presence of strong interactions only, of two degenerate states of opposite strangeness

(K 0 and

0). These states are mixed by the weak interaction, which does not con-

serve strangeness, to produce two states (Ks, the short-lived state and KL, long-lived
state) very similar in mass but very different in their decay modes and lifetimes. The
existence of these states results in a second property called strangeness oscillation: a
pure strangeness eigenstate produced at a given time becomes later a mixture of K °
and

P.

Another property is the regeneration of Ks. If a beam of pure KL mesons is

incident on a target, they will interact with the matter and be partially transformed
into K5. Another very important sector in which neutral kaons can be studied is CP
violation in weak interactions. CP violation is, despite the passing of more than three
decades since its discovery in 1964, one of the least understood and most fascinating
phenomena in contemporary physics.
It is the primary aim of the NA48 experiment to investigate CP violation in the
neutral kaon sector.
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1.1 The CP symmetry and its violation
It is well known that physical systems are invariant under continuous transformations
that belong to the proper Lorentz group. It is then natural to expect physical system
to show invariance for discrete transformations such as time inversion (T) and spatial

inversion, or parity (P). Nature does not agree with this view: weak interactions violate
the spatial inversion symmetry and it seems quite possible that time inversion share
the same fate.
Closely related to these operation is the charge conjugation, which acts on internal
space rather than on space-time. It reverses the signs of the electric charges of fields
and all of their additive quantum numbers without changing any kinematic variable,
thus converting particles into antiparticles.
An important relationship links these three transformations. The successive application of all three transformations in any order constitutes a symmetry operation for
all quantum field theories that satisfy very general conditions (CPT).
Historically, the possibility that weak interactions violate parity was first suggested
by Lee and Yang [1] in 1956. They examined the experimental results then available
and concluded that parity invariance of the weak interactions was 'only an extrapolated
hypothesis unsupported by experimental evidence'. The experiment of Wu et al. [2]
demonstrated that parity was maximally violated in the

0 decay of "Co. The year af-

ter, Goidhaber et al. [3] demonstrated that the neutrino emitted in the electron capture
by 152 Eu has always negative helicity, thus maximally violating P. In general, one finds
that C is violated together with P in the weak interactions [4, 5], but the combined
symmetry CP holds, as it was pointed out by Landau in 1957 [6], who suggested that
neutrinos are always left-handed and anti-neutrinos always right-handed.
CP violation was first observed in the decays of neutral kaons in 1964 by Christenson, Cronin, Fitch and Turlay [7]. In 1973 it was shown by Kobayashi and Maskawa
that it can be incorporated into the theory of electromagnetic and weak interactions
that make up part of the Standard Model [8]. In the neutral kaon system, CP violation
is classified into two types: indirect and direct, parametrised by € and C' respectively.
Indirect CP violation is observed through the asymmetry in the mixing of K° and

3

1.2 The kaon system
K° . Direct CP violation is observed through the asymmetry in the decays of the two
neutral kaons. The amount of direct CP violation is usually measured in terms of the

parameter Re(c'/c). Many rare decays of the neutral kaon (such as K -. ir°fl) are also
an important tool to shed some light on direct CF violation.
Until recently, physicists were unsure whether there was any direct CF violation
in the neutral kaon system. Two conflicting results were announced in 1993. One
result from the CERN NA31 collaboration showed evidence for the existence of direct
CF violation [9]. The other result from the FNAL E731 collaboration was compatible
with no direct CP violation [10]. New and more precise measurements were therefore
required and two new experiments were built: NA48 at CERN and KTeV at FNAL.
NA48 has recently published its final result, stating that CF is indeed directly violated
beyond any doubt [11].

1.2 The kaon system
Kaons are pseudo-scalar mesons containing strange quarks and are predominantly produced in strong interactions as strangeness eigenstates (i.e. they have a known quark
content):

K°)

=

=

d

sd

IK+) = u

K) = su.

(1.1)

The quantum number S, or strangeness, is conserved by the strong interaction. Kaons
are therefore always produced in pairs (associated production) and S=+1 can be assigned to states containing an

a quark, and S=-1 for states containing an s quark. The

difference between K ° and K ° appears in the presence of the weak interaction that
makes them decay into pions without conserving S. The observed weak decay eigenstates are not strangeness eigenstates and are called K-long (KL) and K-short (Ks),
according to their lifetime.
KL and K5 have almost identical masses, but very different lifetimes. The mass
= ( 497.67 ± 0.03) MeV/c 2 and the difference is
of the kaons is
mJç

mKo =

Am

- ms = ( 3.489 ± 0.008) x 10_1 2 MeV/ c2 . The lifetimes of KL and K5 are

= (5.17 ± 0.08) x 10 8 s, and

= (8.935 ± 0.008) x lO

s respectively [12].
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u,c,t
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u ; c,t

w

Figure 1.1: The box diagrams describing the AS = 2 process of

K° <-* K°

mixing.

1.3 Particle-antiparticle mixing
The two states

K°

and

K°

are distinct under the strong interaction. However, as the

weak interaction does not conserve strangeness,

K°

and

K°

are allowed to mix with

each other, provided that the weak Hamiltonian allows both kaons to decay into at
least one common state, for example:

K ° *-* ( 27r, 37r) -.

K°

(1.2)

On the quark level, these transitions are represented by the Feynman box diagrams in
figure I.I. Since these transitions change strangeness by two units

(IASF

= 2), they

must proceed via the weak interaction.
Since S is not conserved, another quantum number is used to classify neutral

K

mesons when the weak interaction operates. The combined charge conjugation and
parity operators, CP, provide an almost perfect candidate for this role, 'almost' because
this symmetry is slightly violated.

K°

and

K ° are antiparticles of each other, so they may be related by CP and CPT

transformations:

CPK° ) = - K°) cPK°) = CPTK ° )= —

(k ° F CPTK°)=—(K ° ,

(1.3)

where a phase convention for the CP and CPT transformations has implicitly been
chosen. Using these relations, the CP eigenstates of the neutral kaon system can be
defined as follows:
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IK1) =(lKO) -

CP [K1) = (+1) [K1 )

1K 2 )=

CP 1K2) = (-1) II2)

V2
6

(1.4)

IK 1 ) and 1K2) are referred to as CP even and CP odd eigenstates of the neutral kaon
system.
Assuming CP conservation, one may identify Ks with K1 and Kj. with K2.

1.4 CP violation
In the presence of the weak interaction, K° and

k'°

can be considered as a basis for

a two-dimensional subspace. Following, for example, the formalism used in [13], it is
possible to choose the convention:

K°)= /1\

(1.5)

1)

Similarly, K5 and KL form another, equivalent, basis of the same subspace. The
Hamiltonian H describing the evolution of the kaon system can be split into two parts;
H° which conserves strangeness and H 2 which violates strangeness by IASI = 2.

H = H ° + H 2 should be non-Hermitian and therefore may be decomposed into a
Hermitian and an anti-Hermitian part, responsible respectively for the mass and the
width of unstable particles:
(1.6)

(j[Hjk) = Mk—

In the two-dimensional space under consideration, H has the matrix representation:

H

(Mil _Fii M 1 2_F12)

-

F21 ]k[2 - F22

KK ° H ° K°) (K ° H 2
\. KK°IH 11 0 ) (K °
(

= I -

k°) \
- I.

(1.7)

CPT invariance of H implies that Mil = M22 M3, with M0 = mKo = mxo, and

F11 = F22 F0, with 170 identified with the (common) decay width of K ° or TK°. Since
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by construction, both M and F are Hermitian, M0 and F0 are both real numbers, and
Al21 = M

and F21 = F 2 . Hence

'if12 -

Mo - I'o

1V1

i

12

(1.8)

Mo—Fo

M12

If H 2 is invariant under T, or equivalently under CP, one has Al21 = M12 and 1'2 1 =
)

F1 2 and these matrix elements are real. On the other hand, if T or CF is not a symmetry

of one may have Al21

Al1 2 or F21 F1 2, or both. This in turn implies Al1 2 or

F1 2 or both may be complex. Diagonalisation of 1.8 determines the physical eigenstates
K8 and KL having respective masses in8 and TnL and full widths Fs and FL:

KL

1

K°—K°\

J1 +I 2
1

K8

I=

______
Cj

) \/1+
+c

K ° +K° \ - K1+eK2

(1.9)

y1+ I2

where
=

-

F12 -

-

(1.10)
*
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If CP is conserved, vanishes and K8 = K1, KL = K2 and there is no mixing between
the two states.
In 1964, Christensen, Cronin, Fitch and Turlay observed Kj. decays not only via the
three-pion mode, which is natural given its CF parity, but also via the two-pion mode.
There are two possible scenarios that can accommodate this experimental result. In the
first scenario, the K2 component of KL decays into two pions. As K2 and

7T 0 7r

0

states

have opposite CF parities, this decay mode can occur only through direct CP violation
in the amplitude through a AS = 1 transition and such effects are parametrised by a
quantity called €'. The 'penguin' Feynman diagrams responsible for such transitions
are shown in figure 1.2.
In the second scenario, the decay into two pions is viewed as being due to the
K 1 component, with 0. In this case the decay amplitude conserves CP and the

apparent violation is due to the K°-K° mixing through the mass matrix. It is also
possible that CP violation proceeds via both scenarios, represented in figure 1.3.
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=
u - : K°
W

K

d

S

d

d

W

,aj

d

d

1c:

•d

Figure 1.2: The 'penguin' diagrams describing second order contributions to the AS = 1
decay of K -* irir.

71

71

71

Figure 1.3: Illustration of the CP violating processes contributing to

KL

-* irir. On

the left, the K2 part of Ki. decays directly into two pions. On the right, indirect CP
violation:

KL

becomes K1 through mixing before decaying into two pions.

Motivation for NA48
It can be shown [13] that a measure of direct CP violation in the neutral kaon
system is given by the double ratio:
R=

7700 12 =

In+- I

Oi.0)

F(Kt—*ir°ir°)/F(Ks
j/F(K5 F(KL

where e defines the strength of the effect due to K°-K° mixing and can he expressed
in terms of

c.

1.5 NA48, Re(€'/€) and rare decays
The NA48 experiment is a fixed target experiment at the CERN Super Proton Synchrotron accelerator. The primary aim of NA48 is the determination of Re(e'/c) to a
high accuracy. The final result recently published, based on an analysis of data taken
between 1997 and 1999 is {111
= (15.3 ± 2.6) x 10 -4

(1.12)

To achieve the desired accuracy NA48 features:
. A detector system able to detect and differentiate between the main K5 and KL
decay products: ir±, e±, p =E and 'y
• The simultaneous collection of both K5 and KL decays in, as near as possible,
the same fiducial volume and energy range to minimise systematic errors from
time, position and energy-dependent effects. This requires simultaneous, almost
collinear K5 and KL beams that have a similar energy spectrum.
• The collection of large numbers of K5 and KL decays. The most limiting channel
for this measurement is the CP-violating decay KL -. 7r 0 7r0 which has the lowest
branching ratio among the four modes involved in the double ratio (see table 1.1).
The statistical error on Re(e'/e)is therefore well approximated by:
1

(1.13)

6
To reach an accuracy of 1 x lO the number of Kt

- 7i-

r0 decays collected must

be of the order of N2° 3 x 106. To achieve this, the detector has to stand very
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Decay mode

(31.39

Ks
00

I1L

Ks -* irrr
KL -*

iriC

7r
4

7r

*

(68.61
(2.056

±

0.28) 90

0.19) x10 4

±

0.28)

%

0.033)x 10-

±

0.27)

%

(12.55

±

0.20)

JV

(38.78

±

0.28)

%
%

TV

(27.18

±

0.25)

%

IL
KL

(9.27

+

(21.13

O0710

KL

fraction (F/F)

Table 11: Branching ratios of the modes detected for the Re(c'/c) analysis [121.

high rates (up to 1 MHz of instantaneous particle flux) and a very fast trigger
electronics and read-out system are mandatory.
The very large number of Ks and KL collected also allows NA48 to study their rare
decays. Being sensitive to flavour dynamics in a wide energy range, from a few MeV to
several TeV, rare kaon decays provide a powerful tool to test the Standard Model and
to search for new physics.
The NA48 collaboration has published several articles describing the results obtained in this field [14, 15, 16, 17, 18, 19, 20]. This thesis describes, in particular,
the analysis of the decay KL -* e+ eyy on data taken in 1999. This data sample is a
subset of the one used for the measurement of Re(c'/c).
At the end of the 1999 data taking, two days were devoted to a Ks-only run, with
a proton intensity on target about 200 times that used in standard Re(c'/c) running.
In only two days NA48 was able to obtain the best measurement of the branching ratio
of Ks -. 'y'y and to improve by almost a factor of ten the best limit on the branching
ratio of Kg -* o e+ e [17, 18].
The results of this high intensity run have led to a proposal to use the NA48
detectors and a slightly modified beam-line in 2002, after the completion of the Re(€'/c)
program, to search for very rare Kg and hyperon decays [211.
Chapter 2 is devoted to rare kaon decays in the framework of chiral perturbation
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theory, the effective theory of the Standard Model at low energies, with a special
emphasis on the decays Ks -* o e +e and KL -. e + e

tyy

. After a description of the

experimental setup and data taking in chapters 3 and 4, chapter 5 and 6 detail the
study of KL - ee 'y and the search for the decay K8

-

K

O e + e respectively.

Chapter 2

Chiral perturbation theory
2.1 Introduction
Chiral perturbation theory (xPT) is the effective theory of the Standard Model (SM)
at low energies in the hadronic sector, below the breaking scale of chiral symmetry

(E < A

r.

1 GeV). Extensive discussion of xPT formalism used in this chapter can

be found in references [22, 23, 241.
Within the Standard Model (SM) the interactions between quarks, ruled by quantum chromodynamics (QCD) are highly non-perturbative at energies below the breaking scale of chiral symmetry. This makes very difficult any description of the low-energy
hadronic world in terms of partonic degrees of freedom. On the other hand, we know
that the octet of pseudoscalar mesons provides the full spectrum of the theory at low
energies. They weakly interact among themselves and the nucleons, therefore it is
reasonable to assume that QCD can be treated perturbatively even at low energies,
if the pseudoscalar mesons themselves, instead of the quarks, are assumed to be the
fundamental degrees of freedom of an effective theory.

2.2 Effective field theory
It is worthwhile now to present some generalities on effective field theories (EFTs) that
are relevant to the understanding of XPT [24].
EFTs are the appropriate tool to describe low-energy physics, where low is defined
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with respect to some energy scale A. They only take into account the relevant degrees
of freedom, i.e. the states with in << A, while the heavier excitations with M >> A are
integrated out from the action. This leads to a string of non-renormalisable interactions
among the light states, which can be organised as an expansion in powers of energy/A.
The information on the heavier degrees of freedom is then contained in the couplings
of the resulting low-energy Lagrangian. Although EFTs contain an infinite number of
terms, renormalisability is not an issue since, at a given order in the energy expansion,
the low-energy theory is specified by a finite number of couplings; this allows for an
order-by-order renormalisation.
An EFT is characterised by some effective Lagrangian:

=

q

(2.1)

where Oi are operators constructed with the light fields, and the information on heavy
degrees of freedom is hidden in the couplings c 1 . The operators Oj are usually organised
according to their dimension d, which fixes the dimension of their coefficients:
[Of ] =di

c

AJ4•

(2.2)

At energy below A, the behaviour of the different operators is determined by their
dimension. We can distinguish three types of operators:
. relevant (di < 4);
• marginal (di = 4);
• irrelevant (di > 4).
Effects of irrelevant operators are suppressed by powers of E/A and are small at low
energies. They are not unimportant, because generally contain the interesting information about the dynamics at higher scales; they are just weak at low energy scales. Finite
corrections can be incorporated as perturbations. In contrast, a coupling of positive
mass dimension gives rise to effects that become large at energies much smaller than
the scale of this coupling. These operators are therefore called relevant. Operators of
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dimension 4 are equally important at all energy scales and are called marginal operators. Quantum effects could modify their scaling behaviour so that they are effectively
relevant or irrelevant.
In any situation where there is a large mass gap between the energy scale being
analysed and the scale of any heavier states (i.e. m, E << M), the effects induced
by irrelevant operators are always suppressed by powers of E/M and can usually be
ignored. The resulting EFT, which only contains relevant and marginal operators, is
corrections.
called renonnalis able. Its predictions are valid up to E/M

2.3 Chiral symmetry in the

it

and d sector

One of the most striking properties of the particle world we see is that they come in
0,
.....In fact, the differences
nearly degenerate isospirt multiplets: (p, n), (7rt 7r ic)
in mass within the same multiplet are so small that, for a long time, isospin was
considered to be an exact symmetry of the strong interactions; the observed differences
were assumed to be due to the electromagnetic interaction. We now know that the
bulk of isospin breaking is the fact due to the d-quark being somewhat heavier than
the u-quark. The isospin global symmetry in the QCD Lagrangian which occurs if the
SU(2). The Lagrangian is
masses of u and d are the same is contained in the subgroup
left unchanged by the field transformations
(2.3)

- exp(—iO . r),
(:)

are the components of an arbitrary
where r, (i = 1,2,3) are the Pauli matrices and Oi
and the isospin group only represents
constant vector. In reality, mu differs from md
symmetry and the Hamiltonian can be rewritten in terms of an isospin
an approximate
proportional to the mass difference md—mu,
invariant part H0 and a breaking term H5b,
HQCD = H0 + H8&,

r 3 = 1—(md - mu)

f

d3x(dd - uu)

(2.4)

The fact that the isospin multiplets are nearly degenerate implies that the symmetry
breaking parameter mj - mu is very small.
Another observation, the fact that the mass gap of the theory, m,, is remarkably
small (smaller than the typical hadronic scale), leads to the assumption that another
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approximate symmetry is at work here [25]. This symmetry is well known in the field
of neutrino physics and describes the properties of right- and left-handed components
of massless fermions. If the quark masses vanish, these components are decoupled in
the QCD Lagrangian:
QCDm=O = 4

/271

G a " + LP'L +

(2.5)

i.e. the left- and right-handed fields have separate invariances. For massless u and d
quarks, the symmetry operations are

OL = exp(—iOL

.

T)b

LIL,

bR = exp(—iOR . r)b

(2.6)

where ?/'L,R are chiral projections of the t' doublet in equation 2.3. The symmetry,
which forbids right-left transitions, manifests itself in the properties of the axial vector
currents, such as Thy-(5d. The corresponding continuity equation is
(9/2(üy-y5d) = i(rn + rnd)ü75d.

(2.7)

While the divergence of the vector current uytLd is proportional to the difference mj m, the one of the axial current is proportional to the sum mj + m. If the two quark
masses are set equal, the vector current is conserved and the Hamiltonian is invariant
under isospin rotations. If in addition they are both taken equal to zero, the axial
current is conserved too. The Hamiltonian acquires an additional symmetry: it is
invariant with respect to chiral transformations, i.e. independent isospin rotations of
the right- and left-handed components of n and d. The corresponding symmetry group
is the direct product of two separate isospin groups, SU(2)p ® SU(2)L. The symmetry
is generated by two sets of isospin operators: ordinary isospin, ?and chiral isospin 1.
In reality, chiral symmetry is broken because the quark masses do not vanish. The
Hamiltonian can therefore be split into symmetry-conserving and symmetry-breaking
terms. In this case, the symmetry breaking part is the full mass term of the u and d
quarks,
HQCD

= H + H:b

H 6

=

f

d3 x(muu + rnddd).

(2.8)

The symmetric part conserves ordinary as well as chiral isospin,

{rHj=o,

{J,H]=o.

(2.9)
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Let us suppose for a moment that the quark masses indeed vanish. Quantum
mechanics predicts some consequences for the case of "manifest" symmetries:
The energy levels form degenerate multiplets;
The operators 1 generate transitions within the multiplets, e.g.

1+ I) =

The ground state is an isospin singlet: 110) = 10).
The isospin group SU(2) thus represents a prototype of a manifest symmetry.
If chiral symmetry was realised in the same way, the energy levels would be arranged
in degenerate multiplets of the group SU(2)R (9 SU(2)L.

Since the chiral isospin op-

erators 15 carry negative parity, the multiplets would then accommodate members of
opposite parity. However, this is not what is seen, e.g. a particle with the quantum
numbers of IIn) is not observed in nature.
The explanation is that chiral symmetry is "spontaneously broken", or "hidden":
the Hamiltonian is invariant under chiral symmetry group transformations but the
state with the lowest eigenvalue is symmetric only under ordinary isospin rotations
and does not remain invariant if a chiral rotation is applied, 1510) 7~ 0). The states
1510) have the same energy as the vacuum, E = 0, because the Hamiltonian commutes
with chiral isospin. The operators (5 do not carry momentum, which indicates that
the spectrum of physical states contains massless particles. This does not come as
a surprise: the Goldstone theorem shows how massless particles are produced in the
process of spontaneous symmetry breaking. In the present case three massless particles
are generated, with spin zero, negative parity and I = 1. The three lightest mesons,
7F 0, iC carry precisely these quantum numbers; the chiral isospin operators act like
creation or annihilation operators for pions. Applied to a neutron, they generate a
state containing a neutron and a pion, It!n) =

lni

It can be shown [26] that the introduction of a quark mass term in the Hamiltonian
breaks the chiral symmetry in such a way that the Goldstone bosons also pick up mass:
e.g. m,+ grows in proportion to /
mj and m

+ mj. The pions remain light, provided that

are small. The quark mass term then amounts to a small perturbation,

such that the group SU(2)R 0 SU(2)L still represents an approximate symmetry, with
approximately massless Goldstone bosons.
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2.4 Introducing strange quarks
One can include the strange quark in such a scheme, defining a new symmetry for
the strong interaction, similar to isospin but more strongly broken. In the framework
of QCD this is realised by an extension of isospin to SU(3) flavour transformations
(Gell-Mann's eightfold way [27])
u
1) =

-. exp(—iO . .Açb,

(2.10)

where A a a = 1,2,. . . , 8) are the SU(3) Gell-Mann matrices. This symmetry is broken
,

(

significantly by the s-quark mass, and its predictions work at the 30% level, whereas
isospin predictions reach the 1% level.
However, there are two phenomenological observations that support the treatment
of rn as a small perturbation of the Hamiltonian:
. The pion mass is small compared to the masses of all other hadrons. This mdicates that the strong interaction possesses an approximate, spontaneously broken
symmetry, with the pions as the corresponding Goldstone bosons.
• The multiplet structure seen in the particle data table indicates that the eightfold
way is an approximate symmetry of the strong interaction. For QCD to possess
such a symmetry, both the mass differences m - m and m - rn j must be small.
Combining these two observations, one can conclude that the mass of the strange quark
also amounts to a small perturbation: the two groups SU(3) and SU(2) ® SU(2)y
can be approximate symmetries of the QCD Hamiltonian only if SU(3)R 0 SU(3)L
represents an approximate symmetry, too. The masses of the heavier quarks occurring
in the Standard Model, on the other hand, can not be treated as a perturbation.
Since the corresponding fields of the c, b and t quarks are singlets with respect to
SU(3) ® SU(3)L, their contribution may be included in the symmetric part of the
Hamiltonian, H0. Their presence does not significantly affect the low energy structure
of the theory, as discussed in section 2.2.
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2.5 The chiral symmetry
Neglecting light quark masses, the QCD Lagrangian can be written as
£°QCD =

QCD

4

/L ,)

Ga +

+

+ O(heavy quarks).

(2.11)

has a global invariance under the group C SU(Nj-)L ® SU(Nj) j, where N1 is

the number of massless quarks. C is the group of chiral transformations:

qL

gLqL, qR

gRqR, gL,R C SU(Nf)L,R.

(2.12)

This chiral symmetry, which should be approximately good in the light quark sector
(u, d, s), is however not seen in the hadronic spectrum. Although hadrons can be
classified in SU(3)v representations, degenerate multiplets with opposite parity do
not exist. Moreover, the octet of pseudoscalar mesons happens to be much lighter
than all the other hadronic states. To be consistent with the experimental facts, the
ground state of the theory (the vacuum) should not be symmetric under the chiral
group. The SU(3)L®SU(3)R symmetry spontaneously breaks down to SU(3)L±R, the
famous SU(3) of the eightfold way, and, according to Goldstone's theorem, an octet
of pseudoscalar massless bosons appears in the theory. Again, if pseudoscalar mesons
were effectively Goldstone bosons, they would be massless. This does not happen in
the real world, owing to the light-quark mass terms, which explicitly break C. Since
md8

< A, it is natural to expect that these breaking terms can be treated as small

perturbations.
In order to describe the QCD interactions of pseudoscalar mesons it is necessary to
construct, in terms of Goldstone-boson fields, the most general Lagrangian invariant
under C and add to it the explicit breaking terms (light quark masses) that transform
linearly under C. Such a Lagrangian necessarily contains an infinite number of operators. Nevertheless, as anticipated, only a finite number of operators contribute at
0[(E/A)"]. Therefore the theory can reach an arbitrary degree of precision for processes occurring at E < A, provided that a sufficient (finite) number of couplings is
determined by experimental data.
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2.5.1 Effective chiral Lagrangian at lowest order
Since there is a mass gap separating the pseudoscalar octet from the rest of the hadronic
spectrum, it is possible to build an EFT containing only the Goldstone modes. The
basic assumption is spontaneous chiral symmetry breaking (SCSB):

G 8U(3)

®

SU(3)R

SCSB

H SU(3)v.

(2.13)

It is possible, using the coset decomposition of the group C, to express an element U of
the group in terms of the coordinates cbt(a = 1,... , 8) describing the Goldstone fields:

U() = exp

{iv/f},

(2.14)

where the Goldstone fields are parametrised according to:

k=

=

ir
[K -

and

718

70 + ii

K

1

K°

J,

2,78

(

2.15)

denotes the octet component of the q meson. The parameter f in 2.14 is a

dimensional constant (dim {f ] = dim []) that can be related to the decay constant of
pseudoscalar mesons.
To have a low-energy effective Lagrangian realisation of QOD for the light quark
sector (u, d, s) one should write the most general Lagrangian that is consistent with
chiral symmetry. Given a generic operator Q transforming under G, an invariant term
is obtained by considering the trace of Q in flavour space, denoted in the following by
(Q).
In absence of external fields it is impossible to build non-trivial invariant operators
in terms of U and Ut only; it is necessary to have at least two derivatives acting on U
and Ut to have an invariant structure under both chiral and Lorentz symmetries. If
only two derivatives are considered, this structure is unique:
£2 =

ç(a

utoU)

(2.16)

Expanding U(0) in a power series in , one obtains the Goldstone kinetic terms
plus a tower of interactions involving an increasing number of pseudoscalars, whose
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couplings are all determined in terms of f:
=

(3tL

( 2 . 17 )

)+

8

The EFT technique becomes much more powerful if couplings to external classic
fields are introduced. Let v, aM , s,p be external matrix-valued fields that couple to
quarks, the extended QCD Lagrangian becomes:
QCD = QCD

+ q7't (V + 75 a)q - (s - i75p)q.

(2.18)

The external fields will allow the computation of the effective realisation of general
Green functions of quark currents and they can be used to incorporate the electromagnetic and semileptonic weak interactions, andthe explicit breaking of chiral symmetry
through the quark masses:
v + aM = CQA M

VP -

= 6QA JL +

9

(WT + + h.c.) +...

(2.19)

where Q and M are the quark-charge and quark-mass matrices:
Q = diag(2, —1,—i),

M = diag(m,md,m s ),

(2.20)

and T+ is a 3 x 3 matrix containing the relevant quark-mixing factors:
(0

T=

1tud

Vus

0

0

0

I.

(2.21)

00
The Lagrangian 2.18 is invariant under the following set of local SU(3)L ® SU(3)
transformations:
qL

gLqL, qR

gnqR,

S + fl9

9R(S + ip)g

—+ igRag t.

(2.22)

(2.23)
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This symmetry can be used to build a generalised effective Lagrangian for the Goldstone
bosons in the presence of external sources. To respect the local invariance, the gauge
fields v, a can only appear through the covariant derivatives

DU = 8U - irU +iU4,

DPW

=

+ iutr, - içut,

(2.24)

and through the field strength tensors

(2.25)
At lowest order, the most general effective Lagrangian consistent with Lorentz invariance and (local) chiral symmetry takes the form

£2 = ç (DUtDPU+ Utx+xtU),

(2.26)

X = 2B0 (s + ip),

(2.27)

where

and B0 is a constant which, like f, is not fixed by symmetry requirements alone. Once
special directions in flavour space, like the ones in equation 2.19, are chosen for the
external fields, chiral symmetry is of course explicitly broken. The important point is
that the Lagrangian in equation 2.26 breaks the symmetry in exactly the same way as
the fundamental short-distance Lagrangian 2.18.

2.5.2 Lagrangian at 0(p 4 )
At 0(p4 ), the most general Lagrangian, invariant under parity, charge conjugation and
the local chiral transformations 2.23, is given by

£4 = L1 (DUD"U) 2 + L 2 (DUtDU)(DUtDuU)
+L3 (DUtDUDUtD"U) + L4(DUtDU)(xtU + xU)
+L5 (DUtDU(xtU + xUt)) + L6(tU + xUt) 2 + L7(xU

-

x

Ut) 2

+Ls (xtUxtU + xUxU - iL g (F'DUDUt + FJIDILUt DVU)
+Llo(UFjURL)

(2.28)
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i

L(M) >< 103 Source

1

0.4±0.3

Ke4,7r7r7r1t

2

1.4±0.3

K,4,

3

-3.5 ± 1.1

Ke4, 7F 7 r

4

-0.3 ± 0.5

Zweig rule

5

1.4±0.5

6

—0.2 ± 0.3

Zweig rule

7

—0.4 ± 0.2

Cell-Mann—Okubo,L5 ,L5

8

0.9±0.3

MKO - MK+,L5,(mS -

9

6.9±0.7

(r')' , the e.m. radius of the pion

10

—5.5 ± 0.7

7r7r

-4

lrlT

—

7

r 7r

Fjç:F

7t

(md - m U)

-* eu')

Table 2.1: Phenomenological values of the renormalised couplings L(M).

The last

column shows the source used to obtain this information.

Thus, at 0(p 4 ), ten additional coupling constants L i are needed to determine the behaviour of the Green functions. These constants parametrise our ignorance about the
details of the underlying QCD dynamics. At present, the main source of information
about these couplings is low-energy phenomenology, as shown in table 2.1. Of course,
the couplings that can be measured are venormalised, i.e. the ones for which all the
divergent corrections generated by quantum loops have been re-absorbed in their redefinition, and can be used to make predictions for cross-sections.

2.5.3 Chiral loops
As xPT is a quantum field theory, quantum loops with Goldstone-boson propagators in
the internal lines have to be considered. The loop integrals are homogeneous functions
of the external momenta and the pseudoscalar masses occurring in the propagators.
Dimensional counting shows that, for a general connected diagram with Nd vertices of
o(pd)(d = 2,4,...) and L loops, the overall chiral dimension is given by
D = 2L + 2

+ E Nd(d — 2).
d

(2.29)
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Each loop adds two powers of momenta; this power suppression of loop diagrams is at
the basis of low-energy expansions such as xPT. The leading D = 2 contributions are
obtained with L = 0 and d = 2, i.e. only tre-level graphs with
tree-level contributions from
lowest-order Lagrangian

£2

£4

£2

insertions. At (9(p4

)

(L = 0, d = 4, N4 = 1) and one-loop graphs with the

(L = 1, d = 2) have to be considered.

2.5.4 Weak chiral Lagrangian
The standard short-distance approach to weak transitions makes use of the asymptotic
freedom property of QCD to successively integrate out the fields with heavy masses
down to scales ji < ins , the c-quark mass. Using the operator product expansion
(OPE) and renormalisation group techniques, an effective A S = 1 Hamiltonian can be
written as:

elf

=9

(2.30)

VuVjs > c(p)Q + h,c.,

which is a sum of local four-fermion operators Q, constructed with the light degrees of
freedom (n, d, s; e, /i, tie, u,), modulated by Wilson coefficients

Cj(bL)

which are functions

of the heavy (W, t, b, c, ) masses. The overall renormalisation scale

/1

separates the

short- (M > i) and long- (rn < j) distance contributions, which are contained in cj(p)
and Q, respectively. The physical amplitudes are of course independent of p; thus,
the explicit scale dependence of the Wilson coefficients should cancel exactly with the
corresponding dependence of the Q j matrix elements.
Table 2.2 shows a schematic view of the procedure used to evolve down from Mw
to the kaon mass scale. At the different energy regimes one uses different effective
theories, involving only those fields that are relevant at that scale. The corresponding
effective parameters (Wilson coefficients, chiral couplings) encode the information on
the heavy degrees of freedom which have been integrated out. From a technical point
of view, it is well known how to compute the effective Hamiltonian at the charm mass
scale. Much more difficult seems the attempt to derive the chiral Lagrangian from first
principles. The symmetry considerations only fix the allowed chiral structures at a given
order in momenta, but leave their corresponding coefficients completely undetermined.
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2.5 The chiral
Effective theory

Fields

Energy scale

w,z, 7 , g
Mw

Standard Model

t, e, v

,

t,b,c,s,d,u
OPEj
,

i, e,

g;

Vi

a,d,u

;

I

A,

(mf=3)
'

1

eff

XPT

ir,K,7J
Table 2.2: Evolution from Mw to the kaon mass scale.

The calculation of the chiral couplings from the effective short-distance Hamiltonian
remains the main open problem in kaon physics.
The effect of strangeness-changing non-leptonic weak interactions with AS = 1 is
incorporated in the low-energy chiral theory as a perturbation to the strong effective
Lagrangian. At lowest order in the number of derivatives, the most general effective
bosonic Lagrangian, with the same SU(3)L ® SU(3)R transformation properties as the
short-distance Hamiltonian is
= —VdV {gsKAL,1h) + g27 (L3L
11 + L21L)13} +
3

h.c.,

(2.31)

where the matrix L. = if 2 UDU represents the octet of V - A currents, and A
(A 6 --iA 7 )/2 projects on the 9 - dtransition [A ij = 6j3Sj2]. The chiral couplings gs and
927 measure the strength of the two parts of the effective Hamiltonian transforming

as (8L, 1R) and (27L, 1R), respectively, under chiral rotations. Their values can be
extracted from K -, 27r decays:
IgsI

5. 1,

1927/98I

1/18.

(2.32)

The big difference between these two couplings shows the well known enhancement of
the octet JAIl = 1/2 transitions.
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Using the Lagrangians 2.26 and 2.31, the rates for the decays like K -* 37 or

K -* iriry can be predicted at 0(p 2 ) through tree-level calculations.
2.5.5 Effective £= Lagrangian
At 0(p4 ) the chiral weak Lagrangian gives 37 chiral operators Oi only in the octet part:
37

w0+h.c.,

= C8f2

(2.33)

i= 1

which requires 37 new coupling constants w. Their phenomenological determination
is very difficult and the choice of a model is necessary in order to predict them.

2.5.6 Vector meson dominance
In the effective theory of QCD at low energies it seems quite natural to expect that
the lowest-mass resonances, such as p mesons, should have an important impact on
the physics of the pseudoscalar bosons.

This information is not present in the basic

formulation of XPT, and has to be introduced to account for the true physical degrees
of freedom.
A systematic analysis of the role of resonances in the xPT Lagrangian was performed by Ecker et at. [28]. One writes first a general chiral-invariant Lagrangian

£(U, V, A, 8, P), where U is defined by equation 2.14, describing the couplings of meson resonances of the type V(l), A(1), S(0) and P(0+) to the Goldstone
bosons, at lowest order in derivatives. The coupling constants of this Lagrangian are
extracted from physics at the resonance mass scale. It can be shown that vector-meson
exchange generate contributions to L1, L2, L 3 , L9 and L10, while axial exchange only
contributes to L10. The results shown in table 2.3 clearly establish a chiral version of
vector (and axial-vector) meson dominance: whenever they can contribute at all, V
and A exchanges seem to completely dominate the relevant coupling constants [24].

2.6 The decay Ks -+ 7r0 6E e
Flavour-changing neutral current (FCNC) transitions like K -* irtF (F = e, pt), induced at the one-loop level in the Standard Model, are well suited to study the quantum
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i

L T (Mp ) x 103

V

A

Total

1

0.4 ± 0.3

0.6

0

0.6

2

1.4 ± 0.3

1.2

0

1.2

3

—3.5 ± 1.1

-3.6

0

-3.6

9

6.9 ± 0.7

6.9

0

6.9

10

—5.5 ± 0.7

-10.0

4.0

-6.0

Table 2.3: V and A theoretical contributions to the renormalised coupling constants

L(M) [24].

structure of the weak interaction at low energies. Such transitions are dominated by
single virtual photon exchange (K -# iry t

-

irtt, see figure 2.1) if allowed by CP

symmetry. This is the case for K+ and Ks decays where the amplitude is determined
by an electromagnetic transition form factor in the presence of non-leptonic weak interactions:

if d4x eiq, (()I T{J

rn (x)rsion ic(k)) =
(2.34)

W (z)
p)P - ( 1 = (4)2 [z(k +

q = Ic - p, z = q2 /M-, r = M,/MK and L5=1 is

where k 2 = Mjç-, p2 =

the strangeness changing non-leptonic weak Lagrangian and J

1 the electromagnetic

current. The dynamics of the decay is completely specified by the invariant functions

W+(z) and Wg(z). As dictated by gauge invariance, these functions vanish to lowest
order in the low-energy expansion. The decay amplitude takes the form

A (K(k) -* 7r(p)t(I)

)r(p

= M(4ir)2

z)(k +p)üe(p_)7v(p+). (2.35)

The spectrum of the dilepton invariant mass is then given by:
dr - a2 MK
3/2(1 z,r)l dz - 727r(4ir)2

(i + 2) IWz)12,

(2.36)

2
2
)2
where re = m/Mjç, 4r < z < (1 r, and X(a,b,c) = a + b +c2 —2(ab+ac+bc).
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iF 0

K8
Figure 2.1: Single virtual photon exchange that dominates the decay Ks -* ito e e
and the polynomial part of the form factor W5.
2.6.1 Form factors
The form factors W(z) (i = +, 8) are analytic functions in the complex z-plane cut
along the positive axis. The cut starts at z = 4r with the two-pion threshold. The
two form factors are non singular at z = 0 and, because of gauge invariance, vanish
to lowest order in xPT. For the small dilepton masses occurring in the decays, one
may expect the 7r + 7c intermediate state to play the dominant role in the dispersion
relations for W(z):

W(z) =

M2

I

(z) + W77 (z),

(2.37)

where J471t is the non-local contribution from the two-pion intermediate state and can
be calculated from the the diagram shown in figure 2.2, where the K -* 37 is taken
from the leading non-leptonic weak Lagrangian of (9(p 2 ). In accordance with chiral
counting, the polynomial in 2.37 is assumed to have the general form:

Wf 01 (z ) = a + bz (i = +, 8).

(2.38)

At 0(p4 ) this local term is simply a constant, whereas at 0(p 6 ) also a linear slope in

z arises. The total form factor, given by
W(z) = GFM7c(a + bz) + Wr(z),

(2.39)

is expected to be an excellent approximation to the complete form factor of order
0(p6 ). Using an expansion of W that can be found in [29], the branching ratios
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71

Figure 2.2: K -* 37 contribution to the effective K -*

for K±

iro e+e - and Ks -* r O e + e _ can be calculated in terms of the corresponding

parameters:

B(Ks -* ir° &'e) = [0.01 - 0.76a - 0.21b5

+ 46.5a2 + 12.9ab + l.44b] x 10'° ,
->

(2.40)

ce) = [ 0.14 - 3.23a - 0.88b+

+ 59.2a+ 16.0ab + 1.73bj x 10_8
With a+,s expected to be of 0(1), it can be observed that the branching ratios are dominated by the polynomial parts, especially in the K5 case, due to the strong suppression
of the Al = 3/2 Ks

7r + 7C 7r 0 amplitude.

2.6.2 Theoretical ideas on ai and b
The leading 0(p4 ) predictions of ai and bi are given by
(4)
= CF 3
(4) - C3 (1

as

(4)
(4)

b5
The expressions of w

--

b---- 3

- ws),

Cs
Cp60'
C51
Gr 30'

and ws in terms of the 0(p4 ) low-energy couplings are:

(2.41)
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=
WS

'(4)2[Wr + 2w - 12L] 1 log

MKM ff
/1 2
(2.42)

1
'( 4)2[wr - ;] - log MK

=

Unfortunately, the values of w

are not known and to make definite predictions it is

necessary to rely on model-dependent assumptions. For this purpose, it is interesting to
note that the combinations of low-energy constants appearing in wi depend separately
on the renormalisation scale /2, but the combination occurring in a± +asdoes not. As a
consequence, it is more reliable to predict the sum rather than the separate expressions
of and W0I using a low-energy model, relying on the vector meson dominance
hypothesis discussed in section 2.5.6. This sum can be specified in terms of a single
unknown parameter liv:
1

+ wS,4V -

[ l62f (2liv - 1) + In

M1

,

(2.43)

where If 21 0.20, as obtained from ['(p ° -* etc — ). The logarithmic term in 2.43 is a
residual effect of the loop amplitudes, whereas the term proportional to fv is the local
vector meson contribution. The liv parameter is not known but is expected to be in
the range 0 1. For typical values of 'jv (except for 1/2) the local vector
meson contribution is dominant.
At this point one should evaluate the 0(p6 ) corrections generated by vector meson
exchange. In general, it is possible to identify two kinds of contributions: those originating from genuine 0(p6 ) weak transitions and those generated by the pole expansion
of the leading 0(p4 ) VMD results [30, 31]. A remarkable result is that all the effects
of the genuine 0(p6 ) weak transitions drop out in the sum W°' + Wr1. Moreover,
the 0(p6 ) vector exchange contributions only modify the slope parameters b, leading
to the simple result
W(6)

+ w6

- C5 Z

[16t 2 f(2liv - 1)] .

(2.44)

Combining 2.43 and 2.44 and neglecting the presumably small logarithmic term in 2.43:
(6)
(4)

(6)

+ bsv
(4)

+ asv

1

(2.45)
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In order to disentangle neutral and charged channels one has to rely on additional
assumptions. Experimental data on the charged kaon decays can lead to the assumption

a+ as

(2.46)
TV

This would follow directly from the assumption of vector meson dominance in the
polynomial part of the form factor, i.e. from the hypothesis:
z) = GpMa
V2

WfOl((z)

_

M2

(i

Z

+

4).

(2.47)

TV

This assumption can be used to analyse the K5 -. 7r0 ee

mode. From the expresiions

of the branching ratios in equations 2.40, and considering that asbs > 0, it can be
observed that for [asi > 0.2 (i.e. for B(Ks -* irOe +e_) > 2 x 10-10), the constant and
linear terms in as and bg are negligible and can be dropped:

B(Ks ,

(46.5a5 + 12.9b5)as x 10 10 .

° ee)

If the dominating meson is p, one can take bs/as = 1/4

( 2.48)

0.4. In this way the

expression for the branching ratio contains just one parameter:

B(K5 If as

° ee)

5.2ax 10 9 .

( 2.49)

0(1), as expected on general grounds, this mode should be within reach of the

NA48 experiment in 2002.
This model-dependent determination of the form factor is expected to be correct at
a 50% level [32], i.e. 0.2

bg/as < 0.6.

2.6.3 The decay KL

-4

0
Apart from its intrinsic interest, the determination of B(Ks -* 7 e+6_) has important
consequences on the CP-violating KL

-# lrO e +C

mode. Here the long-distance part of

the single-photon exchange amplitude is forbidden by CP invariance and the sensitivity
to short-distance dynamics is enhanced. The direct CP-violating part of KL

-* iroe+e

amplitude is calculable with high precision and highly sensitive to non-standard dynamics. This amplitude interferes with the indirect CF-violating contribution induced by

KL-KS mixing, leading to
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B(KL —, 1r O e +e ) p =
[15.3a ±

68Im(At)

io-

1

+ 28

(Im (A t )) 2

1

x 10_ 12 ,

(2.50)

10—a

where At = 14d14. The ± sign depends on the relative sign between short- and longdistance contributions and cannot be determined in a model-independent way.
The recent NA48 result presented in this thesis puts an experimental bound lasi
5.3. Of course even a strong bound on the branching ratio is relevant, since it will ensure
that indirect CP violation is not dangerous when measuring the direct component
to KL

—* lr O e + c .

As equation 2.50 shows, a sizable as will lead to an interesting

interference between the two modes.
An additional contribution to 'L
long-distance process KL —

e± e _ is generated by the CP-conserving

1.O77 _. 1.O e+ e . This amplitude does not interfere with

the CP-violating one and recent data by NA48 [ 33 ] indicate that it is very suppressed,
with an impact on B(Kt

— ir O e + e

2.7 The decay KL

) at a level of

r

10 12

' e+ e-77
e+ e _ at a branching ratio of 10_li or smaller will face

Experiments sensitive to KL -

several formidable backgrounds. One of the worst backgrounds will be from the decay
KL

-4 e

+ eyy , which is in fact KL —> ee - -y with a hard internal bremsstrahlung.

In the following, the process KL

-.4

ee7 will be discussed, along with its radiative

corrections.

2.7.1. The decay 11L —s

eey

The main contribution to the process KL -. e ± e7 comes from the diagram shown in
figure 2.3. Dalitz decays (i.e. into ee7) of the

7r o

are well known [34, 35] and a big

help in the determination of the structure for similar decays involving strange quarks,
although the presence of the non-leptonic weak Hamiltonian described in section 2.5.4
can generate big corrections. Indeed, there are two general classes of tree diagrams for
KL

'y 4 -y, with the weak Hamiltonian acting on the meson or a virtual photon leg, as
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2.7 The decay KL " CC77
e

KL

7

Figure 2.3: Main contribution to the decay KL -, c +ey .
illustrated in figures 2.4 and 2.5 respectively. The first diagram involves a pseudoscalarpseudoscalar transition Kj, —* ii, 77, 77' and is directly related to the KL —* 'y-y decay
process. The second diagram involves the K* —. p, w, 0 vector-vector transition. The
amplitude for the diagram 2.4 can be calculated using the experimentally measured
amplitude of the Kj. — yy transition in combination with vector meson dominance of
the virtual photon.
The differential decay spectrum for KL —. c+e

y is then given by the equation

1/2
2
/
4me
= 2a (1 - x)3 ( + 2rn2
e
(1If(x)12,
x
dx
3
xmKo) \ xmo)
where x

=

ee

(2.51)

f(x) is a form factor that parametrises the dynamics of the
K 0 and

KL — — vertex and f(0) = 1. The theoretical predictions are normalised using

the measured branching ratio for KL — -y-y. The form factor f(x) also appears in the
matrix element for KL —+ e +e and can parametrised according to Bergstrom, Massó
and Singer (BMS) [36]. In this parametrisation, f(x) is given by the sum of the two
diagrams shown in 2.4 and 2.5:
IA7jexp
+ QK* AK- (x),
1—x/rn
where A is a coefficient to A(KL —* -y-y), aK*

(2.52)

has been introduced to parametrise the

relative strength of the two diagrams and AK* (x) has the form
AK*

(X)

= 1— sm3<. ( — 1— x/m

9(1 —x/m) — 9(1 _x/m2))'

(2.53)
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KL

6+

7
Figure 2.4: Contribution to the decay KL -* e 1 ey in the BMS model.
C

KL

6+

7
Figure 2.5: Contribution to the decay KE
with C =

/

cCNLfjc*K 7 [m/(fK*ffK)],

—

6+67 in the BMS model.

where GNL = 1.1 x 10 5 /m and the

other form factors can be found in reference [37]. In this work a value of aj<.
—0.300 ±

=

o.o6otggf was used, as measured by NA48 [38].

2.8 Radiative corrections to Ki

—+ e + ey

There are four Feynman diagrams for the process KL

~

ee

y with an internal brems-

strahlung, as detailed in figures 2.6 and 2.7. The full matrix element corresponding to
these diagrams has been calculated to describe radiative corrections to

7t 0

-. e ± 67 [39,

40]. To evaluate the contribution that leads to Ki. - 6+677 we are interested in the
differential rate

due to the bremsstrahlung correction indicated in figure 2.7 plus
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e

e

e + KL

1"

'L

7

Ii

Figure 2.6: Feynman diagrams describing the vertex and photon self-energy corrections
for the process KL -. e + e7

6+

7

KL

7
Figure 2.7: Feynman diagram for the process KL -* e±ey7. A similar contribution
when the radiated photon is emitted by the positron leg has also to be considered,
along with the cases in which the second photon internally converts.
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the ones obtaining interchanging the radiative and decay photon k 1 *-* k2 and the leg
that emits the photon. The variable y is defined as
- 2p . ( qi - q)
m 2ff (1 - x)

(2.54)

The definition of the kinematic variables is in figure 2.7. The amplitude is given by

M

e 2 F 1(x) u
( q2)[Ø2
m

1 -

/6 (2.55)

+ 4(2 + /61 - m e )
where x = ( q + q2 )2/M2

4=

1 21v(q i ) + (k 1 —

and cI(ki), q(/c2)

qi + q + k, a2 =

are the polarisation vectors of the photons.. F is a dimensionless constant and f(x) the
form factor previously described. The differential decay rate is given by
1

=

M 2 d4 qi 8(q - m)

4mKo(21r)5 spimpol.

(2.56)

X d4 q28(q - m)d4 k16(k?)d4 k 2 S(k)S 4 (p - q - q -

-k2)-

Introducing Tr, which is essentially the trace of the 'y matrices occurring in IM12,

i
spin,pol.

(e 2 Ff(x )))
MI2 =
2m

2

(2.57)

Tr,

and, using the already defined variable y and the substitution
(k1 +
2

' A=k1qi, B=k 1

(2.58)

q2,

KO

equation 2.56 can be written as
djbrems

dxdy

= [ f(x)[2 a2
ir
64

x)x

f

dx7 J[(x, y, x 7 A, B)],
,

(2.59)

where J is the operator
1 1 d3 k 1 d 3 k2
J= - j ---------6
20 4 (P-- i - 2 —k i —k 2 ).

(2.60)

Tr can be computed keeping terms up to (9(m) [39]. For several of those terms
the numerical integration over x 7 leads to logarithmic divergencies which express the
infrared-divergent nature of the internal bremsstrahlung. As a consequence, an infrared
cutoff will have to be applied to the simulation, i.e. only decays with photon energy

2.8 Radiative corrections to KL - e+e
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above a certain threshold will be generated. To be consistent with previous analyses,
a cutoff of 5 MeV in the kaon centre of mass reference frame will be applied.
The numerical integration of equation 2.51 yields the theoretical estimate of the
e + e7 branching ratio:
ty

B(KL -* ee'y) = (6.05 ± 0.15 ± 0.20) x 10 7

,

( 2.61)

where the first contribution to the error comes from the uncertainty on F, teh second
from the uncertainty on OK*.

Chapter 3

The NA48 experiment
3.1 Overview
Figure 3.1 shows the layout of the NA48 experiment's beamline and detector. The two
simultaneous beams are created by two targets placed 240 m (KE target) and 122 m

(Ks target) upstream of the electromagnetic calorimeter. The protons directed onto
the Ks target go through a tagging device that records the time of the proton hits.
Both beams are cleaned of charged particles and collimated before entering the common
decay region.
To detect the decay products, the following sub-detectors are positioned along the
beamline and after the beginning of the decay region:
• Anti-KL and K5 detectors (AKL, AKS). These identify decays which happen
outside the fiducial region so that they can be rejected from the analysis. The AKS
detector is also used to define the energy scale of the electromagnetic calorimeter.
A magnetic spectrometer (DCH). This measures the trajectories and momenta of
charged particles.
• A charged hodoscope (CHOD). This measures the time of charged particles hits
and provides an input to the K° -* rir trigger.
• A liquid krypton electromagnetic calorimeter (LKR). This is primarily designed
to detect photons from

7t 0

-*

which are used to reconstruct K° -* rr°ir° decays,

I;J

The NA48
but can also be used to identify electrons.
. A hadrouic calorimeter (HAC). This detects showers from charged pions and is
used in conjunction with the LKR to calculate the total hadronic energy of an
event.
. A muon counter system (MUV). This is used to identify events containing muons.

3.2 The Ks and KL beams
As KE and Ks mesons have very different lifetimes (cYs = 2.6786 cm and cri =
15.51 m), the NA48 experiment uses two neutral kaon beams. The NA48 neutral
beams [41] are produced from the primary 450 GeV/c protons delivered by the CERN
Super Proton Synchrotron (SPS), shown in figure 3.2. The SPS has a circumference of
7 km and is filled by the PS Booster (PSB) with two trains of bunches of about 2000
proton bunches each.
The bunches are about 2 ns wide and exactly 5 ns spaced, and the two trains
are separated by some empty bunches ("holes") that cover about 10% of the SPS
circumference. The bunches are accelerated to 450 GeV/c with 200 MHz RF systems
that keep the 5 ns bunch structure.
At the end of the acceleration, the momentum spread ApIp of the protons around
the nominal p = 450 GeV/c is 0.2%. The RF is switched off when the extraction
begins and the protons start losing their bunched structure. The extraction consists of
a spill (later referred to as burst) of about 2.4 s.

3.2.1 The KL beam
The KL beam is produced by directing the primary proton beam of 1.5 x 1012 protons
per burst onto a cylindrical beryllium target. The target, 2 mm in diameter and 400 mm
long, corresponding to 1 interaction length (A) for protons, is located 126 m upstream
of the last Kt collimator (see figure 3.1).
The neutral kaons are accompanied by a high flux of photons and neutrons. In
order to reduce the flux of neutrons, the proton beam is incident on the target at an
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Figure 3.1: A schematic layout of the NA48 experiment. Note that the diagram shows
three separate sections along the beam direction. Rectangles labelled B are dipole
(bending) magnets and those labelled

Q are quadrupole (focusing) magnets.

The NA48 experiment

CERN Accelerators

p
p

0

a'
p

LEP: Large Electron Positron collider
SF5: Super Proton Synchrotron
AAC: Antiproton Accumulator Complex
ISOLDE: Isotope Separator OnLine DEvice
P50: Proton Synchrotron Booster
PS: Proton Synchrotron

LPI: Lep Pre-Injector
EPA: Electron Positron Accumulator
LIL: Lep Injector Linac
LINAC: LINear ACcelerator
LEAR: Low Energy Antiproton Ring

Figure 3.2: The accelerators complex at CERN. The NA48 experiment is located in
the North Area.
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r
V.I. BEAM A)ZTS

-

J

Figure 3.3: View of the Kj defining, cleaning and final collimators.
angle of 2.4 mrad. The flux of neutrons is reduced by a factor 4 with respect to a
zero mrad production angle, with only a 0.25 reduction factor for the useful KL.
The KL beam is collimated in three successive stages by the defining, cleaning and
final collimators placed respectively 40 m, 100 m and 125 m downstream of the KL
target. Figure 3.3 illustrates the three stages. The first collimator defines the beam
divergence to be ±0.15 mrad; the cleaning collimator gets rid of particles scattered or
generated in the defining collimator's lips. The longitudinal position of these collimators
does not allow partfcles from the target to strike the second one. The final collimator
is located about 3 c-re downstream of the cleaning collimator to let Ks that might be
regenerated on its edges to decay before reaching the fiducial volume, which follows
immediately downstream.
The resulting neutral beam is propagated in vacuum. A flux of about 2 x 10 7 KL
per burst goes through the final collimator in normal conditions.

3.2.2 The Ks beam
Protons that do not interact in the KL target (about 40% of the total number) are swept
away from the KL beamline by a sweeping magnet. Some of these protons impinge onto
a bent silicon mono-crystal [42] positioned 10 m downstream of the target. A small
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Figure 3.4: A diagram of the bent silicon crystal, showing the crystal's dimensions
and the path of protons. The two cylindrical rollers shown maintain the radius of the
crystal's arc at 3 m.
fraction (r.a 5 x iO) undergoes channelling' and is redirected toward the KL bearnline.
The deflection angle is 9.6 mrad, as illustrated in figure 3.4. The resulting secondary
protons (r.J 3 x 107 per burst) are then deflected by a set of magnets and transported
in vacuum parallel to the Kt beam to the Ks target.
The use of a crystal is advantageous over a magnet for a number of reasons:
o

The crystal is only 6 cm long, but has a bending power equivalent to a 14.4 Tm
magnet, which would be ordinarily over 5 m in length.

o

The protons are bent without cancelling the effects of the sweeping magnet. A
bending magnet would have increased the flux of muons in the emerging beam

'When positively charged particles enter a crystal within a small critical angle to its planes, the
collective Coulomb fields can cause them to be channelled. If the crystal is mechanically bent, some
particles still follow the crystal planes and are therefore deflected.
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by an order of magnitude.
The crystal is not selective about the longitudinal momentum of the protons it
deflects. This means the secondary proton beam emerging from the crystal has
an almost identical momentum spectrum to that of the primary proton beam.
The crystal defines the euuittance of the proton beam in both horizontal and
vertical direction.
The crystal reduces the proton flux by a factor 5 x 10 5
All the protons being transported to the K8 target travel through the proton tagging
detector which records the time of each proton by means of an array of scintillators. In
section 3.4 a description of this detector and its use can be found.
The Kg beamline is shown in figure 3.1. The K5 target, identical to the KL one, is
positioned 120 m downstream of the 11L target, and 72 mm above the 1<7. beam axis.
The vertical displacement is a compromise between the needs to produce two collinear
kaon beams, and to have the Kj, beam aperture shielded against secondary particles
produced at forward angles at the Ks target. The production angle for the K5 beam is
4.2 mrad, in order to have a momentum spectrum similar to the one for the KL beam.
The K5 collimator is such that the Ks beam converges with an angle of 0.6 mrad with
the KL beam to the centre of the detector, 120 m downstream. The resulting beam
has a divergence of ±0.375 mrad and a flux of around 2 x 102 Ks particles per burst
in normal conditions.

3.2.3 The intense K5 beam
The flux of protons on the Kg target is optimised to have the same number of Kg and
KL decays in the fiducial volume. This is not enough to study very rare Ks decays. In
this case a Ks-only beam is required, and an increased flux of protons on the target.
This can be achieved by moving the Ki. target out of the beam and directing the
protons past the bent crystal and directly onto the K5 target. The primary proton
beam is attenuated and collimated to a flux less than 1011 protons per SPS pulse by
the collimators at the beginning of the beam line leading to the main NA4S detector.

The NA4S
The beam is finally focused onto the K5 production target at an angle (4.2 mrad for
data taken in 1999) with the subsequent beam axis. In the absence of interactions on
the upstream target and beam dump and without decays from the KL beam passing
through the detector, it is possible to increase the intensity of the Ks beam by a large
factor ('-..' 200 - 500).
At the end of the 1999 data taking, two days were devoted to the high-intensity

K5 program. Data taken in those two days have been analysed and the results are
reported in chapter 6. To reduce accidental background, the AKS crystal converter
was dismounted, leaving in place only the plastic scintillators. The primary beam
intensity was raised to 5 x 10 protons per pulse and a total number of 3 x 10 8

K5 decays in the fiducial region was collected.
In the year 2000 (because of the 1999 implosion of the NA48 beampipe that caused
the destruction of the four drift chambers) it was not possible to collect data for the

Re(c'/c) program. 40 days of beam time were dedicated instead to collect Ks decays
into neutral particles, again with a very intense primary proton beam. The intensity
on the Ks target was raised to 9 x 10 9 protons per SPS pulse of 3.2 s every 14.4 s. The
proton momentum was reduced to 400 GeV/c and the production angle decreased to
3 mrad to compensate for the beam momentum loss [43].
The outcome of this dedicated run has been decisive in the design and approval
of the NA48 rare Ks decays program. This run and the year 2000 data taking have
demonstrated the capability of the NA48 detector to cope with such high proton intensities. The CERN Research Board has approved the proposal to run NA48 in 2002
to study rare K5 decays and neutral hyperons [21]. The changes with respect to the
past conditions will consist in the exploitation of a longer SPS duty cycle (5.2 s of spill
length every 16.8 s) the insertion of a sweeping magnet at the end of the K5 collimator in order to reject photon conversions, and an upgraded readout for drift chambers
and electromagnetic calorimeter. This should allow the proton flux on target to be
increased to 1 x 1010 protons per pulse, yielding approximately 3 x 1010 Ks decays per
year in the fiducial volume of the experiment.
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3.3 The beam monitors
Information about the beam intensities is recorded by a beam counter and the Kgmonitor.
The beam counter [44] is placed directly behind the beam dump, at the very end
of the experiment. It measures the profile and intensity of the

Kg and KL beams.

The beam counter consists of one horizontal and one vertical plane each made of 24
scintillating fibre bundles. In this way it is possible to sample the KS+KL beam,
consisting primarily of photons and neutrons produced at the KL target that travel
undetected into the beainpipe down to the beam dump. The scintillating fibres are
preceded by a thin layer of an absorber material, so that photons coming from the
target are converted into electrons and detected. A smaller contribution to the counting
rate comes from neutrons. Due to the relative intensity of the two beams, the activity
in the beam counter is dominated by the KL beam. This counter is not calibrated to
give an absolute measurement of the proton intensity on target. For that purpose, a
study of KL -* lreve decays is performed. The beam monitor is therefore used to study
accidental activity in the Kg and KL beams and to issue random triggers. Activity in
the beam counter is downscaled and the trigger is issued after 69 Ps (3 times the SPS
period). This ensures that random triggers are taken in proportion to the instantaneous
beam intensity.
The Kg monitor [45] is placed along side the Kg target. It monitors the Kg beam
intensity by counting particles emitted from the Kg target perpendicular to the beam
direction. It consists of four plastic scintillators arranged parallel to the Kg target.
Due to its position, the monitor is not sensitive to changes in the production angle. To
have an absolute measurement of the proton intensity on the Kg target one can use
other detectors as counters, such the AKS and the tagger. The Kg beam monitor is
also used to make random triggers to study accidental activity in the Kg beam.
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Figure 3.5: Time difference between the LKR and the nearest proton in the proton
tagger for K —* 7r 0 7r0 decays. A time offset has been applied to the distribution to
centre the distribution at zero. The events between -2 ns and +2 ns are identified, in
the Re(c'/c) analysis, as coming from the K$ beamline.

3.4 The proton tagger
The K,9 and K1. beams are coincident in space at the LKR. This means that for neutral
decays of the kaons (such as K —* ir°ir°) it is impossible to determine which beam the
particle comes from. A time of flight method to distinguish decays from the two beams
is therefore needed.
All of the protons being transported to the Ks target travel through the proton
tagging detector (tagger) which records the time of the proton hits. The time of hits
in the tagger can then be compared to the time of the decay products downstream in
the detector as measured by the charged hodoscope or the LIKR.
If, after subtracting an appropriate time offset, there is a proton hit within a
2,+21 ns time window around the event time, the decay is tagged as Ks otherwise it is
tagged as K11 (figure 3.5) in the Re(c'/c) analysis.
The tagger [46, 471 is composed of two interleaved, orthogonal ladders, each containing 12 narrow foils of NA102A scintillator (see figure 3.6). The width of each foil
varies between 200 and 2500 tim, to follow the beam intensity profile (figure 3.7).
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Figure 3.6: The proton tagging detector.
Each foil sees approximately the same rate (< 2 MHz) of incident protons. A total
foil width of 4 mm (equivalent to 0.01 radiation lengths) induces no proton losses due
to multiple scattering. There is an overlap of 50 pm between each pair of adjacent
counters to avoid acceptance losses. The counters are 4 mm thick along the beam
direction and 15 mm long laterally to reach the supporting mechanical structure, and
can be remotely aligned with the beam with high precision. The photons from the
scintillators are directed to photo-multipliers. These are read out using 8 bit, 960 MHz
FADC (Flash Analogue to Digital Converter) chips that are virtually dead-time free.
The shortness of the photon optical path to the photocathode (1-2 cm) allows for an
excellent light yield (about 400 photoelectrons per pulse), resulting in a time resolution
of about 200 ps. At both ends of the array there are anticounters to identify halo
particles.
During the proton spill, the average proton rate in the tagger is 10

7 Hz. However,
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Figure 3.7: Schematic view of the tagger profile.
due to the spill structure, the instantaneous rate in the tagger can reach r-' 3 >< 10 Hz.
To resolve the time between two proton hits to 5 a, the resolution of the tagger must
be better than (3 x 107)_h/5. 7 ns. The time resolution of a single proton should be
as small as possible to allow a small time window for the tagging to be used. This will
minimise the amount of tagging dilution (decays from the KL beam that are identified
as Ks decays by the tagging method). The measured time resolution of a single proton
hit is 120 ps and the double-pulse separation is 4 ns.

3.5 The anti-Ks detector
As K5 decays have a steeply falling z-vertex distribution (defined as the longitudinal
position of the kaon when the decay occurs), compared to an almost flat distribution
for KL decays, resolution effects can introduce a net migration of events into, or out
of the decay region, thus biassing the result for Re(c'/e). To avoid this problem the
anti-Ks detector (AKS) provides a hardware definition of the beginning of the fiducial
region for the Ks beam.
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Figure 3.8: Schematic view of the AKS detector.

The AKS detector (figure 3.8) consists of a photon converter and 3 scintillator
counters (8 x 4.5 mm transverse size) located at the exit of the Ks final collimator.
A fourth scintillator, with a central hole, acts as a veto for the halo particles. The
amplitude and time of each signal are recorded. The converter is made of a 3 mm
thick iridium mono-crystal (1.79 radiation lengths) and converts into electrons the four
photons from Ks

OO

decays. The probability of conversion is measured to be

(99.964 ± 0.003)% and the efficiency of the central scintillators for detecting both
and e

is measured to be (99.97 ± O.Ol)%

Signals from the AKS are used to reject off-line all the decays Ks

K5

7r

OO -*

47 and

-. iriC which originate upstream of its location. The beginning of the fiducial

region is therefore precisely defined by its position.
In addition, the accurately measured position of the AKS is used to calibrate the
absolute energy scale of the LKR. The reconstructed z-vertex position of a decay is a
function of the energy of the decay products. As Ks decays upstream of the AKS are
rejected, the minimum reconstructed z-vertex position of Ks decays should therefore
be

ZAKS,

smeared by the finite resolution of the measurement. Any disagreement can

be used to calculate corrections to the energies measured in the detectors.
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3.6 The decay region
The decay region of the NA48 experiment starts at the z position of the AKS detector,

z = 6.09 m. It is contained in a cylindrical steel tank which is evacuated to a pressure
of c 3 x 10 mbar.
The vacuum vessel is terminated at z = 96 m downstream of the Ks target by
a 0.9 mm thick Kevlar window (0.003 radiation lengths), which separates it from the
charged particle spectrometer. It is followed by a helium tank, which is held at atmospheric pressure, containing the spectrometer, and is described in section 3.8.1.
After the Keviar window, the kaon beams continue in a 16 cm diameter evacuated
carbon fibre tube to the beam monitor and beam dump which are downstream of the
subdetectors.

3.7 The anti-KL detector
The KL anti-counter system (AKL) consists of seven octagonal "rings" of iron and
sciutillator, which enclose the decay volume, as shown in figure 3.9. They detect decay
products which would escape the acceptance of the central detector. The detector
covers an acceptance region of about 10 mrad. A ring is made of two pockets. A
pocket consists of a 3.5 cm thick iron layer, acting as photon converter, followed by
scintillator counters read-out on both sides. There is a total number of 144 counters.
The efficiency for photon detection is about 95%.

3.8 The central detector
3.8.1 The spectrometer
The momenta and vertex position of charged particles from kaon decays are measured
by the magnetic spectrometer. This is placed inside a helium tank and consists of a
dipole magnet and two pairs of drift chambers (DCH) that track the particles before
and after they are bent by the magnetic field. The reason why the vacuum is terminated
is that the drift chambers are not strong enough to withstand the pressure. Helium is
chosen to fill the tank in order to minimise multiple scattering effects.

51

3.8 The central detector

t 0

0 0

h000

I

I
fi

p H \ Jr*
VACUUM TANK

I

He

S

DECAY REGION

.

z0

10

20

40

30

f1flj fl7
c

p

400mm

60

50

70

>

80

90

100

110

0
iE

120

130-

Figure 3.9: Schematic view of the decay and central detector regions.

The drift chambers The four chambers [48] are illustrated in figure 3.10. They
have octagonal shape with a fiducial area of 4.5 m 2 . Each chamber contains 8 planes
of grounded sense wires oriented in four different direction (figure 3.11) orthogonal to
the beam axis (referred to as views):

01

(X axis), 90° (Y axis), —45° (U axis), +45°

(V axis). Each view contains two staggered planes of 256 wires to resolve left-right
ambiguities (figure 3.12) and is enclosed between two mylar foils. The hole in the
centre of the chambers is needed to allow the positioning of the beam pipe and entails
a careful construction and positioning of a set of rings on which the central wires of
the different planes are soldered.
The fine granularity of the wire spacing allows for maximum drift distances of 5 mm
which correspond to drift times of the order of 100 us. Each drift chamber is filled with
a 50% Argon - 50% Ethane mixture with a small addition of water vapour ( 1%)
to slow down ageing processes. The position resolution of a single eight planes drift
chamber is 90 jim.
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Figure 3.11: The drift chambers' reference system and views.
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The magnet The integral of the magnetic field between the second and third drift
chamber is 0.883 Tm, corresponding to a change in transverse momentum of 265 MeV/c.
This is commensurate with the maximum transverse momentum of a K

-# 7 ± 7r

decay.

The magnet aperture matches the acceptance of the LIKR. The uniformity of the field
in the active region is better than 10%, allowing a fast online calculation of the track
momentum in the Level 2 irrC trigger, and the fringe field at the second and third
chamber is smaller than 0.02 T.
The spectrometer performance The momentum resolution of the spectrometer
is:
= 0.005

e 0.00009 x p

for p measured in GeV/c.

(3.1)

()

The first term is due to multiple scattering effects in the helium and the second term
comes from the position resolution of the drift chambers (their transverse geometry and
longitudinal distance are known with a relative precision of 2 x 10). At a typical lr ±
momentum of 50 GeV/c, ap/p = 0.66% with the terms from position resolution and
multiple scattering contributing equally.
The drift chambers readout Signals from the drift chamber wires are amplified
and sent to a TDC card [49]. There is a total of 28 cards, one for each plane of wires (but
only for X and Y views in chamber 3). Each card contains a TDC (Time to Digital
Converter) chip and a FIFO (First in First Out) memory. The TDC card records
which sense wires are hit and the time of the corresponding hit. This information is
temporarily stored in the FIFO memory before being sent to a "ring card" which stores
the data for 200 [is. The data stored in the ring card can be accessed by the charged
trigger system and sent to the data acquisition system (PC farm). The time taken
to read out the data from the ring cards is proportional to the total number of wire
hits. If a plane has more than 8 wire hits in the previous 100 ns, the FIFO memory on
the appropriate TDC card is reset to avoid long readout times. When a memory reset
occurs, the data residing in the FIFO are lost and an additional "overflow word" is
added to the data by the TDC card. In principle, events with high wire hit multiplicity
are not candidates for charged decays.

-C
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Figure 3.13: The scintillator strips in the charged hodoscope.
3.8.2 The charged hodoscope
The charged hodoscope (CHOD) is used to provide a fast topological trigger for the
kaon decays in charged products, and to define their times for both online and offline
analysis. The timing information is also used in conjunction with the tagger to decide
whether the decay came from the IL or Ks beamline.
The hodoscope (figure 3.13) consists of a plane of 64 vertical scintillators, followed
by a second plane of 64 horizontal scintillators. The strips are made of NE110 plastic
scintillator, with a large light output. The scintillation light is collected at one edge of
the strip through a fish-tail shaped Plexiglas light guide, and detected by a XP2262B
Philips photo-multiplier.
The hodoscope is placed directly behind the helium tank of the spectrometer and
before the LKR calorimeter. The distance between the planes (75 cm) and the position of the second plane with respect to the entrance wall of the LKR calorimeter
(80 cm downstream) are chosen to reduce the effects of the back-scattering from the
calorimeter.
Each plane is divided into four quadrants of 16 strips. Each strip is 2 cm thick and
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either 6.5 cm (near the beam pipe) or 9.9 cm wide. Their length varies between 60 cm
and 121 cm.
The readout electronics is housed in pipeline memory board (PMB) modules. In
these modules the analog signal from the phototubes is shaped, digitised, sampled every
25 ns and read out by 10-bit FADC cards. At the same time the discriminated signals
trigger a current which ramps between two fixed levels and is sampled at 40 MHz.
By fitting the ramp it is possible to reconstruct the time of the hit with very good
resolution. The time resolution for a single counter, after offline corrections, is better
than 250 ps. The resulting resolution for the charged event time is about 100 ps.
The high granularity minimises the effects of accidental activity, and maximises
both the time measurement resolution and the detection efficiency. This allows a small
time window to be used to distinguish events from the K5 or KL beamline when CHOD
is used in conjunction with the tagger, minimising the effects of misidentification.

3.8.3 The electromagnetic calorimeter
The electromagnetic calorimeter is used to identify photons and electrons coming from
kaon decays.

The calorimeter The electromagnetic calorimeter [50J (LKR) is a liquid krypton
quasi-homogeneous ionisation chamber. It is located 80 cm downstream of the charged
hodoscope and contained in a cryostat, formed by an outer aluminium vessel and an
inner steel vessel, which maintains the krypton at a temperature of 121 K.
The liquid krypton is used both as absorber and active medium. The ionisation,
produced by electromagnetic showers, is very well correlated to the energy of the incoming photons or electrons. The calorimeter volume (9 m 3 ) is divided into 13248 read-out
towers, later referred to as cells, each defined by three Cu-Be-Co 40 im thick ribbon
electrodes, as shown in figures 3.14 and 3.15. The cells are 2 x 2 cm 2 in cross section,
approximately 0.5 radiation lengths in the x and y directions, and 127 cm long in the
z direction, equivalent to 27 radiation lengths or 2 nuclear interaction lengths. In the
middle of the cell (cathode) a collecting anode is placed. The cathodes are connected
to ground, while a voltage of 5 kV is applied to the anodes.
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Figure 3.14: The internal structure of one quadrant of the LKR.

Figure 3.15: The definition of a single readout cell in terms of the electrodes.
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The geometry of the cells is projective: they point to the average Ks decay position.

The longitudinal design of the cells ensures that only a few are important in any one
event. Showers from incident photons and electrons develop almost parallel to the
electrodes, and up to 35% of the energy of a single shower can be within one cell.
The energy of the clusters is reconstructed using the expected shower profile in the
calorimeter. To measure accurately the energy of a shower, the transverse size of the
cells must be accurately known; an accuracy of 50 tLm is required to know the energy
scale to 1 part in

io. The projectivity guarantees the same transverse profile to the

showers, provided they are generated by photons from decays in the fiducial region,
independently on their longitudinal development.
To ensure the size of the cells in the transverse direction, each of the electrodes is
stretched between five accurately machined spacer plates and the front and back plates
of the calorimeter. The spacer plates also apply a zig-zag or accordion geometry to the
electrodes. The angle applied to the electrodes by the spacer plates is 48 nirad.
An advantage of the accordion geometry is that it reduces the effects due to the
impact position of the particle. The incoming particle produces a shower of electrons
and positrons, which in turn cause the ionisation of the krypton atoms. The electric field
in the calorimeter causes these ionisation electrons to drift toward the anodes where a
current is induced. The current induced varies non-linearly with the distance between
the core of the shower and the anode. In particular, the response of the calorimeter is
diminished when the shower core is very close to the anode. As illustrated in figure 3.16,
the accordion shape of the electrodes does not allow a shower core to remain critically
close to the anodes as the shower develops through the detector. This means the
calorimeter response is less sensitive to the impact position of the incoming particle.
The residual correction to the energy due to the impact position of the particle is ±0.5%
and is applied offline.

Readout of the LKR The front-end "cold" electronics is directly mounted on the
detector back plate in order to minimise the noise and to optimise the timing of the
signal extraction. This includes a preamplification stage and a calibration system.
Outside the cryostat, a transceiver drives the output signals to 246 custom readout
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Figure 3.16: The effect of the accordion geometry of the LKR cells.
modules, later referred to as CPDs (Calorimeter Pipeline Digitisers) [51]. Each CPD
digitises the signals in a 40 MHz Flash ADC (FADC). To allow a large range of energies
(3.5 MeV to 100 GeV) to be read out accurately, the FADC has a 4-bit gain switching
algorithm. This means the FADC can choose to digitise the signal according to one of
four different algorithms, or gains, each of which is optimised for a specific sub-energy
range. The gain is chosen dynamically from the pulse height information. The chosen
gain and the digitised signal are stored in a buffer to be read by the data concentrator
if a trigger is issued for that event.
Analogue summed signals of the calorimeter information are also produced in the
CPDs used by the neutral trigger system.
A dedicated processor, the data concentrator, identifies the cells with energies above
a predefined threshold and applies a cluster finding algorithm. Only digitised information from the cells belonging to identified clusters are selected and read out. For a
typical photon shower about 100 cells are read out.
The performance of the LKR Various methods are exploited to determine the
overall energy scale of the calorimeter and its performance. The calorimeter linearity is
mainly studied using K3 decays, in which the whole electron energy is reconstructed in
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the calorimeter and can he compared to the momentum measured by the spectrometer
to calculate any correction.
Special ij runs were also taken, using the KL beamline to propagate a 75 GeV/c
ic beam to a 3.5 cm polythene target. The target could be located at two accurately

known positions. Charge exchange processes cause

it°

and 77 particles to be produced in

the target, so 2, 3 or 6 photon events can be used to measure the calibration factors, to
cross-check the K3 calibration, and to determine the non-gaussian tails in the energy
measurement.
After calibration factors are applied, the energy resolution was measured to be:

a(E) - 0.032 0.1

e 0.005

for F measured in GeV,

(3.2)

where the first term relates to sampling functions, the second to stochastic fluctuations
(electronic noise) and the third to the uncertainty in the calibration factors. The
energy resolution at the average energy of 25 GeV is about 1%, with the three terms
contributing with the same order of magnitude.
After these corrections are applied any residual energy scale correction can be determined by fitting the sharp rise in the reconstructed decay vertex position, created
by the AKS anticounter.
The position resolution of photon clusters is better than 1.3 mm in the x and
y directions for photons energies above 20 GeV. Combining the energy and position
measurements gives a reconstructed z-vertex resolution of about 60 cm for

7r0 70

decays.

The time resolution of a single photon cluster of 20 GeV or more is better than
300 ps; the time resolution of a

7r 0 r0

decay is about 260 ps.

During the 1999 run around 50 of the calorimeter cells had either faulty preamplifiers
or no voltage was applied to the electrodes. Events where the shower maximum is in
or near one of these dead cells are excluded from the analysis offline.
The illumination of the calorimeter is shown in figure 3.17.

The neutral hodoscope The neutral hodoscope (NHOD) [52] is made of 256 bundles
of scintillating fibres, each contained in a epoxy-fibreglass tube (7 mm in diameter and
2 m in length). It is immersed in the liquid krypton volume, at a position corresponding
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Figure 3.17: Calorimeter illumination by photons and electrons.
to the average maximum of the electromagnetic shower. The tubes are fixed to the
second spacer plate (at a depth of 9.5 radiation lengths) and extend horizontally from
the centre to the outer edge. The signals are read by 32 photomultipliers. For photons
of 15 GeV or greater the time resolution of the NHOD is better than 300 ps. This
measurement is used to cross-check the time measurement by the calorimeter.

3.8.4 The hadronic calorimeter
A conventional iron-scintillator sandwich calorimeter (HAC), 6.7 interaction lengths
thick, follows the LKR calorimeter, to measure its hadronic shower leakage. The HAC
is composed of two modules ("front" and "back"), each made of 24 scintillator planes
which are divided into 44 half-strips per plane and are arranged alternately horizontally
and vertically oriented (see figure 3.18). Photomultipliers collect the light from the
scintillator strips in such a way that the readout is projective, i.e. signals from strips
in the same position and orientation are sent to the same photomultiplier. Four CPDs
are used to digitise the signals. The offline reconstructed energy resolution is:
0E

0.65
n

for B measured in GeV.

(3.3)
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Figure 3.18: Schematic layout of the Hadronic Calorimeter.
The digitised sum of the signals is sent to the Level 1 trigger to determine the
hadronic contribution to the total energy.

3.8.5 The muon veto
The muon veto detector (MUV) is used to veto KL -.

decays. It is also used

to give a positive muon, trigger for rare decays, such as KL The MUV consists of three planes of scintillator each behind by 80 cm of iron
(about 5 interaction lengths). The first two planes have 11 strips of scintillator in the
horizontal and vertical directions respectively, plane three has 6 strips of scintillator
in the vertical direction. The scintillators overlap slightly to avoid any inefficiencies.
The scintillators are read out at both ends of each strip. Planes one and two are used
to define the muon trigger, plane three is used in conjunction with HAC for efficiency
studies.
The time resolution of the MUV is 350 ps.

Chapter 4

Trigger and data acquisition
The counting rates of the various sub-detectors of the NA48 experiment are of the order
of 1 MHz. The trigger and data acquisition systems are designed to cope with such high
event rates. The trigger consists of two stages which reduce the rate to about 5 kHz;
the data acquisition system (DAQ) is designed to stand peak rates of 10 kHz. A PC
farm is used to collect the data from the subdetectors and build them into complete
events. The data are then processed by the Level 3 trigger which carries out an online
reconstruction. The Level 3 trigger also filters the reconstructed data to several output
streams.

4.1 The trigger architecture
A schematic overview of the NA48 trigger system is shown in figure 4.1.
The two stages in the trigger system, Level 1 and Level 2, reduce the event rate to
be read out to about 5 kHz, i.e. around 17000 events per burst. The limiting factor, in
this case, is the amount of information that can be sent from the LKR to the PC farm.
The pipelined architecture virtually suppresses any deadtime. The readout is asynchronous with respect to the event flow. The synchronisation of the different subdetectors is done using a single clock and two control signals for the whole experiment. The
control signals, which define the beginning and the end of a burst, are derived from
the SPS. The central time reference for the experiment is given by a 960 MHz clock
generator. This frequency is used as sampling frequency in the tagger, which is the
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Figure 4.1: A simplified layout of the NA48 Level 1 and Level 2 trigger systeths.

subdetector with the highest instantaneous rate. A standard frequency of 40 MHz is
generated from the 960 MHz and is broadcast to all the other readout systems. The
signals from all the subdetectors are therefore digitised every 25 us. The sampled signals are stored in a pipeline

(Z.

e. a circular buffer), whose depth of 200 ts determines

the maximum data latency time.
The various trigger sources are processed and correlated by the trigger supervisors
(TS) [53], which are in charge to decide whether the event can be accepted or not (see
figure 4.1). The Level 1 Trigger Supervisor (L1TS) collects pre-trigger signals from the
various subdetctors every 25 ns. Up to 5 trigger decisions can be queued in the L1TS,
the minimum time difference between triggers sent out by the TS being 20 is in order
to ensure a correct readout. If the event can be accepted, the L1TS sends its decision

4.2 The neutral trigger system

65

to the Level 2 Trigger Supervisor (L2TS). The L2TS also receives information from the
Level 2 Charged Trigger and the Neutral Trigger. If the Level 2 Trigger conditions are
fulfilled, the L2TS broadcasts to all the subdetectors a request containing the trigger
code, the event number and a timestamp, the latter being the event time measured
in units of clock pulses elapsed from the beginning of the burst. The length of the
subdetectors' ring buffers is at least 200 ps, so this is the maximum time allowed for
the TS to send out a trigger timestamp.
In the following, only the systems that contribute to a trigger decision for Ks irD e ±e

and KE -* e +ey7 will be described.

4.2 The neutral trigger system
The main purpose of the neutral trigger system is to provide a trigger for the

7r0 7r 0

decays using information from the calorimeters [541. It also provides information used
in dedicated triggers, such as the Dalitz Trigger.
The neutral trigger is implemented in a 40 MHz dead-time free pipeline, using the
information from the LKR calorimeter. The total latency of the trigger pipeline is 128
clock cycles, corresponding to 3.2 pis. Every 25 ns, the trigger reconstructs online and
performs a selection on a set of physical quantities that will be defined in the following
paragraphs: the total energy, the centre of gravity (COG), the kaon lifetime and the
number of peaks in the horizontal and vertical calorimeter projections.
In order to calculate physical quantities quickly, the calorimeter information from
the individual cells is first reduced to two orthogonal views of projective calorimeter
information. The first step in making the granularity of the calorimeter coarser is to add
the signals from 16 (2 x 8) single cells with analogue-sum circuits to form supercells
(figure 4.2. This is done individually for both projections (X and Y views) by the
calorimeter pipeline digitisers (CPD). The signal of the supercell is digitised by a 10-bit
40 MHz FADC and filtered to remove supercells with energy below a certain threshold.
The pedestals (background electronic noise) are subtracted from the supercells. The
digital supercell signals are summed into 64 vertical and 64 horizontal projections to
gain coarser granularity (4 cm wide strips, each strip is 2 cells wide). This digitisation
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Figure 4.2: Illustration of the summing procedure for defining the projective strips of
the LKR.
and summing is done in the Vienna filter module (VFM) (figure 4.3). The vertical and
horizontal projections are fanned out to the PMB system and the peak sum system
(PSS). In order to resolve accidental hits better, the PSS defines a peak as a local
energy maximum above an adjustable threshold:

E1 <E, E ~! E+i.

(4.1)

The PSS counts the number of peaks, the total energy and first and second moment
of position in the two views. The final results of the summing are 12-bit energy sums,

E" and E', for each strip (i

= 1,64) in each projection (X and

Y). The energies of the

strips are used to calculate the moments, and according to the formulae:
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Figure 4.3: Logical scheme of the Neutral Trigger chain.
Here i = 1,64 labels the number of the strip, from the bottom to the top of the
calorimeter for the X-projection and from the right to the left of the calorimeter for
the Y-projection. In both projection i = 32 labels the central strip.
The moments are used in the calculations of physical quantities in the Look-Up
Tables (LUT). The total energy in the LKR, ELKR, the centre of gravity, r-jo, and
the distance of the kaon decay vertex from the front face of the calorimeter, dyertex are
defined as follows:
1

ELKR = (? no

1

rcoc

=

/i i ,

+ rno,),

) 2 + (rni)2

(4.4)

ELKR

+ m2,) - (mim)2 - (m,)2
dvertex =

(4.3)

(4.5)

mKo

The distance dvertex is then used to estimate the kaon lifetime from the AKS position
in units of

rjç 8

CT = (ZLKR - ZAKS) - dvertex
CTKS

ELKR . CTKS/mKo

(4.6)
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Figure 4.4: An online plot of a K ° -*

-* 47 event. The four 'y clusters are circled.

The energy in the neutral trigger projective strips are shown along the top and righthand side of the diagram. In this example, there are 4 peaks in the X-view and 3 peaks
in the Y-view.
The trigger also uses the number of peaks in the LKR energy distribution to make its
decision. A photon hit in the calorimeter will cause a peak in both the X and Y views
as shown in figure 4.4.

4.2.1 The ETOT Signal
The neutral trigger also calculates the total energy in both the LKR and HAC for use
in the Dalitz and Level 1 7r+7r triggers. It receives analogue sum information from the
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Quantity

Trigger cut

ELKR

> 50 GeV

rCOC

<15 cm

CT

<SCTK5

peaks in x-view

<6

peaks in y-view

<6

Table 4.1: The 1999 online cuts used in the neutral trigger.

HAC readout. This is added to ELKR to calculate the total energy. An ETOT signal
is issued if the calculated total energy is greater than 30 GeV.
A list of the requirements applied online by the neutral trigger is in table 4.1.

4.3 The Dalitz trigger
The Dalitz trigger is dedicated to the online selection of KL

- 7r07r 0 ->

decays using information from the calorimeters and the drift chambers. The conditions
applied online by the Dalitz trigger in the 1999 Kg high intensity run are as follows:
. there must be less than 7 peaks ('y or electron clusters) in the X or Y projection
of the electromagnetic calorimeter;
. the total energy deposited in the electromagnetic calorimeter must be greater
than 50 GeV;
. the center of gravity of the electromagnetic calorimeter clusters must be less than
15 cm from the beampipe axis;

. the proper time the kaon spends in the fiducial volume must be less than 5 rK;
. the total energy deposited in the hadronic calorimeter must be less than 10 GeV;
. a minimum of one track had to be reconstructed online using the hit multiplicity
in the first drift chamber.

/
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Quantity

Trigger cut

ELKR

>5OGeV

EHAC

< 10 GeV

rCOG

<15 cm

CT

peaks in x-view

<7

peaks in It-view

<7

Table 4.2: The 1999 online cuts used in the Dalitz trigger

The first five conditions are checked by the neutral trigger as described in the previous
sections. The condition on the track reconstruction is issued by a special drift chamber
multiplicity trigger [55]. This trigger checks the number of hits on both planes of
each view (x, y, u, v) of the first drift chamber. If a track has passed through the
chamber there should be at least 1 hit in each plane of views. To account for possible
inefficiencies the '1 track' signal is issued if at most two hits in at least three views are
present. If at least three hits in at least three views are present, the multiplicity trigger
issues a 'two tracks' signal.

4.4 Data acquisition
Figure 4.5 illustrates the NA48 Data Acquisition (DAQ) [56]. If a trigger is issued
by the Trigger Supervisor, the subdetectors send data for that event to the PC Farm.
The PC Farm builds the subdetector data into complete events, and sends them to the
CERN computing centre where the data are processed and stored.

4.4.1 Subdetector readout
The data from each of the subdetectors are digitized at the clock frequency of 40 MHz
and stored in ring buffers at least 200 ps deep.
When a readout request is received by a subdetector, the event information is
selected from the ring buffer according to the timestamp information. Information in a

71

4.4 Data acquisition

The NA48 Central Data Recording Infrastructure
Chscgd

NA48 Detectors
C.".H....
g.

.1

T1199r

Spct,o.tntq, C.Io,bn.t.,s. V.to

__

I

I

S..

S..

__
S.ibd.I

Subd.t

Td99'

Experimental
Area

.uP.nriitor -

U

U
U

7km GbIt Ethernet Link

Gbit

Computer
Center

bit Switch

ern•
CS-2 (1.7 TByte disks)

Gbit

III •'
Sun 450
800GByte
Disks

HIPPI
HIPPI

I looMbit Switch I
GigáRoutér

•

HIPPI Switch
HIP P1

Online PC Farm
I
S. LUIIZ 6/1 998

STK Tape Server

o.oIIaoI[doIFEE
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{400,+400] ns window around the trigger timestamp is sent to a dedicated PC, known
as a subdetector PC.

4.4.2 The PC farm
The PC Farm consists of 11 subdetector PCs (SDPCs), 8 event building PCs (EBPCs)
and a control PC, each running Linux. The subdetector PCs store the subdetector data
which have been collected from the ring buffers. The event building PCs rearrange the
data and send them to the CERN computing centre. The control PC issues intructions
to the SDPCs and EBPCs and monitors the PC Farm processes. The transfer of
information between the PCs is enabled by a fast ethernet switch. Each PC can send,
and receive information, to and from the switch at a rate of 200 Mbit/s. During the
SPS burst, the SDPCs store the subdetector data, and at the end of the burst these
data are checked and partitioned into eight blocks. Each data block is sent to one of
the eight EBPCs. The data on the EBPCs are arranged into complete events: each
complete event contains information from each of the subdetectors.
The complete events are sent, via a 7 km fast ethernet link, to the CERN computing centre. The data are placed on a Meiko Computing Surface 2 parallel processing
computer (CS2). Here the events are assembled into a burst file, which contains all the
events from the SPS burst in chronological order.

4.4.3 The Level 3 trigger
The final stage of online data processing is the reconstruction of the data and the
selection of the reconstructed events by the Level 3 trigger.
The Level 3 Trigger and Real Time Reconstruction (L3/RTR) is implemented entirely in software and run on the CS2 computer. For events with 7r 0 7r 0 or irr triggers,
the L3/RTR program first executes the LKR and DCH reconstructions, as described
in section 4.6.1 and 4.6.2, using the best available calibration constants. These events
are then filtered by the neutral, charged, rare decays or hyperons filter, applying very
loose cuts according to the trigger word. If an event is selected by the filters, the reconstruction of the data from the other subdetectors is carried out and the event is saved
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to tape. A small fraction of events that do not satisfy the filter conditions is also saved
to tape, to check the filter efficiency.

4.5 Data formats and reprocessing
The events are saved to tape in two formats: COmPACT and Raw. The Raw data format
contains the unreconstructed subdetector information. The COmPACT data format contains a subset of reconstructed quantities, and is used for physics analysis. Due to the
large data volume of the NA48 experiment, there is also a SuperCOmPACT data format,
which contains the subset of the COmPACT variables relevant for the measurement of

Re(€'/c) or the rare decays analysis. The COmPACT data set is filtered and those events
suitable for the Re(c'/€) or rare decays analysis are written in SuperCOmPACT format.

4.6 Data reconstruction
The analysis of Ks

ltOe+C

and KL

-* e ± eyy

uses mainly the reconstructed LKR

and DCH data. Reconstruction of the data from these subdetectors is described below.

4.6.1 Reconstruction of the LKR calorimeter data
The LKR reconstruction [5] calculates the energies, positions, times and sizes of the
clusters due to the particle hits in the calorimeter. A particle hit in the calorimeter is
known as 'cluster'. The program is designed to take into account overlapping clusters
and dead cells within the calorimeter.
The starting point for the neutral reconstruction is the signals from the calorimeter
cells. Cells with energies greater than 0.2 GeV are designated as candidate seed cells for
clusters. If such a cell is higher in energy than the surrounding cells, and is greater than
a cut defined by the average energy of the eight surrounding cells (E5

d

> 0.18 CeV +

1.8 x Eaverage ), then a cluster is said to have been found.
The next stage of the reconstruction loops over all the clusters. Cells within 11 cm
of the seed cell are allowed to contribute to the energy of the cluster. If a cell can belong
to two or more clusters, the energy of the cell is shared between clusters according to
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the expected shower profile. The shower profile was estimated using a GEANT [58]
simulation of showers in the calorimeter
The position of a cluster is computed as the barycentre of the energy distribution
in a 3 x 3 box of cells centered on the cluster seed cell. The cluster sizes in the x and
y directions are computed using the RMS of the energy distribution in a 5 x 5 cell
box around the seed cell. Likewise, the time of the cluster hits is calculated as the
energy-weighted time average of the cells in 5 x 5 box centered on the seed cell.
From the analysis of K -*

7TCV e , 77

decays, dedicated electron runs, etc., it is pos-

sible to measure the corrections to the neutral reconstruction due to several different
effects. These corrections are applied at COmPACT level and can be summarised as
follows [59]:
. correction for energy loss in the beam tube at small radius (between 15 and 18 cm
from the bern axis);
. zero suppression effect: at low energy (typically below 5 GeV) it may happen
that not enough cells are read out to construct a full cluster;
• energy loss of photons in the material before the calorimeter;
• sharing correction: in an event with several photons, the single photon energy
has to be corrected for the energy deposited by other photons;
• space charge correction, coming from the effect of slowly drifting positive ions in
the cathode-anode gap that distort the electric field and induce a change in the
ionisation current created by the electrons;
• energy non linearities;
• pedestal shift correction to take into account noise variations in time;
• overall energy scale, adjusted such that the reconstructed position of the AKS,
using K9

' 7FOO

decays, is at 607.2 cm from the Ks target.

• time variation of the energy scale, checked using the AKS reconstructed position
for Ks -*

7r0 7r0

decays;

4.6 Data reconstruction
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• cluster position correction: the cluster positions in x and y are corrected using
the measured Ax and Ay shifts between extrapolated tracks and clusters in IC es
events.
4.6.2 Reconstruction of the drift chamber data
The drift chamber reconstruction [60] reconstructs particle tracks from hits in the
drift chambers. It calculates the charge, momenta, and the positions and times of the
tracks hits in the drift chambers. The reconstruction is made in two stages. The first
stage uses only the wire hit information to reconstruct the tracks. The second stage
uses the drift time information to improve the resolution and to resolve any left-right
ambiguities. From the reconstructed tracks and momenta, decay vertex and track time
can be calculated.
The first step of the reconstruction algorithm is to form 'mini-tracks' between chambers 1 and 2 (before the magnet). A mini-track is formed by joining clusters of wire
hits in chambers 1 and 2 by a straight line. The mini-tracks must be consistent with
the path of a decay product from either the Ks or KL beam. The directions of these
mini-tracks are used to estimate the y-position of the track hits in chamber 4 (the
y-position can be accurately estimated at this stage as there is almost no deflection
in this direction due to the magnetic field). Chamber 3 is not used in the reconstruction (its data are useful to efficiency studies), that is why only the X and Y views are
instrumented.
Clusters of wire hits in chamber 4 are grouped together into 'spacepoints'. A spacepoint is a set of 3 or 4 clusters where the x- and y-view positions agree with the

u-

and v-view positions. If a spacepoint agrees with an estimated y-position within 4 cm,
then a 'track' is said to have been found.
In the second stage the reconstructed tracks are compared with the times of the
wire hits. This information is used to refine the cluster information into the positions
of spacepoints in each of the chambers 1, 2 and 4. A quality variable is assigned to each
track and those of poor quality are rejected. Tracks are also rejected if the reconstructed
spacepoints in the chambers are inconsistent with the wire hit information.
The track momentum is calculated using the curvature of the track trajectory and
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an accurate map of the magnetic field.
The reconstruction program also calculates the vertex position and energy of the
kaon associated to the tracks, in the hypothesis of K -* ir + ir decay. This information
is not useful for kaon decays into decay products containing elecrons. This is in particular true for the electron pair emitted in Dalitz decays because they tend to have
a small opening angle. These quantities must therefore be calculated using different
algorithms that will be described in section 5.4.3.

Chapter 5

The decay KL

> e +eYy

The importance of the study of this decay lies, as seen in chapter 2, in the background studies for the process KL -, 7rO e + e m This mode will also be a background
for Ks -> 0 e6 in the 2002 NA48 data taking. A good understanding of this decay
mode and its Monte Carlo description is therefore needed. This chapter details the
in the data taken by NA48 in 1999, along with a study of its
study of KL -* e+e77
normalisation channel KL -* e+ey .

5.1 Signal and Normalisation
-* e+ey with a hard internal bremsstrahlung
KL -* e+ e77 is in fact a decay 1<7.
(section 2.7). It is then natural to choose KL - e+C7 as normalisation channel, the
signature being the same with the exception of the number of photons. The similarity
between the two decays allows these two modes to be taken simultaneously with the
same ir0 ir0 trigger described in section 4.2, thus permitting a cancellation in the systeme + ey1
atic effects due to the trigger. The main and irreducible background to KL -4
comes from KL --' e+ ey decays followed by external bremsstrahlung of one of the
leptons in the material of the charged particle spectrometer. Another irreducible background comes from KL

where one of the pions undergoes the Dalitz decay

e +C/y, with an undetected photon. The selection requirements to keep these
backgrounds under control are described in section 5.4.

EM

The decay KL

e+e

5.2 Data samples
The data analysed in this chapter were taken during the standard 1999 Re(c'/€) running. The analysis of KL -+ e +c yy was done on data samples in SuperCOmPACT format. Various corrections were applied to the data in the program that converts the
samples from Raw to COmPACT and finally to SuperCOmPACT format. A clustering algorithm was invoked on LKr data. Energies, positions and times, for each cluster
were computed, making also use of parametrisations calculated from Monte Carlo,
KL -* ir' e + v and q samples. Sharing of energy among clusters was taken into account, and so were processes leading to energy losses (such as collection inefficiency
near the anode, accumulation of slowly drifting positive ions, hits near the beam hole
and the outer edge of the calorimeter, photon interactions before the calorimeter, etc.),
as described in section 4.6.1.
A rare decay split was produced [61] at COmPACT level applying the Level 3 trigger.
Once all the checks on COmPACT data were done, the re-calculated variables were saved
in SuperCOmPACT format, thus allowing smaller file size and faster processing.

5.3 Monte Carlo samples
Monte Carlo samples were produced using the GEANT-based NASIM generator [62].
5.3.1 The NASIM generator
A detailed description of the NA48 detector is done in NASIM in terms of media of
different densities inserted in geometric volumes. For every event, the following steps
are performed by the simulation program:
• generation of a kaon;
• simulation of the collimators;
• choice of the decay mode;
• tracking of the decay products in the detector medium;
• simulation of the response of the detector.
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The kaon generation is done by choosing a space point in the target consistent with
the measured position of the proton beam and a momentum chosen according to the
formula
[1.30 e_@ 5) / 0 +37)2O2 ) +4.35 e13/P0+351)292)]

=
dpdQ

4po

(5.1)

X [e-4 . 2+0.0053p + 0.01611

where N is the number of kaons produced per momentum p and solid angle ft po =
450 GeV/c is the momentum of the SPS protons on the target and 0 = 2.4 mrad is the
angle at which the protons are incident on the target (0 = 4.2 mrad for Ks generation).
This parametrisation is based on measurements recorded in [63] and adapted to agree
with measurements made in 1995 using the NA48 apparatus [64].
The direction and momentum of the generated kaons is used to select kaons that
pass through the collimators. The longitudinal position of the kaon decay is chosen in
accordance with an exponential distribution with the kaon lifetime as decay constant.
The particles that correspond to the chosen decay mode are created at the decay

e+ey and
vertex. The matrix elements on which the decay routines rely for Kt -*
KL

-. e+e77 have been described in section 2.7. For

KL,S —7r 0 7 0

, the decay rou-

tine is Kroll-Wada-like with the form factor described in reference [40]; the radiative
corrections were calculated using a package, PHOTOS [65], that has successfully been
tested in many processes [66, 671.
The decay products are tracked in the detector medium, where they can interact.
Photon conversion, Compton diffusion, photon emission and multiple scattering for
electrons and processes that lead to energy loss are simulated. The magnetic field in the
spectrometer is accurately mapped. The secondary particles that may be produced are
also tracked in the detector. The response of the subdetectors to the decay products is
modelled either using a parametrisation of the data, or using a GEANT simulation. The
drift times of the electrons in the chambers and the energy deposits in the calorimeter
cells are simulated with calibration constants measured from data. In particular, the
simulation of a shower in the electromagnetic calorimeter, being very time consuming,
is done with a shower library created by GEANT using a very detailed description of
all the calorimeter components. In addition, the measured inefficiencies in the drift

Ij1

The decay KL -* e+ e

chamber wires, the dead-cells in the electromagnetic calorimeter, etc., are taken into
account in the simulation.
The kaon samples considered in the analysis were generated in a fiducial volume
defined by a momentum in the range 50-200 GeV/c and a longitudinal position in the
range 400-5000 cm downstream of the Ks target position.

5.3.2 KL

-f

ee'y(y) generation

Monte Carlo samples were generated for signal and background modes. In particular,
for KL

-4 e

+ e77 and its normalisation mode KL -> e +C 7 , a generation according

to the run number was performed, so that systematic effects due to change in time of
calibration constants and dead-cells mapping in the electromagnetic calorimeter could
be minimised.
About 5 x 105 KL -*
y-y and KL — e ± e _ 7 events were generated. The sample
for KL
7r07r 0 consisted of 4 x 106 events. 6 x io Kt -+ e+cy events without radia—

tive corrections were generated to study the background for KL -* e+ey y. Two samples of 106 events each were produced for., the decays KL -4 7rev, and KL
7 ±77r0
2.2 x 106 were generated for the mode KL -* lreve 'y. To check the systematic effect
.

due to the uncertainty on the parameter UK- in the BMS form factor, two samples of
ee'y

events were generated with

ajç* = — 0.38

and OK* = — 0.22 respectively

(corresponding to a 1 a variation around the central value).

5.4 Selection criteria
5.4.1

Online selection

The online selection for both KL

-4

e+e yy

and KL - e + e7 was done by the neutral

trigger. The conditions applied were as follows:
there had to be less than 6 peaks ('y or electron clusters) in the X or Y projection;
• the total energy deposited in the electromagnetic calorimeter had to be greater
than 50 GeV;
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. the centre of gravity of the electromagnetic calorimeter clusters had to be less

than 15 cm from the KL beam line axis;
. the proper time the kaon spends in the fiducial volume had to be less than 5

The trigger efficiency for accepted KL -* e+ e

ty

iK 5

.

7 and KL - e + e7 decays was

calculated to be 99.3 ± 0.3% and 99.85 + 0.02% respectively and will be taken into
account when measuring the final acceptance.

5.4.2 Offline selection
The rare decay split was produced at COmPACT level applying the Level 3 trigger with
very loose requirements:
-. e +e7) had to he present
. at least two electrons and two photons (one for KL
in the event;
. the centre of gravity of the electromagnetic calorimeter clusters had to be less

than 10 cm from the KL beam line axis;
. the proper time the kaon spends in the fiducial volume had to be less than 8

TK3

(i.e. there is, effectively, no cut on the kaon lifetime).
C 6 as.
. the time distance between the two tracks had to be

To select Kj. -* e+ ey7 candidates, all events satisfying the trigger and with at
- e+ ey selection) and two tracks
least four electromagnetic clusters (three for the KL
making a vertex were further analysed. For each event, all possible combinations of four
(three) clusters and two tracks fulfilling basic quality requirements were considered, and
the one chosen with the best reconstructed K ° mass was chosen.

5.4.3 Determination of kinematic variables
To discriminate among all the possible combinations of clusters, it is useful to evaluate
quantities such as the centre of gravity of the electromagnetic clusters and the neutral
and charged vertices.

E&±1
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Figure 5.1: Centre of gravity distribution in simulated KL -' e + e7y .
The centre of gravity of a group of i clusters is defined to be:
cog = /( E

E1 x) 2
-2
+(E. Ey)

(5.2)

where E, x i and yj are the energy and positions of the ith cluster as computed by the
electromagnetic calorimeter reconstruction program (section 4.6.1). For a decay that
comes from the beam and has no lost energy, the centre of gravity is simply the measure
of the position the kaon would have had at the calorimeter if it had not decayed. Given
the position of the target, the defining collimators and the calorimeter, the centre of
gravity should not exceed 5 cm from the beam axis for good kaon decays, as can be
seen in figure 5.1. For background events with lost (or added) energy, the centre of
gravity will typically be larger.
Electron pairs in Dalitz decays tend to have small opening angles and the two tracks
are very close together in the first chamber. This can lead to a very large error in the
determination of the vertex using the usual closest distance of approach method. An
alternative way of calculating the z-position of the decay vertex is done constraining
the kaon mass in the determination of the so called 'neutral vertex'.
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The 'neutral vertex' of the decay can be calculated through the formula:
EE[(x1 - X3 )2

Zneutral = Z LKr

+ ( yi -

,

(5.3)

MK

where ZLJ<r is the z coordinate of the calorimeter front face with respect to the target;
the kaon
E(), xi(j) and i(i) are the energy and positions of the i(j)th cluster, and MK
mass. For electron tracks, the extrapolation from the drift chamber before the magnet
to the calorimeter surface was used in this calculation instead of the actual cluster
positions. The resolution of the neutral vertex reconstruction was determined from
simulation and is about 48 cm, as figure 5.2 shows.
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Figure 5.2: Neutral vertex resolution in simulated KL
Kaon candidates were formed from the clusters associated with the two photons
and the clusters associated with the electron tracks, assuming the longitudinal position
of the 'charged vertex',

Zcharged,

as the decay point. The z positio4 of the charged

vertex can be calculated using the constraint that the kaon decay should lie on the line
that goes from the target to the point
Ycog = (

E, Ey)/ Ej EJ.

(xcog,ycog),

where

x,og

=

and

For each track, the closest distance of approach between this
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ee-yy

line and the track can be found, giving two measurements of the z, y and z positions
which are then averaged. The two space points thus determined are then averaged to
give

Xcharged, Ycharged

and

Zchar ged.

This charged vertex can be used to calculate the K°

mass from the momenta of the particles. Its resolution is twice as big as the neutral
vertex resolution, i.e.

96 cm (figure 5.3).
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Figure 5.3: Charged vertex resolution in simulated KL - e +ey.

5.4.4 Event Quality
The first cuts to be applied to the data are 'quality cuts'. This means that the calorimeter clusters and chamber tracks for each combination have to fulfil basic requirements
intended to ensure the quality of the event reconstruction. These requirements are:
• all the cells that build up a cluster must be reconstructed. In case they are not,
the energy of the non-reconstructed cells is set to zero and the cluster can not be
used to reconstruct good events; this affects less than 0.06% of the total number
of clusters;

5.4 Selection criteria
. the duster energy must be between 3and 140 GeV. The lower limit is well above
the detector noise which is

r.

80 MeV per cluster;

to minimise systematic effects due to energy sharing among the clusters, the
minimum distance between two clusters must be at least 5 cm;
. the distance between the cluster position and the nearest calorimeter dead cell
must be at least 2 cm;
• to ensure negligible energy loss, each cluster must be more than 15 cm from
the centre of the beam pipe and more than 10 cm from the outer edge of the
calorimeter, as described in figure 5.4;
• for groups of four (three) clusters satisfying the previous requirements, the event
time was computed from the average time of the selected clusters as measured by
the electromagnetic calorimeter; all clusters had to be within ± 3 ns of the event
time;
• electron candidates were identified by requiring the cluster centres in the electromagnetic calorimeter to be within 1.5 cm of the expected position based on
extrapolation of each track from the drift chambers;
• for charged tracks, the ratio E/p of the energy measured in the calorimeter and
the momentum measured by the drift chambers was required to be between 0.9
and 1.1 for electron identification;
• to maintain the highest detector efficiency, it was required that events did not
have an overflow condition resetting the buffers of the drift chambers front-end
readout within ± 312 ns of the trigger time;
• the inomenturn of each electron candidate had to be greater than 4 GeV/c;
• the track time was calculated from drift chamber information; to reject accidental
activity in the detector, the time separation between any pair of tracks, and
between the track and its associated cluster, had to be less than 5 ns;

86

The decay KL

e+ eyy

. the electron tracks were required to be separated by at least 2 cm in the first
drift chamber. This criterion was effective in rejecting events in which a photon
converted in the material before the second drift chamber.
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Figure 5.4: Illumination of the electromagnetic calorimeter. The black line marks the
limit of the outer acceptance, the white circle marks the limit of the inner acceptance.
Furthermore, the following conditions were imposed on the events:
• to minimise trigger inefficiencies, the proper time of the event was calculated
without correcting the electron trajectories for the effect of the rnagnet,i. e. as
the neutral trigger calculates it, and required to be less than 5 i's;
. the event time had not to be consistent, within ±1.5 us, with the time from the
tagger, i.e. the event had not to originate from the Ks beam;
• as a test for any missed energy in the event, the centre of gravity of the selected
calorimeter clusters was calculated. Only events where its value was less than
4.5 cm were kept;

5.4 Selection criteria
. to suppress decays into charged hadrons, the total deposited energy in the hadron
calorimeter was required to be less than 6 GeV;
• events with hits in the muon detector consistent with the extrapolation of tracks
from the drift chambers were rejected if the muon detector time was within 4 ns
of the event time;
• to minimise the effect of the background in-time with the event, it was required
that no other cluster (i.e., not belonging to the combination considered) with
energy greater than 1.5 GeV was within ±3 ns of the event time.
. the sum of the cluster energies had to be greater than 60 GeV and less than
190 GeV;
• the minimum energy of the radiated photon in the kaon centre of mass reference frame had to be greater than 5 MeV to avoid infrared divergences in the
simulation, as seen in section 2.8.
Using Monte Carlo samples, the acceptance for KL

-

e

+e 7

and KL e+e

after all the quality cuts was calculated to be 25.6% and 36.2% respectively.

5.4.5 KL

e+C77 selection

Using the charged vertex and the momenta of the particles it is possible to reconstruct
(i.e., combinations
the K ° mass. Among all the good combinations of four clusters
fulfilling all the requirements described in the previous section), the one with the closest
mass to the nominal K ° mass was chosen. In less than 0.4% of the data events,
from
a second combination of clusters and tracks gave a K ° mass within 15 MeV/c 2
the nominal kaon mass.
The sets of four clusters selected in this way were a mixture of KL

—

e

+ e77 and

other background modes that can mimic it. The set of final selection requirements to
isolate the signal mode is described in the next section, together with a description of
the potentially dangerous decays.
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Decay mode

Kb

fraction (F/F)

-* e 1 e'y

(1.00±0.05)x

io

0

(7.41 ±0.60)x

io

—

Kb

it 0 it ° 7T

70 TO

(2.216

Kb -* ire,i
Kt
Kb

-4

±

(38.78

0.076)x io

±

0.28)

%

it±e7v7

(3.62g)x10-3

7r7C7r0

(12.55

KL

77

±

0.20)

%

(5.86±0.15)x10 4

Table 5.1: Branching ratios of the modes detected for the Kb -

e +ey7 analysis [12].

5.5 Background rejection
The decays that can generate combinations of an e+e_ and a '77 pair are listed below:
the decay KLS -.

where one

-* e ±ey

it 0

undergoes the Dalitz decay

it 0

undergoes Dalitz decay with subsequent

it °

with subsequent loss of a photon;
the decay Kb

ir°ir°4 where one

loss of three photons;
• the decay Kb

-4 e

+e - , , where one electron emits a photon by the process of

bremsstrahlung ('Yb) in the detector material, or with an accidental coincidence
of a photon in the detector;
the decay KL -* irev (Ke3) where the pion is misidentified as an electron and
with an accidental coincidence of a photon;
the decay Kb -* ire + v7 (K 37 ), where the photon can be emitted by internal
or external bremsstrahlung and the pion is misidentified as an electron;
the decay Kb -* 7r7r7r 0 where both charged pions are misidentified as electrons.
The rejection of the background coming from the K8 beam was done using the
timing information from the tagger. If the event time was compatible with the tagger
time within a ±1.5 ns window (i.e. if the event came from a proton hitting the K8
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target), the event was rejected. The number of Ks decays contaminating the final

Ki. —* e+c 77 sample was calculated to be negligible.
The requirement that the invariant e + 677 mass be within 15 GeV/c 2 of the nommass resolution) is very effective
inal K° mass (about 3 standard deviations of the K°
to reject all of the background sources listed above. In fact, the presence of extra clusters (or the loss of clusters) leads to an overestimate (or an underestimate) of the kaon
mass. This cut is not effective in the case of the loss of a particularly soft photon or
the overlap of two clusters in the KL — 7r 0 1r

decay. The small residual contribution

from such modes had to be studied using Monte Carlo simulation.
The case of Kt

7r 0 7r0 7r

is less dangerous. To simulate a

—* e+ c77 decay,

three photons would have to fall outside the detector acceptance or be merged to other

K° mass,
clusters. The reconstructed c + ey7 mass is therefore well below the nominal
as shown in figure 5.5.
Figure 5.5 also shows that the background coming from Dalitz decays of the

7f ( '

tend

to populate the region defined by the condition

mm
=
where m
sible e +ey

> 0.3,

(5.4)

and m 7 ' are, respectively, the smallest and the biggest of the two posinvariant masses that can be constructed with a photon and a e +e pair.

The optimal signal region in the plane (mee-y7, Ree y ) is delimited by a box in figure 5.5.
background can be done by calcuAnother very effective rejection of the KL — ir ° ir2
lating the invariant mass using the charged vertex information. Events for which
e + e77 candidates.
— m r o< 6 MeV/c 2 were excluded from the set of KL
More dangerous is the case when, for the process KL —* e +C 7 , the extra cluster

comes from the external b r emsstrahlung of one of the electrons in the detector ma—. e+ e7 7 decay. The
terial, in which case the event almost perfectly mimics a KL
difference between the two modes lies in the fact that the photon coming from external bremsstrahlung tends to be emitted at a small angle with respect to the electron
momentum. Using information from the first two drift chambers, it is possible to estimate the positions of the electrons at the electromagnetic calorimeter longitudinal
position as if they were not deflected by the magnetic field. The distance between
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Figure 5.5: Scatter plot of the ratio
cuts but before the KL

=

vs. m ee7 after the quality

: e+e'Y'Y selection cut. The box defines the signal region.

these positions and the clusters identified as photons can be calculated. In the case
of KL — e+e7 + yb, the minimum electron-photon distance (d67 is peaked at small
)

values. The difference between signal and background mode can be seen in figure 5.6.
Rejecting events with d67 < 1 cm eliminates 98.7% of background while keeping
71.7% of signal events. The number of remaining KL —* e±67 + 'Yb with minimum
d61 > 1 cm in the data sample was evaluated using Monte Carlo.
Background coming from KL

r7j-0

was totally rejected by the track identifi-

cation and the cut against photons coming from a

.O decay.

Ie3 and K6 37 decays were completely rejected by track identification, the require-

ment on the invariant e+e_'Y'Y mass and the timing cut against accidental activity.
Finally, to reject background from the end of the final KL collimator (situated
420 cm downstream of the position defined by the KS target), a charged vertex longitudinal position greater than 500 cm was required.
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Figure 5.6: Minimum electron-photon distance at the calorimeter for simulated KL e + e7 + 7b (solid line) and Kj. —* eC77 (dotted area). The distributions are normalised to the same number of events.
The beginning and the end of the fiducial region were determined by a requirement
on the kaon lifetime: 0 <crIers < 4.5. The end of the fiducial region was chosen after
a comparison between data and simulation showed that trigger inefficiencies start to be
severe for events with large lifetimes. The proper time of the decay, i was determined,
with respect to the end of the Ks final collimator

z 0 11

(600 cm downstream of the Ks

target), from the energy and the longitudinal position of the neutral vertex
(zneutrai —
CT =

zneu traj:

(5.5)

EKO CTS

5.6 Normalisation
In order to determine the KL flux in the beam, the decay KL

e + e7 was used for

normalisation because of its similar topology to the signal. Since both the signal and
the normalisation modes consist of 2-track events coming from the same Dalitz process,
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E

I

Figure 5.7: The signature of a KL -* e+ e _ yy or KL -. e+e 7'Yo event in the electromagnetic calorimeter. The electron tracks are bent by the magnetic field, but their
extrapolation from the drift chamber before the magnet to the calorimeter surface can
be used to calculate the minimum e — 2' distance,
uncertainties due to tracking tend to cancel in the ratio of acceptances.

5.6.1 Selection and background rejection
Selection criteria identical to those used for the signal mode were applied, with the
following exceptions: events with at least three calorimeter clusters, instead of four,
were selected and a cut on the transverse kaon momentum was added to reject

Kea

background.
Because of the smaller number of clusters associated to KL -* e±c7 events, some
of the decay modes listed in section 5.5 such as KL000J or KL
7r+7r70 were
not dangerous and could be safely neglected. KL
ir°
was still, on the contrary, a

4

potentially dangerous background, but the loss of two photons made the reconstructed
mass fall below the fiducial area around the nominal K ° mass.
The background from Ke 3 with an accidental cluster could be estimated by removing
the requirement that the photon be in-time with the two electrons. A total of 237 events
were gained in the signal region. Being their distribution flat in time, it was possible to
extrapolate the number of accidentally in-time events. This was calculated to be less
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than 30 events, therefore negligible with respect to the large number of KL —
candidates (section 5.6.2).

The background from Ke3 with external bremsstrahlung was estimated considering
the minimum electron-photon distance, calculated using information from the spectrometer before the magnet to predict the impact positions of the electrons in the
calorimeter. From simulated samples, it was founnd that such events tend to populate
the region with minimum de7 < 3 cm. After all cuts, 10 events that satisfied this
condition were found in the data. This number is fully consistent with the prediction
from the KL —> e + ey simulation. This source of background was therefore negligible.
1 evy was a more serious concern, but, again, the momentum

The decay KL

carried by the neutrino is lost and the e'e'y mass outside the fiducial limits. Fige+e
ure 5.8 shows the distribution of the invariant e +C7 mass versus the invariant
mass for KL —* 7r+et17 simulated events reconstructed in the fiducial region and before
electron-pion identification and e + ey selection. The electron-pion identification was
not performed because the simulation of the shower developement in the electromag netic calorimeter for charged pions is reliable only up to values of E/p

r'

0.8. Already

at this level, with no selection cuts applied, only five events of the generated 2.2 x 10 6
fell into the signal region, none of which fulfilled the final selection requirements. From
7F ±eTv7
the KL flux estimate, about 6.5 x 10 7 KL were expected to decay into KL :
in the fiducial region. Thus, when no E/p cut is applied, about 70 background events
were expected in the data sample, a negligible contamination if compared with the
uncertainty corning from the error on B(KL
studies on KL -

e +C7 ) (see section 5.6.2). In addition

ir ± e T v samples [68] showed that less than 3% of the charged pions

have a value of E/p > 0.8. The contamination from this mode to KL - was
therefore negligible.
Another source of background could be IL yy followed by e± e conversion of a
photon in the detector material. Due to the fact that electrons from photon conversion
have very small opening angles, the requirement that the tracks be separated by more
than 2 cm at the first drift chamber made this background negligible.
At the end of the selection, the K ° mass distribution was fitted with a gaussian.
The result was mKo = 497.68 GeV/c 2 with a resolution a = 4.47 MeV/c 2 for data and
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Figure 5.8: Distribution of the invariant ee_ mass vs. the invariant e+e7 mass for
KL

—

7r±e+vy simulation, after the quality cuts except for pion-electron identification.

The horizontal band defines the fiducial region around the nominal K ° mass.

rn1ç0

= 497.65 GeV/c2 with a resolution a = 4.40 MeV/c 2 for simulation.

5.6.2 The KL flux in 1999
After all cuts, 31500 KL -* ee'y candidates were found in the 1999 data sample, with
negligible background. From Monte Carlo studies, the acceptance was evaluated to be
eey = ( 17.56+0.10)%

and the trigger efficiency

6tr = ( 99.85+0.02)%.

The NA48 KL

flux in 1999 was calculated to be:
F

-

Nee

- €ee7 B(KL

— e+ c

= ( 1.799

)

± 0.091) x 10n) ,

(5.6)

where Neey is the number of Kj -> e+ e7 candidates and ee has been corrected for the
trigger efficiency. The main contribution to the error on the flux is the 5% uncertainty
on B(KL -* ee'y) = ( 1.0 ± 0.05) x 10 5 The Kt flux was also calculated selecting
.

the KL

mode. Its central value agreed with F at a level better than 1%.

5.7 The KL -* e+eyy branching ratio
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5.7 The KL - e + e Thyy branching ratio
Once the KL flux, via the normalisation channel, and the acceptances of all the decay
modes involved in the analysis are known, it is possible to estimate the background
to KL -* e+ e77 , and subtract it from the final data sample. The acceptance for
e+C77 was measured to be 6ee = 2.90 x 10, core+c
selected as KL
responding to 52 ± 7 expected background events. The acceptance for KL -* 1r0 7
selected as KL - e+ eyy was measured to be E,o,o = 1.7 x iO, corresponding
to 7 ± 1 expected background events. Finally, the acceptance for KL - e+ ey7 was
t
= (5.53±0.05)%. The trigger efficiency was calculated to bec r = (99.4±0.3) 97o.
After all cuts, 663 KL -* ceyy candidates were found in the 1999 data sample.
After background subtraction, this number reduced to = 604±27. The branching
ratio, with its statistical error only, is

B(KL

ee77, E > 5 MeV) =
Nee c e e7 B(KL
ee7) = (6.10 ± 0.28) x iO,

(5.7)

Neey ceeyy

where Nee

is the number of events in the normalisation channel and the acceptance

has been corrected for the trigger efficiency.

5.8 Data-Monte Carlo comparison
Before proceeding to do thorough systematic checks, a first estimate on the size of
systematic uncertainties can be gauged by looking at relevant distributions for data
and Monte Carlo.
5.8.1 Comparison for KL - e+C7
To produce the plots in figure 5.9 to 5.18, detailing the agreement data-Monte Carlo for
the KL -. e+ey analysis, the Monte Carlo distributions (only from the KL -*
simulated sample) were normalised to the total number of events from data.
Figure 5.9 shows the invariant e+ ey mass after all cuts; in figure 5.10, the trans± e Tv was
verse momentum after all cuts shows how the background from KL
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Figure 5.9: Invariant e+ cy mass distributions for data (triangles) and simulation (solid
line) selected as KL

eey and after all cuts.

completely eliminated.
Figure 5.12 shows a comparison between the real and simulated kaon energies; in
figure 5.11, the m ee distribution shows how the Kroll-Wada/BMS model used in the
decay routine correctly reproduces the experimental data.
Figure 5.13 shows the agreement for the charged vertex longitudinal position; in
figure 5.14 it can be seen that the corresponding agreement for the neutral vertex
distributions.
In figure 5.15, real and simulated proper lifetime distributions are plotted. 'iligger
inefficiencies are not simulated, hence the good agreement between data and simulation shows that they start to be important only after

7/r8

= 5. In figure 5.16, the

distributions for the electron momenta are plotted.
In figure 5.17, the distance between the two tracks at the first drift chamber is
plotted. Finally, in figure 5.18, the minimum distance between the photon and the
electrons estimated as if the charged particles were not deflected by the magnetic field
are shown. This last variable, like the e+e invariant mass, strongly depends on the
model chosen to simulate the events.
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Figure 5.10: Transverse momentum distributions for data (triangles) and simulation
(solid line) selected as KL - e+c7.
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Figure 5.13: Charged vertex distributions for data (triangles) and simulation (solid
line) selected as KL -* e+e7.
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Figure 5.14: Neutral vertex distributions for data (triangles) and simulation (solid line)
selected as
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Figure 5.15: Proper lifetime distributions for data (triangles) and simulation (solid line)
selected as KL —> e+e7.
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5.8.2 Comparison for KL —*
The comparison data-Monte Carlo for KL - e+efl is more difficult with respect to

- e + ey 7 candidates remain in the data samKL - e +r 7 . After all cuts, 663 KL
ple, 59 of which come from irreducible background modes. To compare the various
distributions, the measurement of the KL flux calculated in section 5.6.2 and the acceptances for the background modes selected as KL —* e± e77 from Monte Carlo were
used according to the equations:

Nee7 = FB(KL
where Nee-y and No

c+ e 7) ce7 ,

Noo

= FB(KL

are, respectively, the number of KL

°

(5.8)

) coo,

- e+ e7 and KL

-

7r 0 7T

0

events plotted in the figures that show the data-Monte Carlo agreement. The simulated
- e + e 7, KL -' e +e7 and
distributions consist of a sum of the three modes KL
-4

7TIt7J.

Figures 5.19 to 5.26 show the agreement between data and simulation for the relevant kinematic variables. The distributions, also because of lack of statistics, show
discrepancies that had to be better investigated. The outcome of the systematic checks
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is detailed in section 5.9.
Figure 5.19 shows the distribution of the &1 e-y-y invariant mass before the K°
mass cut. It can be seen that the simulation well reproduces the behaviour of signal
and background modes and confirms that only Kt -* e +ey and KL

-4

represent

a significant background for Kt -* e+ cyy .
The same can be said for figure 5.20, that shows the distribution of the minimum
distance between photons and electrons before the minimum de7 cut.
Figures 5.21 to 5.26 show the agreement data-simulation for energy, invariant e +e
mass, vertex, proper lifetime and track momenta distributions.
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Figure 5.19: m 677 distributions for data (triangles) and simulation (solid line) selected
as KL — e+ eyy . Background sources were taken into account in the simulation.
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Figure 5.20: Minimum dg7 for data (triangles) and KL —*

Monte Carlo (solid line).
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Figure 5.21: Total energy distributions for data (triangles) and simulation (solid line)
selected as KL -* e+e 'yy. Background sources were taken into account in the simulation.
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Figure 5.22: Invariant e 1 e mass distributions for data (triangles) and simulation (solid
line) selected as KL -. e +e77. Background sources were taken into account in the
simulation.
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Figure 5.23: Charged vertex distributions for data (triangles) and simulation (solid
line) selected as KL — e+ey7. Background sources were taken into account in the
simulation.
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Figure 5.24: Neutral vertex distributions for data (triangles) and simulation (solid
line) selected as KL —> e +C yy . Background sources were taken into account in the
simulation.
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Figure 5.25: Proper lifetime distributions for data (triangles) and simulation (solid
line) selected as KL
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Figure 5.26: Electron momenta distributions for data (triangles) and simulation (solid
line) selected as KL , e + e77 . Background sources were taken into account in the
simulation.
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5.9 Systematic checks
Systematic uncertainties due to the differences between data and simulation were calculated by checking the variation in the KL -* eey y branching ratio when the selection
requirements were varied in a certain range. The cut around the K ° mass was varied between 8 and 22 MeV/c 2 , the minimum e - 'y distance between 0.8 and 1.5 cm,
the minimum e+ey 7 energy between 50 and 90 GeV. The E/p cut width was varied
between 0.04 and 0.14 around 1, the centre of gravity between 3.5 and 5.5 cm, the maximurn cY/cTs between 4 and 6, the track separation at the first drift chamber between
0.4 and 1.4 cm, the minimum track momentum between 3 and 5.5 GeV/c. Finally, the
minimum energy of a cluster in the electromagnetic calorimeter was varied between
2.25 and 3.75 GeV and the minimum distance of a cluster from the centre of the beam
hole between 14 and 16 cm. These variations are summarised in table 5.2.
The plots showing the stability of the branching ratio with respect to the cut variations are in figure 5.27 to 5.34. The width of the vertical axis corresponds to a +10%
variation of the branching ratio. It êan be seen in figure 5.32 that the neutral trigger

Range

Source
-

mo1

min e — 7 distance
mm

&e77 energy
E/p

-

COG

S

22 MeV/c 2

-

0.8
50

90 GeV

-

0.04
3.5

-

min

PG

min E.I.
min rLKr

-

0.14

5.5 cm

4- 6

cr/ers
separ. at DCFI1

1.5 cm

-

0.4
3.0

-

2.25
14

-

1.4 cm

5.5 0eV/c
3.75 GeV

-

-

16 cm

Table 5.2: Variation of the cut for the determination of systematic uncertainties in the
c + e77 analysis.
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inefficiency starts to show at large r/g, thus justifying the requirement r/-rs < 4.5.
The final systematic uncertainties from cut variation can be found in table 5.3. All
the variations are rather small, ±1.1% at most. The overall systematic uncertainty from
cut variations is ±2.8%, corresponding to a ±0.18 x

io

change in the KL -*

branching ratio.
Another check was done by varying the parameter aj* in the Monte Carlo decay
routine by ±1 a. Its effect is a±0.18 x

io

change in the KL -*

branching

ratio.
Finally, the systematic uncertainty due to the knowledge of the KL - ce7
branching ratio was calculated to be ±0.30 x iO.
Source
eey7 mass

Syst. uncert. (x10 7 ) %
0.07

1.1

'y distance

0.07

1.1

eeyy energy

0.08

1.3

E/p

0.04

0.7

COG

0.02

0.3

cr/crs

0.05

0.8

separ. at DCH1

0.02

0.3

0.07

1.1

mm

0.07

1.1

min VLKr

0.03

0.5

Total

0.18

2.8

min e
mm

-

Mill

P,

Table 5.3: Systematic uncertainties for B(KL - e + e yy) from cut variation
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Figure 5.27: B(KL —* e+e y7) vs. width of the signal region around the
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Figure 5.28: B(KL —* e+e 17) vs. minimum kaon energy

110

The decay

KL -+

ee

-6

x 10
0.66

0.64

0.62

0.6

0.58

0.56
.5

0.9

1

1.1

1.2

1.3

1.4
1.5
min(d) [cm]

Figure 5.29: B(KL -* &e'y-y) vs. cut on the minimum e - 'y distance.
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Figure 5.31: B(KL —* e +e77)
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Figure 5.32: B(KL —> e +e_yf) vs. cut on the -r/taus
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Figure 5.33: B(KL -* cC'y7) vs. cut on the separation at the first drift chamber.

x 10

.6

0.68

0.66

0.64

0.62

0.6

0.58

0.56

3

3.5

4

4.5
5
5.5
Track Mom cut [GeV/c]

Figure 5.34: B(KL -* e+ c _ yy ) vs. cut on the minimum lepton momentum.
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Figure 5.36: B(KL pipe axis.

e+e 77) vs. cut on the minimum cluster distance from the beam

114

The decay KL —* e + eyy

5.10 Results
After all selection requirements and background subtraction, 604 + 27 KL —* e + cyy
and 31500+ 177 KL —* eey candidates were selected in the 1999 data sample. Their
acceptances, corrected for trigger inefficiencies, were 5.53 ± 0.05% and 17.56 + 0.10%
respectively. Including the systematic uncertainties calculated in section 5.9, this corresponds to a branching ratio for KL —*

B(KL

ee-y-y, E > 5 MeV) =
(5.9)
(6.10 ± 028Stat ± 02

s y st

+ 0.30norm ) x

where the systematic uncertainties coming from the selection requirement and aK*
variation were merged together.
This result is consistent with the one obtained from data collected by NA48 in 1997
and 1998 [69]:

B(KL — ce-y-y, E > 5 MeV) =
(5.10)
(6.32 + 031 stat ± 02 0syst ± 0.29 norm ) x

io.

It can also be compared to the latest KTeV result [70]:
B(KL

ee7, E > 5 MeV) = (5.84 ± °•'5stat ±

x i0 7

.

( 5.11)

Chapter 6

Search for

Ks

) lr Oe+e

The interest of the study of Ks -* 7r 0 e+e— has already been described in section 2.6. In
this chapter the analysis that led to a new limit for the branching ratio B(Ks -* °ee)
will be described in detail.

6.1 Signal and Normalisation

Given the extremely short lifetime of the neutral pion, the signature of Ks - ir O e + c
decays consists of an electron-positron pair and two photons with an invariant mass,
m 77 , equal to the 7ro mass. The decay K5

the Dalitz decay ir°e+e7 (Ks

with either of the ir°'s undergoing

iiO4 in the following), has a similar signature,

the only difference being the extra photon coming from the Dalitz 70 In the following
sections various strategies will be presented to discriminate the signal from this kind
of background.
Because of its large branching ratio (see table 6.1), Kg - 7r 0 7

is the most im-

portant background to Kg -* °ee at the sensitivity level allowed by the size of the
data sample, but it can also be used as normalisation channel. The way this decay can
mimic the signal is described below:

Search for KS - nOe+e
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Ks

L

'7 (unseen) e+e_jboth seen)
77(bOh seen)

The similarity between Kg -+ ir°er and Kg -* 7r0 7r allows these two modes to
be taken simultaneously with the same Dalitz trigger described in section 4.3, thus
allowing a cancellation in the systematic effects due to the trigger.

6.2 Data samples
The data used for the analysis of Kg -* 7r 0 e+c were taken at the end of the 1999 run,
in the conditions described in section 3.2.3. A total of 10000 bursts were written on
disk, each burst containing about 4000 Dalitz triggers. About 80% of the data were
collected with no downscaling, and the rest with a dowuscaling factor of two (i.e. only
one event every two was saved on disk, to reduce the global trigger rate).
To reduce disk space occupancy, the data sample was filtered and only certain
decays modes were kept, such as Kg -* 7r0 7r, Kg

Decay mode
Kg

I

Ks
Kg
KL

—

7r0 ce
7r°

i

0

+

e+e and others.

fraction (F/F)
5.2 x10 9 (Th.)
(7.43

ce'y-y
ee77

77 Jg —

±

0.21) x10 3

1xl0 9 (Th.)
(6.9

± 1.0) x10

7

Kg -* irir9

(4.5±0.2)x 10 5

Kg -* 77

(2.58±0.42)x 10 -6

KL -477

(5.86±0.15)x10 4

Table 6.1: Branching ratios of the interesting modes in the Kg -*

0 ce analysis 12].
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6.3 Monte Carlo samples
Montecarlo generation has been described in section 5.3. A total of 5x10 5 Ks
events were generated with the matrix element described in section 2.6 in a MC fiducial
volume defined by a total kaon energy between 50 and 200 GeV and decay vertex between 400 and 4500 cm, somewhat larger than the final volume chosen for the analysis.
This number of events is sufficient to know the signal acceptance with a very small
statistical error, compared to its systematic uncertainty. Two other samples of the
same size were generated with a ratio bs/ag = 0.2 and bs/as = 0.6 (see equations 2.46
and 2.47 and the comments at the end of section 2.6.2) to determine the systematic
error due to the uncertainty on the model.
To keep the prolific K5 -f 7r0 ir background under control, a very large sample of
this mode had to be generated. As will be evident from the acceptance calculation in
table 6.2, a sample of 6 x 10 7 Ks

-

7r0 7r decays had to be generated in order to keep

the expected background after all cuts below 0.15 events.
0
Another important background is Ks -* irir where both pions undergo Dalitz
decay. In this case a pair of electrons is unseen and the two photons happen to have
105 such events were generated in the MC
an invariant mass close to the 7r 0 mass. 6 x
fiducial volume.
The backgrounds from KS,L -+ e+ ey7 that have the same final state as Ks were also considered. Small samples were generated, given the size of the
branching ratios. No event passed the selection cuts, thus ensuring a complete rejection
of this background.
Finally, 3 x 10

K5 -* 7r0 7r0 decays were simulated. Such events, when a photon

converts in the scintillators of the AKS, can perfectly mimic a Ks ..
are consequently a possible background to Ks -* e+e.

07

0

decay and
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6.4 Selection criteria
6.4.1 Online Selection
The online selection for both K5 -*

e±e and Ks - ir°4 is done by the Dalitz

trigger. The trigger is described in section 4.3. The conditions applied are as follows:
• there must be less than 7 peaks ('y or electron clusters) in the X or

Y projection;

• the total energy deposited in the electromagnetic calorimeter must be greater
than 50 GeV;
• the centre of gravity of the electromagnetic calorimeter clusters must be less than
15 cm from the beampipe axis;
• the proper time the kaon spends in the fiducial volume must he less than 5

nc5;

• a minimum of one track had to be reconstructed online using the hit multiplicity
in the first drift chamber
The trigger efficiency for accepted K5 -* lr O e +e and K5 -. 7r 0 7r decays was calculated from simulation to be 98.3% and 99.7% respectively. For the latter decay, the
efficiency was also directly measured from data and found to be fully consistent with
the estimates. The trigger efficiency will be taken into account when measuring the
final acceptance for the two modes.

6.5 Offline Selection
The search for Ks -*

was done on data samples in COmPACT format. A descrip-

tion of the correction applied to the raw data to produce COmPACT samples can be found
in section 4.6.1.
To select Ks -*

e+e _ candidates, all the events satisfying the Dalitz trigger and

with at least four electromagnetic clusters (five for the Kg

7r0 7r selection) and two

tracks making a vertex were further analysed. For each event, all possible combinations of four (five) clusters and two tracks fulfilling basic quality requirements were
considered, and the best one chosen.
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The variables used to determine the event quality are the same as the ones described
in section 5.4.3.

6.5.1 Event Quality
The first cuts to be applied to the data are 'quality cuts'. This means that the calorimeter clusters and chamber tracks for each combination have to fulfil basic requirements
intended to ensure the quality of the event reconstruction.
The decay K5 -* lrO e + e has the same signature of a KL - e+C 77 decay (an
electron-positron pair and two photons). The event quality requirement are therefore
essentially the same as the ones described in section 5.4.4, with some differences:
. the data being analysed here come from a dedicated high intensity K5-only run,
so there was no need to use the tagger to distinguish the beamline an event came
from;
• along the Kg beamline, in the 1999 run, only part of the anti-Ks detector was
removed, i.e. the crystal converter, but the plastic scintillators remained in place.
To avoid background coming from conversions in the scintillators, the longitudinal
position of the downstream scintillator was chosen as beginning of the fiducial
region. This was achieved by requiring an anti-coincidence between the event
time and the AKS time;
• the maximum energy of a cluster in the electromagnetic calorimeter had to be
less than 100 GeV;
• the centre of gravity of the selected calorimeter clusters had to be less than 10 cm.

6.5.2

K5 - n Oe+e Selection and Background Rejection

Using the charged vertex and the momenta of the particles it is possible to reconstruct
the

it °

and Ks masses. Among all the good combinations of four clusters (i.e., combi-

nations fulfilling all the requirements mentioned in the previous section), the one with
the closest yy mass to the nominal

7t 0

mass and then the closest e+eyy mass to the

nominal Ks mass was chosen. From Monte Carlo it was possible to determine that

Search for Ks —*
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e+ e

only in less than 0.1% of the events a second set of clusters and track had a combination of K° and 1r0 masses very close to the nominal masses(within 10 MeV/c 2 and
3 MeV/c2 respectively). Candidate 7r 0 's were formed from the pair of clusters in the
electromagnetic calorimeter with no associated tracks.
To reject a large fraction of the background, the invariant e+e77 mass was required
to be within 10 MeV/c 2 of the nominal K8 mass, equivalent to about 2 standard
deviations of the K8 mass resolution. In addition, the invariant yy mass was required
to be within 3 MeV/c 2 of the nominal 7r 0 mass, corresponding to about 3 standard
deviations of the 7r 0 mass resolution.
The end of the fiducial volume, to minimise the inefficiencies that may come from
the Dalitz trigger, was defined as 4'r8. The proper time of the decay, r, was determined
from the energy and the longitudinal position of the neutral vertex

Zne,jtral

according

to equation 4.6.
A potentially severe background mode is the decay K5 —* ir7 ir where both 7r 0 's
undergo Dalitz decays and one electron and one positron from different ir°'s are lost:
K5

.'

0 0
7F 7r

'yi (seen) e+e- (one of which unseen)
e+e_
(one of which unseen)
Y2 (seen)

To reject events from this decay, the invariant masses m e +71 , m e - 72 and
of electron-photon pairs were calculated using the charged vertex. For each pair
it was required that at least one combination had

Im€7

— mo [

> 30 MeV/c 2 . This

cut rejected the bulk of this background, while retaining virtually full acceptance for
the signal. The distribution of m+71 versus for K5 —* rroe+e and K5

~

7r 0 7r 0

decays are shown in figure 6.1.
The main background to K5 —* ¶0 &c decays was found to be K5 — ii-°4 with
one lost photon. The invariant mass of the electron-positron pair can not exceed
mo = 135 MeV/c 2 . However, interactions in the detector give a finite momentum
resolution, and the misreconstruction of the two tracks partially results in some of
these Kg —* ir°ir 0 events, that happen to have a large

m e +e_,

being reconstructed with
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Figure 6.1: Invariant mass distribution of one e'y pair versus the invariant mass of
the other pair. Shown are K5 - lrO c +C simulation (left), and K5 - lr ° 719, simulation
(right). The boxes represent the veto cut around the pion mass. Each event generates
two entries in each plot.
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Figure 6.2: Reconstructed invariant mass distribution of the e +e pair after m e7 cut
for simulation (solid line) and data (triangles) selected as K5 -> iro e + e . No events
are left above 0.15 MeV/c2.
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me+ e

-* lrOe+e

- above the kinematic limit. Another event topology is when the photon coming

from the 1r0 that decays Dalitz converts into an asymmetric pair of electrons, and the
ee

pair from the Dalitz conversion is also asymmetric. In this case, if an electron

and a positron from different pairs are particularly soft (below the 3 GeV calorimeter
offline requirement), they may not be reconstructed and the invariant e±C mass be
calculated using electrons from different pairs, being therefore very close to the
Again, resolution effects can lead to a reconstructed

me+ e

70

mass.

_ above the kinematic limit:

¶0

mffo

}
e (unseen)

Ks
ly

N / }
N

6+

c (unseen)

To reject this background a sample of 3 x 10 7 Kg - rr°4 decays was produced
and studied. No event was found with

me+e-

greater than 165 MeV/c 2 , and this cut

was applied to the data (figure 6.2). Less than 0.15 events were expected to remain in
the data sample.
Other Ks and I-CL decays that may fake Ks -*

ec decays have also been con-

sidered and simulated. The contribution to the background from the decays KLS —
c + 6yy , where the invariant 77 mass falls into the 7r0 mass window, and from the
decays Ks -

ThD' where a ir0 undergoes double Dalitz decay (7rD - e + e _ e± e _)

with one lost electron and one lost positron, were found to be negligible without the addition of any further cuts. The contribution from Kt . lr +lrlrO with two misidentified
charged pions was also found to be negligible.
Another important source of background is Kg — ° ir° where one of the photons
converted in the AKS material. In normal conditions, the AKS is fully efficient and
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a

Events

Expected background

(%)

from data

from MC

15.9

472

446

15.7

457

427

< 3 MeV/c2

15.3

23

23

>30MeV/c 2

14.6

23

23

7.6

0

<0.15

Requirement

< 10 MeV/c 2

ImeeI

r

-

< 4'rs

m,oI

m,+,-

< 165 MeV/c 2

Table 6.2: Summary of the requirements applied. The acceptances are evaluated for
simulated Ks - 7r 0 ee

events.

The number of events is from the data. The expected

background takes into account the contribution from the relevant sources, such as

Ks - ir°

4

K5 -* and K5 -. 7r°7t0 , using the evaluated acceptances for these

channels and the estimated kaon flux. The background estimate is entirely limited by
simulation statistics.

an anticoincidence between the AKS time and the event time is enough to veto any
conversion occurring in the scintillators. During the 1999 high intensity run, the software deadtime caused an average inefficiency of about 10%. This means that 10% of
the K5

K5

> 7Oi.O

-f 7r 0 7r

in which there was a conversion in the scintillators and 10% of the

decays occurring before the AKS were not vetoed and contributed to the

background. However, this background was found to be negligible after all the requirements imposed to select Ks -. ira e + e - events.
The geometrical acceptance for K5 -* IT O C + e decays has been calculated to be
31%, while the overall acceptance after all requirements to be 7.6%. The sensitivity
to the exact form of W(z) was estimated by varying l/r?, in equation 2.47 between
0.2 and 0.6, as described in section 2.6.2; the overall acceptance changed from 7.2% to
7.9%.
The trigger efficiency for accepted K8

-

0 e+ e

has been calculated from simu-

lation to be 98.3%. The overall acceptance for K5 -*

0 c + e was thus reduced from

7.6% to 7.5%.
Table 6.2 shows the acceptances, with the number of events and the expected back-
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Figure 6.3: Distribution of generated invariant mass of the

e+c pair for simu-

lated K -* ir O e +e events (left) and acceptance for K -* 7r cc as a function of
m e +e ._ (right). The absolute normalisation in (left) is arbitrary.
ground at different stages of the selection. The distributions of the generated m+invariant mass, and the relative acceptance for Kg ->

e + e _ decays are shown in fig-

ure 6.3. The distribution of reconstructed m+€ _ after Out is shown in figure 6.2.
After applying all requirements, no Kg -* iroc+e— candidate remained in the data
sample.

6.6 Normalisation
In order to determine the Kg flux in the beam, the decay Kg -. 7r07r 0 was used for
normalisation because of its similar topology to the signal. Since both the signal and
the normalisation modes consist of 2-track events, uncertainties due to tracking tend
to cancel in the ratio of acceptances.
Selection criteria identical to those used in the signal mode were applied, with the
following exceptions: events with at least five calorimeter clusters, instead of four, were
selected; no cut was applied to the invariant mass of the e'e pair and of the e-y pair.
To select ir° candidates the neutral vertex was assumed to be the decay point. A

x2 -like

variable, R e nipse , was defined as follows:
Rellipse

-1

[((mfl + me +e - 7 )/2 - rno

2+

(( m7 - m+ 0

a-

_7 )/2 \ 21
jj

(6.1)
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Figure 6.4: Reconstructed invariant mass distribution of the e & pair for simulation
(solid line) and data (triangles) selected as Ks

7i• 0 7t.

The simulation curve has been

normalised to data.
e + e7 combinations;
where m 7 and m,+,--y are the invariant masses of the yy and
are the resolutions for the mass sum and difference, measured from the data and
parametrised as a function of the lowest photon energy. This x 2 -like variable tests
the agreement between the invariant masses of possible photon pairs and the

7r 0

Although m- and m,+,-,Y are correlated because of the constraint of mj in the

mass.

Zn€ntral

definition, the sum and difference rn + m,+,-,y and m77 — me + e -, are, to a good
approximation, uncorrelated.
To reject the events where non-Gaussian tails in the energy resolution became more
relevant, the requirement R enip se < 3 was applied. This corresponds to a ".' oo cut
around the

7t 0

mass, where a,o 1 MeV/c 2 . In the present case, this can be inferred by

the invariant masses m

and m e + e --y which are both, in data and simulation, measured

to be '-' 1 MeV/c 2 , as shown by figures 6.6, 6.7 and 6.8, 6.9.
Simulation showed that about 370 of the reconstructed Ks

—f

7r

o

70

decays came

from Ks decaying before the AKS counter and not vetoed because of the detector's
deadtime, as described in section 6.5.2. Similarly, about 1340 K5 —*

7r 0 7r 0

decays
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Figure 6.5: Distribution of Rc iij pse for simulation (solid line) and data (triangles) selected as K5 -* 7r 0 ir. The simulation curve has been normalised to data. The cut
applied is shown.
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.

where a photon converted in the AKS during veto dead-time were reconstructed as
K5

+ 7r0 792 .

Another possible source of background came from K5

: 7r

o 7ro

decays

where a photon converted at the end of the AKS counter. Conversions occurring in the
last r.0.75 mm of the downstream scintillator gave signals below the detection threshold and such conversions were therefore not vetoed. The number of such decays was
estimated to give a negligible contribution to the background.
The background from K5 —*

with one missing e +e— pair was studied using

simulation and found to be negligible.
Other possible sources of background were considered, in particular those from
KL decays. K5 and KL mesons were produced in the target with the ratio 1:1, but

the large KL lifetime considerably reduced the background from KL decays. From
r and a rejection factor of 0.5 x 10 6
simulation, a rejection factor of 106 for KL —*
for KL —,

were obtained, thus the background from these channels was also

negligible.
The selection acceptance was 4.4%, determined from simulation where radiative
corrections [65] and trigger inefficiency were taken into account. The trigger efficiency,
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in particular, was calculated from simulation to be 99.7% for K5

o

It was also

directly measured from data and found to be fully consistent with the estimates.
Using the cuts described above, 77310 Ks

O

4

decays remained after back-

ground subtraction. The distributions of m e +e _ and 11ellipse for Ks

7r 0 7r9 from data

and from simulation are shown in figures 6.4 and 6.5. These distributions have been
corrected to take into account all background sources.
Using the branching ratio B(Ks -> 7r° 7)=(7.43 + 0.19) x 10

[12], the selected

K5 -* 7r0 7r 0 decays corresponded to a flux of K5 in the fiducial volume of 2.36 x
105 . The total K5 flux was calculated to be 2.80 x 10 8 after taking into account the
downscaling in the trigger for about 20% of the data.

6.7 Systematic checks
Various sources of systematic uncertainties were found and studied in the present analysis. The stability of the K5 flux against variations of the selection cuts was considered.
In figure 6.12 the variation of the K5 flux as calculated from the number of K5 -*
decays is shown as a function of the width of the cut, in MeV/c 2 , around the nominal
K5 mass. The systematic error that can conservatively be calculated as the half of
the total variation in the considered range, is less than 1.5%. Figures 6.13 and 6.14
indicate that no significant systematic uncertainties come from the cr and centre of
gravity distributions. Figure 6.16 shows that the cut on Rellipse was performed in a
region where the flux is constant. The reason for the falling distribution at low values
of Rcuipse is due to resolution differences in the yy and c±ey invariant masses between
data and simulation. The cut at Rellip,, = 3 ensured that the effects of this discrepancy
were negligible.
The variation of the signal acceptance relative to a change in the form factor parameters described in equation 2.47 was also considered. The values 1/r 2 = 0.2 and
I/r2 = 0.6 gave a value for the
KL -*

e + e _ acceptance of 7.1% and 7.9%, respec-

tively, corresponding to a systematic uncertainty on the branching ratio of about 5.3%.
The best way to take into account the systematic uncertainties when calculating
the upper limit of a branching ratio is described in [71]. The correction to apply to the
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limit is given by:
2
0
______________
e
e)=
AB(Ks—*lr
(Ks flux) aff o e+ e where a is the systematic uncertainty on the product (Ks flux)
fl

lA

(6)
a,0,+€-,

and

a,o e + e -

is the signal acceptance. With a 7% overall uncertainty, the size of this correction is
less than 1% and has therefore a negligible effect on the final result.
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6.8 Results
No event satisfying all the Kg —* irOe+e
was calculated to be

O,+,_

requirements was seen. The signal acceptance

= 7.5%, assuming the matrix element W(z) cc 1 + z/r? =

1 + z/2.5 as described in section 2.6.1. Using the Kg flux of 2.36 x 108 calculated
from the analysis of Kg —* 7ro7roD and a value Nn o e + e _ = 2.44 for the number of events,
corresponding to a confidence level of 90% when no events are seen [12], an upper limit
was found for the branching ratio of the decay Kg — lrOe+e_:
B(Kg

e+e_) =

No+€_
< 1.4 x
(Kg flux) fl,i.Oe+e_

io- ,

( 6.3)

corresponding (equation 2.49) to an upper limit Iagl < 5.2
This result is almost a factor of ten better than the one published by the NA31
collaboration [721, but does not yet constrain usefully the parameter as.
It has to be stressed, though, that this is the result of a two-day special run. About
100 days of data taking are planned by NA48 in 2002, with an intense Kg beam
as described in section 3.2.3. A much more useful constraint on the KL —*

e± e

branching ratio or even the first detection of this mode will therefore be the outcome
of the data analysis.
Using equation 2.50, under the assumption

'%Y'P

1, an upper limit for the CP

conserving contribution to the KL —* irDe+c branching ratio can be calculated:
B(KL —4 ° & e)p <4.4 x 1010.

(6.4)

This result is consistent with the one that can be derived from the recently published
limit B(KL > ir°ce) < 5.1 x 10 10 [73].
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