Ph. D Thesis in Physics
presented for the titles of:

DOTTORE DI RICERCA
UNIVERSITA DEGLI STUDI DI TORINO
XIX CYCLE

Settore scientifico-disciplinare FIS/04: Fisica Nucleare e Subnucleare

GRADE de DOCTEUR EN SCIENCES DE
L’UNIVERSITE PARIS XI- ORSAY

By

Silvia Goy Loépez

Study of the K= — 7*7n'y decays at the
NA48/2 experiment at the CERN SPS.

Defended December 19th 2006 with jury:

Bloch-Devaux (french supervisor)
Cester (external referee)
Marchetto (italian supervisor)
Menichetti (president of the jury)
Pich (external referee)
Stocchi

T



i

Introduction and Overview

Study of the K= — 7= 7Yy decays at the NA48/2
experiment at the CERN SPS.

Goy Lopez, Silvia
Ph. D in Physics
Italian supervisor: Dr. Flavio Marchetto
French supervisor: Dr. Brigitte Bloch-Deveaux

December 2006

The K* — 7*7%y channel is amongst the most interesting rare charged
kaon decays. First, it provides information on some chiral perturbation theory
(ChPT) constants; second, it is one of the most sensitive channels for studying
the chiral anomaly in the non-leptonic sector and third, it is also sensitive to
possible non-Standard Model effects.

Two amplitudes contribute to the K* — 7¥7% decay. The dominant comes
from Inner Bremsstrahlung (IB) in the K* — 7%70 process. The second is given
by the Direct Emission (DE) of the photon at the weak vertex from an interme-
diate state of the decay.

Taking into account parity non-conservation in the weak decay processes, the
simplest radiative transitions are electric dipole (E1) and magnetic dipole (M1)
The magnetic transition enters at O(p*) in chiral perturbation theory, and it is
related to the chiral anomaly.

The electric transition may arise at O(p*) in ChPT, but it cannot be completely

predicted in this framework. Electric amplitudes can interfere with IB, and CP
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violation and possible non-SM effects can show up in the corresponding interfer-
ence term.

The inner bremsstrahlung amplitude enters at O(p?) in ChPT, but it is
suppressed by the AI = 1/2 rule, so DE amplitudes are relatively enhanced in
K* — 7n%7% decays in comparison to other channels in which suppresions are
not present.

The NA48/2 experiment has collected a large sample of K* — 7¥7% decays,
providing a unique opportunity of precisely studying this channel.

In this work a subsample of the 2003 NA48/2 data has been analyzed. The main
results presented are the relative amounts of Direct Emission and Interference
with respect to the Inner Bremsstrahlung component.

The outline of the document is the following:

In the first chapter a theoretical introduction to the K* — %70y decay is given.
In the second, the methods used for extracting the physical results (Maximum
Likelihood and Shape Methods) are described. The present experimental status
is also summarized.

The third chapter focuses on the description of the NA48/2 experiment. The
main characteristics of the beam line are explained and the different components
of the central detector (the magnetic spectrometer, electromagnetic calorimeter,
etc) and the Trigger System are described in detail.

Chapter four gives more information about the Trigger and Data Taking condi-
tions during the 2003 and 2004 NA48/2 runs.

The event selection of K* — n*n%y events is described in chapter five. The
cuts used are listed and the reasons for including each of them in the analysis
are specified. The final number of events used for the extraction of the DE and
INT components is ~ 120 103, which is more than five times larger than that of
previous experiments.

In chapter six the level one (L1) and two (L2) trigger efficiencies are calculated
for signal events. Trigger-related corrections to be implemented in the Monte
Carlo simulation have been computed as well.

The Monte Carlo (MC) simulation of the NA48 experiment in general and of the
K* — 7%7% decay in particular is explained in the seventh chapter. Different
samples of simulated events have been produced on a run by run basis indepen-
dently for IB, DE and INT. Results obtained from the analysis of these samples
are reported.

Chapter eigth describes the potential background sources to K+ — 7570y de-

cays. Samples have been generated using Monte CArlo techniques in order to
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study the rejection procedure and its performance. Accidental background has
also been studied. With the current selection the total background has been
estimated to be less than 1% of the expected DE contribution.

Final results and conclusions are given in chapter nine.
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Chapter 1

Theoretical Introduction

1.1  Processes Contributing to the K= — n5n%y

Decay.

The K* — 7%7% can proceed via two possible mechanisms: Inner Brems
strahlung (IB), where the photon is radiated off from the charged mesons and
Direct Emission (DE), where the photon is emitted at the weak vertex from an
intermediate state of the decay. Diagrams for these two processes are shown in
Fig. 1.1.

4 Y
4 5
rt Tt m
+
K+ TTO K+ o K e

(a) (b)

Figure 1.1: Diagrams describing the Inner Bremsstrahlung (a) and Direct Emis-
sion (b) processes in K* — 770y

1.1.1 Inner Bremsstrahlung .

In the inner bremsstrahlung process, either the charged kaon K+ or the

* emits a photon. Classically, this radiation can be attributed to

charged pion 7
a sudden change in the charge when the charged pion is created and leaves. Inner

Bremsstrahlung necessarily exists as a consequence of the decay K* — 7% 7% and



its contribution can be directly calculated using standard QED techniques once
the amplitude of K* — 7%7% is known [1, 2].

Let us consider the case when the bremsstrahlung photon is emitted by the
charged pion. In this situation, first the kaon decays through K* — 7%7%. As
the kaon spin is zero and due to conservation of total angular momentum, the
two pions must be in a zero angular momentum state (I = 0). The wave
function of the final state changes under the interchange of the two pions by
a factor of (—1)"*=. Tsospin addition alone tells us that the final state must
have I=1 or I=2. As the pions are bosons the sign of the wave function must
be plus, so the I=2 combination is chosen. The photon is emitted from the
charged pion as it penetrates the centrifugal barrier of the Kaon. Conservation
of angular momentum is maintained if the orbital angular momentum of the
photon is opposite to its spin, meaning that this is an electric type transition.
In addition, the bremsstrahlung photon could also be emitted by the kaon at
the time of the decay. The two contributions to the IB process are shown in
figure 1.1 (a)

The amplitude for IB is given in [3]:

Arp = AF(K* — 771%)exp(id?) )Fuyp#p’;( (1.1)

(PyPK ) (DD

where F,, = p,,€, — Dy€,, being pr, p,y, px the four-momenta of the charged
pion, photon and kaon respectively, and e the 4-vector polarization of the gamma
ray. AT are the amplitudes for the K* — 7*7° decays and 47 is the phase shift
for m* — 70 scattering in the channel with total angular momentum L=0, and
two pions isospin [=2.
From the amplitude we can get the matrix element and calculate the inner
bremsstrahlung differential cross-section:

0%c  p?sin?(6)

1.2
00,08, E, (1.2)

Equation 1.2 implies that IB radiation is more probable at high values of
the 7 momentum and for small angle # between the photon and the charged
pion. The photon angular distribution is of the form sin?()0S;. In addition,
the amplitude A;p is bigger at long photon wavelengths, as the volume involved
in the emission can then be very large. The photon energy spectrum behaves
as dE,/E, and therefore, the probability falls off very rapidly with increasing
photon energy.

It is also important to note that the K* — 7%7® decay proceeds through a
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AI =3/2 (or AI = 5/2) amplitude, violating the AI = 1/2 rule. This suppresses
the K* — 7%70 decays by a factor of ~ 500 with respect to possible processes
with Al = 1/2 amplitudes. In fact, as the IB is proportional to the on-shell
non-radiative amplitude, it would vanish in the limit where the AT = 1/2 rule

was exact.

1.1.2 Direct Emission.

Direct photon Emission (DE) (figure 1.1(b)) can be regarded as an elec-
tromagnetic transition from the initial K* state to final states which then break
up into a 7+ and a 7°. Therefore, DE is sensitive to the Kaon structure.

As parity is not conserved on the weak interaction, direct emission can occur
through both electric (E) and magnetic (M) transitions. Since the photon emit-
ted in this process has long wavelength compared to the K radius, only the lowest
multipoles contribute significantly, the dipole term being the dominant contri-
bution in the expansion.

In the case of dipole emission the total angular momentum of the photon equals
one (J =1, with J = L+S). As the photon spin is one, we have J = [+1,1,[—1.
Electric transitions correspond to J = [ + 1 and magnetic transitions to J = [.
For fixed J electric and magnetic transitions produce photons of opposite parity.
If J is kept at one we must have [, = 1. Again, as the two pions are bosons
(—=1)1(=1)'* must be one, and therefore the I=1 amplitude is picked.

This has an important consequence: a direct decay into K* — 7*70y can satisfy
the Al= % rule. Therefore the DE contribution can compete with the suppressed
IB, even if in principle the rates of direct emission are expected to be small.
We have seen that, for the Inner Bremsstrahlung contribution, no particular as-
sumptions needed to be made, and it could be understood applying basic QED
corrections to the K* — 7*7% decay amplitude. However, in order to under-
stand the origin of the Direct Emission amplitudes a particular model needs
to be considered, given that here the photon is emitted by some intermediate
states. To evaluate the values of E and M one needs to construct an effective
Hamiltonian which describes the AS = 1 radiative decays. A particularly inter-
esting framework is Chiral Perturbation Theory (ChPT), that will be discussed
in more detail later. An experimental measurement of E and M is important for

differentiating between various models.



1.1.3 The Interference Term.

Given the amplitudes for Inner Bremsstrahlung and the Direct Emission,
the total amplitude for the K* — 7*7%y decay is just the sum of those:

A= A+ Apem) + Ape) (1.3)

As in any quantum process, these amplitudes are complex and can in principle
interfere. In the case of the K* — 7*7%y decay, the bremsstrahlung term can
interfere with the electric dipole direct emission term, but no interference can be
observed with the magnetic term if the photon polarization is not measured.

CP violation could show up in this interference term: a CP violating phase
difference between Al= I structure amplitude and the Al= 3 bremsstrahlung
amplitude could result in a charge dependent asymmetry in the interference be-

tween them.

1.2 The K* — %7’y matrix element.

The matrix element for K* — 77%y is given in [4]:

M*(pr, Pro, Dys Pics €) =< T ()70 (Dr0) Y (D, €)™ K* (pic) > (1.4)

where pr, pro, Py, Pk are the momenta of the charged pion, neutral pion, photon
and kaon respectively, and e is the 4-vector polarization of the gamma ray.

In order to calculate this matrix element we need to know the total decay am-
plitude. Because of the weak nature of the K* — 7570y decay, the amplitude
for this process contains in general two contributions: a vector part A", which is
parity violating, and an axial-vector parity conserving part, A%. Using Lorentz

and gauge invariance, the most general form of these amplitudes is [6]:

po_ Pr Pk ] _ _ 1
A o [pﬂpy T | — B (pp)k — ()25 (1.5)

Al = Veuvpo DK PP (1.6)

where «, 8 and v are complex numbers.

It is convenient to write the total invariant amplitude as:
A= GNAM ZGN(AIi-i-Ai) :AIB+ADE(E) +ADE(M) (17)

In this way we can identify A;p as the inner bremsstrahlung contribution of
eqn. 1.1 and Apgm) and Apgoy as the electric (vector) and magnetic (axial-

vector) contributions to the DE term, such that o = AQie”g , B = Epe® and
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v = M€, where 87 are the strong rescattering phases for a final state of
momentum L and isospin I.

The matrix element can be calculated separately for K™ and K~:

M (Dry Droy Pys Pics €) = 6*(Dr + Pro + Dy — pic) (d) /%€t

u
PrD~y PKD~

1 By o1 M v
_6161 4 ((pKPW)pﬁ - (pvrp’Y)puK) — 6151 %(p,,rpﬁop?(ﬁuupa)> (18)
M Uld’e

M~ (Dry Doy Pys Pics €) = 6*(Dr + Pro + Dy — pic) (d) /%€t
(Ag—*eidg [ p# . pl;( ]

DPrD~y PKD~
R i 0 M
%L (prpy )l — (pep)ph) — ¢ m—j(p;p:;op‘;(ew) (19)
K K

where the amplitude A5 for the negative kaon decay satisfies the relation
A; = AZ* The relevant unknown parameters are |FEy|, |[M;|, 6 — §2 and the
phase difference between A5 and E; and between A and M.

It is convenient to define E and M as follows:

Ee' = E1|A7]/(43),0 < ¢ <
Me = My |AT|/(A),0< ¢' <= (1.10)

If the photon polarization is not observed, no inteference can be seen between
the magnetic amplitude and either F; or the inner bremsstrahlung contribution.
In that case only four parameters are needed to describe the decay: E, M, 6} — &2
and ¢.

The value of §f — §2 can be estimated setting 62 = 0, so &} can be obtained from
a Breit-Wigner extrapolation from the p resonance, giving 6; — §2 = 10° [4, 5].
Under this assumption the only parameters to be obtained are E, M and ¢.
Working in the kaon rest frame and choosing the photon energy and the charged
pion energy as the Dalitz plot variables, we obtain the following expression for

the Dalitz plot distribution of K* — 7570y events:

P2R* a p2o |AF|?
dE B, ~ im0 T
v g My (lT)’LK—E1o—m7r m"o)
2 ™ 27TLK
A5 |EE,

+2c0s(£¢ + 61 — &)

2 2
2 1 mz—mM o
mi (imK — Epo — —5=



6
E2
B+
mg
Where E,.o is the 7° energy and 6 is the angle between the photon and the charged

pion. The first term in the sum describes the inner bremsstrahlung contribution.

Factorizing it out we get:

2 2
1 Mz~ o
E,y (5 mg EWO 72"”{

d?R* d’RE, E
= 1+ 2cos(x¢ + 0 — &) |-
dE,dE, dE,dE, boVAT m%
B2 (L — Bo— M)
(1B + |M[?) =y 27K = P 2 (1.12)
A5 [? mic '

1.3 The Dalitz plot variables: W and T

For the K* — %1%y decay it is very useful to define another set of Dalitz
plot variables: T and W. T* represents the pion kinetic energy in the kaon rest
frame. The less familiar W is defined as:

W2 = —(prg) (p;p”*) (1.13)
mﬂ'mK
As will be explained later, the distribution of the W variable turns out to be very
sensitive to the different components of the K+ — 7*7%y decay. In addition, W
is a Lorentz invariant, so it can be calculated in any frame.
In terms of W and T the differential decay width of K — 770y can be rewrit-

ten as:

0T+ ’T'i m2 (| E
= 1 + 2cos(+ L s2 —“(‘—
aTow ~ aTraw || T 2eosEe o —q) |57

m? (‘ E 2
4 \| A+
mi \| A;

From this expression it is obvious that every component of the K+ — 7¥70y

)W2+

2) W4] (1.14)

+| 5
A3

decay has a different behaviour in terms of the W variable. Normalizing by the
Inner Bremsstrahlung contribution, the Direct Emission term is proportional to
W? and the Interference is proportional to W*. This will be exploited experi-

mentally in order to disentangle the different contributions.



1.4 CP violation.

Symmetry is a fundamental concept in any quantum field theory. In addi-
tion to the continuous symmetries, there are the discrete symmetries, like Charge
Conjugation (C), Parity (P) and Time reversal (T). Charge conjugation inter-
changes particles and antiparticles, Parity reverses the handiness of space and T
the time coordinate. The combined action of C and P is denoted as CP. From ex-
periment we know that C, P and T are conserved by the strong, electromagnetic
and gravitational interactions. The weak interaction violates C and P separately,
but it almost conserves CP and T.

The kaon system provided the first evidence for CP-violation. Indirect CP-
violation was discovered in K, Kg, and can be explained as the mixing between
the K° and K° by an small component e. However, there is another source of
CP-violation, that is not related to any mixing of CP eigenstates, but that occurs
directly in the weak transitions. In neutral kaons this is parametrised by the ¢’
parameter, that has been measured by the NA48 [7] and KTeV[8] collaborations.
Direct CP-violation has been also observed in the B system.

In the Standard Model the effect of direct CP-violation appears as a complex
phase on the mass matrix for the three quark families (the CKM matrix). With
three (or more) fermion generations, there is natural room for a parameter that,
if non-zero, causes CP-violation.

In charged kaon decays, mixing is not possible due to charge conservation, so any
CP-violating effect must be of the direct type, arising from the decay amplitudes
themselves.

In order to observe a physical effect from a CP-violating phase, it is necessary to
have an interference between at least two different amplitudes that go from the
same initial state to the same final state with different scattering phase shifts.
Without this interference, all phase information would be lost and no asymmetry
would remain.

The main goal of the NA48/2 experiment was the search for direct CP violation
in the decays of charged kaons to three pions [10, 11].

Direct CP-violation can in principle also occur on the K* — 7%y decay. The
bremsstrahlung amplitude and internal photon emission amplitude could inter-
fere to produce a difference between K+ and K.

In order to see this more clearly, let us examine again eqn. 1.14. Eqn 1.14 can be

rewritten in terms of cos(¢) and sin(£¢). Considering all K= — 757y together,
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irregardless of the kaon sign, the differential branching ratio can be expressed as:

o°’r ot n 0T~
oT=0W — oT*0W — OT*0W
82FIB 1 2 m2 E 2
= 142 —0y)— | |
oo + 2cos(¢)cos(6; 50)m%( (‘A;’ )W +
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And the difference between the K™ and K~ differential branching ratios is given
by:

2 M 2
+ ‘—+ )W‘*] (1.15)
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2
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2 F
mie \| A;

. GQPIB
- ToTrOW

CP violation is indicated by the observation of a non-vanishing asymmetry be-
tween the Kt and K~ decays, either in the rates, or in the Dalitz plot (%),
or in the energy spectrum of the charged pion (‘9%0%). A prediction for these
quantities requires knowledge of ¢, 6; — 62, E and |E|? 4+ |M|?. From the above,
the symmetry vanishes if there is not an interference between two different weak
amplitudes with different strong rescattering phases (0] # 6;) and a relative CP
phase. A value of ¢ # 0 can arise from an electromagnetic CP violation in the
direct electric dipole transition (which allows ¢ ~ ) or from a small AT = 3 or
Al = g CP-violating part of the weak interactions affecting the A3 amplitude
appearing in the inner bremsstrahlung contribution (yielding ¢ ~ 1).

There are two different contributions to the imaginary part of E [12]: one
from the gluon penguin diagram, and the other from the electromagnetic penguin
diagram. These diagrams are shown in fig. 1.2.

In the SM flavor changing neutral currents (FCNC) are forbidden at tree
level. Then s — d transitions occur through loop diagrams involving a W boson
and a up-type quark, resulting in emission of a photon. The same applies to the
gluon penguin, when a gluon is emitted instead of the photon. Following [12],
these two diagrams contribute constructively to the CP-odd phase of the electric
dipole.

In summary, a possible difference between the positive and negative charged
K* — 7t7% decays is sensitive both to electromagnetic CP violation and to
CP non-conservation by a small component of the weak interactions allowing
AI > 1/2. If there is no large electromagnetic CP violation, then CP viola-
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Figure 1.2: Leading diagram contributing to the strong and electromagnetic
penguin operators.

tion in these decays provides a measurement of the CP-violating phase differ-
ence between the AI > 1/2 amplitudes A3, responsible for the K+ — 7&7°
decays. These effects can be seen thanks to the possible interference between

Inner Bremsstrahlung and Direct Emission electric amplitudes.

1.5 Theoretical Frameworks for the Calcula-
tion of DE.

As it has been already mentioned, in order to understand the origin of the
Direct Emission contribution, we have to consider a particular model. Different
approaches have been tried to study the DE term of the K* — 7%7%y decay,
such as Chiral Perturbation Theory (ChPT) [13, 14, 15, 16, 17], short-distance
effective weak Hamiltonian [6, 3], the vector-meson-dominance (VMD) model
and current algebra. Of all these techniques, the most robust is ChPT.

Chiral Perturbation Theory gives a dynamical formulation of the strong inter-
actions among the octet of pseudoscalar mesons, when both quark and gluonic
degrees of freedom are integrated out. Our ignorance on the latter step is re-
flected by the appearance of coupling constants in the effective Lagrangian which
are not fixed by symmetry requirements alone and which are not yet directly cal-
culable from QCD.

ChPT uses the Standard Model chiral symmetry in its full generality, so pre-
dictions from ChPT are equivalent to Standard Model predictions restricted to
the energy range where the characteristic momenta involved in the interactions

are small compared to the natural scale of chiral symmetry breaking (~ 1 GeV).
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ChPT is therefore an ideal framework to describe kaon decays. Testing ChPT
predictions is equivalent to testing the Standard Model at low energies.

The K* — 7*7%y decay can give important information about some of the, for
the moment, undetermined chiral constants. In addition, non leptonic radiative
kaon decays are sensitive to the chiral anomaly, which is an intrinsic character-
istic of any Quantum Field Theory and that translates univocaly into the ChPT
framework. The fundamental concepts in ChPT and the Chiral Anomaly are

explained in the following sections.

1.6 Chiral Perturbation Theory

Let us begin the explanation of ChPT in the context of the strong inter-
action. The study of QCD can be divided in three energy regions. At high
energies (E > Agep) the coupling is small and we can apply standard perturba-
tion theory as in QED. As we go down in energy the coupling becomes bigger so
that at intermediate energies the perturbation technique is no longer applicable.
However, at very low energies (E < 1/2 GeV) another kind of controlled ap-
proximation is possible, based on the fact that the very soft processes occurring
in this region are highly constrained by the symmetry of the underlying theory.
The chiral symmetry of the QCD Lagrangian and the mechanism of spontaneous
chiral symmetry breaking provide a solid frame to predict the behavior of strong

interactions within the meson octet.

1.6.1 Chiral Symmetry

If we ignore all but the lightest quarks u, d and s, the fermionic part of the

QCD Lagrangian can be written as:
L =uiDu + diDd + 5iDs — m,tu — mgdd — m,35s (1.17)

where u, d and s represent the quark fields, m,,, my and m, their respective masses
and D is the covariant derivative. In the approximation of m, ~ mg ~ m,, the
Lagrangian has isospin symmetry, i.e., it remains invariant under SU(3) unitary
rotations mixing the u, d and s fields. In addition, if m,,, mg4, ms are small, this
Lagrangian is symmetric under separate U(1), and U(1)g transformations, be-
cause the classical Lagrangian for massless fermions contains no coupling between
left and right handed quarks. The overall invariance under SU(3); x SU(3)g is

called chiral symmetry.
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Denoting Q as the quark triplet under isospin SU(3), its chiral components Qg
and Q) can be found using the relevant projection operators Py, = %(1 —5) and
Pr = %(1 +vs) as Q. = PQ, Qr = Pr@Q. The currents associated with these

symmetries are:

JL=Qu"QL  jr=QrYQr (1.18)
lem = @LVH)\GQL jﬁa = QRV“XLQR (1-19)

where \* represent the generators of SU(3).
The sum of these give baryon number and isospin vector currents, correspond-
ing to symmetries with U(1)g = U(1)r. The difference gives the axial vector

currents:
I =Qy"°Q = Qv PAQ (1.20)
classically satisfying:
0,J"° =0 0,5 =0 (1.21)

The vector SU(3)y x U(1)y are manifest symmetries of the strong interactions
associated to isospin and baryon number conservation laws. However, the axial
vector transformations do not correspond to any obvious symmetry of the strong
interactions. Symmetries require particles to appear in multiplets, as symmetry
transformations yield states with the same energy. If chiral symmetry were
realized one would expect to exist multiplets of particles having same spin and
(approximately) the same mass, but with opposite parity. These states do not
exist because the chiral symmetry is spontaneously broken down to the vectorial

component.

1.6.2 Spontaneous breaking of chiral symmetry.

Hidden symmetry occurs when the Lagrangian is invariant under the sym-
metry, but the actual ground state is not. This happens because there exists
a continuous family of ground states solutions that are related to each other
by the symmetry but which are not individually invariant under the symmetry.
The symmetry, although still valid, appears to be hidden when one looks at the
spectrum. In QCD the ground state is represented by virtual quark-antiquark
pairs. Different vacua would have different compositions of left and right handed
quarks, so the true chosen vacuum it is not necessarily invariant under a chiral

operation.
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A direct consequence of spontaneous symmetry breaking is the appearance of
Goldstone bosons. These are massless particles that take the available degrees
of freedom. In the real world such states are not massless, since exact chiral
invariance is broken by the small quark mass terms. Thus, what we have in
QCD is an octet of very light pseudoscalar particles, the 7, K, n. The impor-
tant consequence of the symmetry of the theory is that, even if the ground state
hides the invariance, symmetry predictions can still be made. Chiral pertur-
bation theory uses chiral symmetry in its full generality. Predictions are those
of the theory alone without additional dynamical assumptions. It is a rigorous
controlled approximation, however it is limited by the need to determine the low-
energy constants phenomenologically. Some models try to overcome this problem

making predictions on the low-energy constants.

1.7 Strong and Weak AS = 1 Effective La-

grangians and The Chiral Expansion.

In general, if a prediction follows directly from a symmetry, a simple, but

non-linear effective Lagrangian can be found that shares the full symmetry of
the original theory, and thus encapsulates all the corresponding low energy pre-
dictions.
As chiral symmetry is spontaneously broken, there are eight very light pseudo-
Goldstone bosons in the pseudoscalar octet. Since these states are much lighter
than their hadronic counterparts, an effective field theory can be applied to de-
scribe their interactions, provided that the energy-momenta involved are small
compared to the 1 GeV scale typical of hadrons.

The lowest order (tree-level) effective strong Lagrangian is [18]:

F? m’
Ly = FTr(@Uo"U) + — " FTr(U +U") (1.22)
where: M A

where A\ are the Gell-Mann matrices and the field ¢ is the pseudoscalar octet
in chiral SU(3). This Lagrangian L, describes free particles. It is unique and
has predictive power. The subscript 2 indicates the derivative order at which we
work, equivalent to one power in chiral symmetry breaking (m?) or two powers

of external momenta. This can be also expressed as O(p?) .
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It is remarkable that the degrees of freedom are now the meson fields, instead of
quarks and gluons. In fact, this is what allowed us to write the matrix elements
of the K* — n7%y decay directly as function of the momenta of the kaon and
the pions.

However, divergences arise when going beyond the tree level. The solution is to
absorb these divergences in phenomenological constants, as done in QED.
Electromagnetic perturbations to the strong effective Lagrangian can be taken
into account in this context. The explicit structure of the effective chiral La-
grangian for strong and electromagnetic interactions to fourth order in deriva-
tives and masses, O(p*) , was written by Gasser and Leutwyler [19]. Tt is denoted

as L4 and can be expressed as:

Ly = f:LiOi (1.24)
i=1

where O; are the chiral operators. The constants L; cannot be determined by
chiral symmetry alone. The renormalized values are obtained by appending to
these bare quantities the divergent one-loop contributions. Comparing predic-
tions to experiment, empirical numbers can be determined for each of these ten
parameters.
ChPT is an iterative procedure. If two-loop amplitudes from L, or one-loop cor-
rections from £, are calculated, divergences will arise involving six-derivatives.
The chiral procedure represents a systematic expansion in energy and momen-
tum. One-loop corrections from Lo or tree level contributions from £, are
O(E?/Acp) where Agep ~ 1 GeV is the chiral scale. Thus ChPT is a low-
energy procedure. It is only to the extent that the energy is small compared to
the chiral scale that is makes sense to truncate the expansion at a given level (or
order O). The adequate truncation order depends on the process under consid-
eration.
In this theory the effects of electroweak interactions can be also taken into ac-
count under the form of a perturbation to the strong effective Lagrangian. It is
clear that these effects cannot be neglected, as at the end, it is the weak inter-
action which is responsible for the kaon decay.
In the Standard Model, the weak interaction is mediated by a massive vector

boson W. The interaction between quarks and the W can be written as:

L = Wl (1 =)y (1.25)
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with the boson propagator given by:

_igpw

. 1.26
q? —m3, + i€ (1.26)

For momentum transfers small compared to my,, we can ignore the ¢ in the

propagator and write the interaction as the matrix element of the operator:

an%VO(x) (1.27)

where

O(z) = Py (1 — ) Ppy,(1 = 7)o (1.28)
This is a local operator. The interaction is now equivalent to a four-quark vertex.
We can say that at distances larger than m;[,l, the W boson can be integrated

out. In this framework an effective Hamiltonian can be written using all opera-

tors related to AS = 1 transitions as:

6
H£f§:1 = —\/iGpslclcg Z CiOZ’ (129)
i=1

where ¢; are the so-called Wilson coefficients. Gr = \/5% is the Fermi con-
stant, which gives the strength of the weak interactions at energies much less
than my, and sic;cs denotes the product of CKM matrix elements V,4V,", for
three generations.

From Hﬁ?zl a Lagrangian can be found that can also be expanded in the con-
text of ChPT to any order. The effective chiral Lagrangian for equation 1.29 to
lowest order in the chiral expansion £ can be found in [17]. At next to leading
order L, is already quite involved. Its full expression is written in [20].

We have now almost all elements needed to understand K* — 7%7% decays
in the framework of ChPT. We know how to treat the strong interaction with
electroweak perturbations at small energies. There is only one more important
point, the so-called chiral anomaly. This subject is treated in [2]. A summary is

given in the next section.

1.8 The Chiral Anomaly and the Wess-Zumino-
Witten term.

In general theories with massless fermions exhibit chiral symmetry, which

implies the separate conservation of the number of left-handed and right handed
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fermions. However, due to radiative corrections, the U(1)4 symmetry is de-
stroyed, as the conservation of the axial vector current is actually incompatible
with gauge invariance. The breaking of a classical symmetry by quantum effects
is called anomaly. As the construction of a theory with local gauge invariance
relies on the existence of an exact global symmetry, if the symmetry is then
broken at quantum level the whole theory is inconsistent. Anomalous terms ap-
pear in diagrams with axial currents interacting with background gauge fields
where a renormalization cannot be done consistently with the requirement of
gauge invariance of the theory. In QED, for example, it can be shown that the
axial vector current is not conserved in the presence of electromagnetic fields.
The anomalous non-conservation of the four dimensional QED axial current is
expressed by the Adler-Bell-Jackiw relation:
o2
D" = —@eaﬁWFaﬁF,w (1.30)

This equation is correct to all orders in QED perturbation theory.
In the case of QCD, the chiral anomaly has a number of important implications.
Let us consider the QCD axial currents written in equation 1.20, interacting with
the non-Abelian strong gauge fields. The Adler-Bell-Jackiw equation reads now:

Q"™ = —%;eaﬂ“”FgﬁFﬁytr[)\“tctd] B j1 = —Llg e e Fe  (1.31)
where F 5 is a gluon field strength, A* is an isospin matrix, ¢¢ is a color matrix
and the trace is over colors and flavors. Thus, the modification of chiral conser-
vation laws in equation 1.21 due to the coupling of the quarks currents to gluon
fields leads to the non-conservation of the isospin singlet axial current ;3.
The axial vector isospin currents j#°¢ have no anomaly from QCD interactions.
However they have an anomaly associated with the coupling of quarks to elec-
tromagnetism. Coupling now the QCD axial currents to electromagnetic gauge

fields, the anomaly is given by:

62

8,715 = —Weaﬁ““Fa[gFWtr[)\“QQ] (1.32)
where F),, is the electromagnetic field strength and Q is the matrix of electric
quark charges, and the trace runs over flavors and colors. The flavor trace is

non-zero only for ¢ = 3 and in this case the electromagnetic anomaly is:

2
. € (6% v
85" = —353¢ P Fog P (1.33)

0

Because the current j*5® annihilates a 7% meson, this indicates that the axial vec-

tor anomaly contributes to the decay of 7 to two gammas, which gives a direct
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measurement of the coefficient of the Adler-Bell-Jackiw relation. The relevant

diagram for this process can be seen in fig. 1.3. This constitutes the paradig-

Figure 1.3: Diagram for the 7% — v decay.

matic example of how a decay of a light meson can provide information about
the chiral anomaly.

The chiral anomaly affects also the weak interaction.

It is quite remarkable that the anomaly for axial vector weak currents coupling
with electromagnetic gauge fields cancels only when considering lepton and quark
doublets together. This means that the weak interaction can be consistently com-
bined with QED only because the number of quark doublets is the same as the
number of lepton doublets. It is thanks to this cancellation that the Standard
Model can be considered as a consistent anomaly-free theory.

The effect of the chiral anomaly can be translated to the effective chiral level in an
unambiguous way, free from hadronization problems. The Wess-Zumino-Witten
(WZW) term [21, 22] transfers the chiral anomaly from quarks and gluons to
the composite level of hadrons. In the chiral counting this enters as an effect at
o) .

As already mentioned, the lagrangian of eqn 1.22 posseses all symmetries of
QCD, but in addition it has extra discrete symmetries that do not have a corre-
spondance in the initial theory. In fact, eqn 1.22 is invariant under three separate

operations:

e U <+ UT, which in terms of pions is 7° <+ 7#° and 7+ < 7~, correspond-

ing to an ordinary charge conjugation.
e Standard parity operation (P takes z > —x,t <> t,U <> U)
e U <+ U!, that counts modulo two the number of baryons (—1)V&

QCD is invariant only under P = Py(—1)"2, but not under Py or (—1)V sepa-
rately.
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In order to solve this problem a higher order term can be added to the chiral
lagrangian that respects all proper QCD symmetries but violates Py and (—1)"2.
For such a term to be Lorentz invariant and violate P, it must include the Levi-
Civita tensor €,,4p (contributing therefore to magnetic terms). This is the WZW
term.

For the strong, electromagnetic and semileptonic weak interactions, all
anomalous Green functions can be obtained from the Wess-Zumino-Witten func-
tional. The chiral anomaly also appears in the non-leptonic weak interactions.
Only radiative K decays are sensitive to the anomaly in the non-leptonic sector.
The chiral anomaly is a basic feature of quantum field theories with chiral
fermions, and thus of the Standard Model. Therefore, experimental tests of
the chiral anomaly are crucial for the theoretical basis of particle physics.
Although the anomaly can be interpreted as a short-distance effect, it mani-
fests itself most directly at low energies. As already mentioned, the classical
and most precise test is the decay 7° — . However, there are a number of
other processes, all involving either electromagnetic fields (real or virtual pho-
tons) or virtual W fields (semileptonic decays) where the anomaly can show. The

K* — 7%7% decays is one of these.

1.9 Effective Lagrangian for the K= — 770y
Decay. Contributions to DE from ChPT.

The total effective Lagrangian relevant for the K* — 7¥7%y decays is given
in [15]:

1 1
‘Ceff = ['st — ZFNVFIW —+ Eem + \/;Gpslclcg([,AS:l + EeAng‘Zl) (134)

where Lg; describes the strong interactions among the octet of pseudoscalar
mesons, Fy, is the electromagnetic tensor, L., denotes the hadronic electro-
magnetic interaction Lagrangian, Las—; the nonleptonic strangeness changing
weak interactions and LX’_, the same weak perturbation in the presence of elec-
tromagnetic interactions. The specific form of the various terms has been already
discussed on previous sections and can be found in [15].

To lowest order in ChPT O(p?) the amplitudes described by equation 1.34 are
pure bremsstrahlung . The Direct Emission amplitude described in eqn. 1.6 is

three orders in momentum. Therefore, in order to obtain any contribution from
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ChPT to the DE term, we need to develop the different terms in the total La-
grangian at least to O(p*) .

At O(p*) we also must include the anomalous WZW terms, describing the chiral
anomaly. Anomalous terms have odd intrinsic parity, which means that they
are related to the magnetic contribution M to the Direct Emission. The anoma-
lous terms contain the antisymmetric tensor €,,,, and are even under charge
conjugation for one meson and odd for two. This is the opposite behavior to
non-anomalous terms.

Two classes of anomalous amplitudes can be identified at O(p*) : reducible and
direct contributions. The source of the reducible amplitude is the WZW term.
The direct contribution comes from the £5=! itself. Unlike for the strong in-
teractions, there are also odd-parity terms in the effective Lagrangian ££9=! of
O(p*) which have nothing to do with the chiral anomaly. However, the corre-
sponding couplings are expected to be very small, so the magnetic amplitude to
O(p*) is determined uniquely by the chiral anomaly to good approximation . In
any case, the theoretical prediction for direct contributions has big uncertainties,
as it is related to unknown constants. A measurement of the magnetic contribu-
tion of the Direct Emission is therefore very important.

The WZW term generates long distance contributions to the K* — =70y decay.
In principle the long-distance contributions arise from nonperturbative correc-
tions to quark diagrams at the scale p < 1 GeV, which are not calculable in
QCD perturbation theory. Long-distance effects are generally treated in pole
dominance model, in which poles are the 7,7, n" mesons. In chiral perturbation

theory the relevant pole diagrams are depicted in figure 1.4.

K™ K* m
\%Li’l_f
(b)
.
K K )

(c)
Figure 1.4: Pole diagrams contributing to K* — 7*7%y. The amplitude ¢) van-

ishes.
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On the other hand, the AS = 1 weak chiral Lagrangian and the AS =1 WZW
terms are responsible for the short distance effects. A priori there is no obvious
reason why K+ — 7%y should be dominated by long-distance contributions.
Calculations have been also made at O(p®) [17] that could give contributions
to the magnetic amplitude, and not to the electric part. Although there is at
present no unambiguous method of calculating these, a so-called weak deforma-
tion model predicts that O(p®) direct terms completely cancel the previous O(p*)
direct contributions, so that the magnetic amplitude is completely determined
by the anomaly, even after including vector meson exchange to O(p®) .

Let us now consider the electric part E of the Direct Emission. As indicated,
it appears as well at O(p*) and is important because it can interfere with the
bremsstrahlung amplitude. There are two sources contributing to the electric
amplitude. The first is due to the chiral Lagrangian of O(p*) £29=!, giving rise
to a short-distance contribution to E. Although we do not know the coupling
constants which enter, a relatively big amplitude could be expected. Except for
small photon momenta, where bremsstrahlung is bound to win, the direct am-
plitude E cannot be neglected. Measuring the energy spectrum of the photon
should allow to isolate this amplitude and determine the coupling constants. For
the moment there is no experimental evidence for the electric DE amplitude.
The second contribution of O(p?) can come from loop amplitudes, but this can
be neglected. As loop amplitudes at O(p*) are small, contributions at O(p°)
could be relevant.

In addition, it is important to note that in L{s_, appears the leading effective
chiral realization of the electromagnetic penguin operator, represented by the di-
agram in Fig 1.2. As already mentioned, this diagram is specially interesting as
it implies a complex coupling due to the CP-violating phase in the KM matrix,
with important implications for CP violation.

In summary, we can say that in the context of ChPT, the magnetic amplitude
takes long-distance and short-distance contributions, and the electric amplitude
only short-distance contributions. The long-distance effects come from the WZW
term and can be predicted unambiguously. The short-distance contributions to
either the magnetic M or electric E part of the DE term are subject to uncer-
tainties as the theoretical results depend on non measured and for the moment
non calculable constants. That is why an experimental measurement of M and
E would give a lot of information to ChPT. In addition, CP violation might be

observed in the K* — %70y decays.
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1.10 Theoretical Predictions.

In this section a summary on theoretical predictions for the different con-
tributions to the K* — 7*7% decays is given.
The Inner Bremsstrahlung contribution to the K* — 7%y decay can be cal-
culated applying well known QED corrections to the K= — 7*70 channel, and
therefore a very robust theoretical prediction exists for the IB branching ratio.
For reasons that will be explained later, the K* — 7¥7%y decay branching ratio
has always been measured in the region 55 MeV < T; < 90 MeV. The theoretical
prediction for the Inner Bremsstrahlung branching ratio in this range is given
in [23]:
BR(K* — n*n%);3 = 2.61 x 107* (1.35)

In addition, another prediction for the IB branching ratio has been recently made
available in [24].
BR(K* — 7%1%) 5 = 2.84 x 107* (1.36)

For Direct Emission the predictions have more uncertainties. Under the as-
sumption that Direct Emission is entirely due to reducible anomalous amplitude
(magnetic component from WZW term) the branching ratio of DE can be com-
pletely predicted at leading order in ChPT using standard O(p?) ChPT coupling

constants. The result given in [17] is:
BR(K* — 757%)pg = 0.35 x 107° (1.37)

The additional contribution of the direct anomalous amplitude can be taken into
account only in a model dependent way. For example the factorization model

predicts a total DE value of:
BR(DE) =194 x10° (1.38)

In both previous cases there is not a prediction from ChPT for the electric transi-
tion amplitude, which depends on undetermined constants. Again all branching
ratios are calculated on the restricted 7T; range.
A summary of these predictions is shown in table 1.1.

Predictions are also available for CP violation observables. From [12] the
magnitude of the CP asymmetry ranges from 2 x 107% to 1 x 10~° for gamma
energies from 50 to 170 MeV.



21

‘ Component ‘ Theoretical Ground ‘ Order in ChPT ‘ Branching ‘
IB Predictions based on QED O(p?) 2.61 x 10~
2.84 x 1074
Assuming only magnetic re- 4 _5
DE (M+E) ducible amplitude _ o) 0-35 <10
Magnetic .redu(:1ble plus di- O(p*) 1.95 % 10-°
rect amplitudes
Electric amplitude.  Non oY)
predictable [ P
Electric amplitude non- 4
INT (E) predictable o)

Table 1.1: Summary of theoretical predictions for branching ratios of IB, DE
and INT components of the K* — 7570y
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Chapter 2

Measurement of Direct Emission and

Interference terms.

2.1 The Measurement Method.

The goal is to extract a very small Direct Emission contribution from the
dominant Inner Bremsstrahlung part. For that purpose, the W variable defined
in eqn. 1.13 can be used to disentangle the decay components.

The sensitivity of W to the different terms can be most easily explained consid-

ering the expresion of W2 in the Kaon rest frame:

2 _ E? (B — p;cos(em))

2 2
MMy

w

(2.1)

where E7 is the radiated photon energy, E7 and p; are the 7% energy and mo-
mentum and 6, is the opening angle between the charged pion and the radiated
photon.

For Inner Bremsstrahlung , E7 is small, and so is the angle between the charged
pion and the emitted y. Therefore the W distribution will peak at small values
for IB events. On the contrary, for Direct Emission events, neither EJ nor 6,
need to be small, so the W distribution will not peak at small W values, but
more in the central range. This behavior is illustrated in Fig. 2.1

The E7 , T and 6, variables are also very sensitive to the nature of the decay.
IB, DE and INT T distributions are shown in figure 2.2

Two main methods have been used in the literature for measuring the Di-
rect Emission and Interference terms in data: the shape-method and the log-
likelihood method.
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Figure 2.1: Shape of W distributions for Inner Bremsstrahlung , Direct Emission
and Interference simulated events.
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Figure 2.2: Shape of T’r distributions for Inner Bremsstrahlung , Direct Emission
and Interference simulated events.

2.1.1 The Shape Method

If Direct Emission is present in real data events, it must show up as an ex-
cess at high W with respect to a Monte Carlo simulation of Inner Bremsstrahlung
only. The experimental distribution can be divided by the simulated Inner
Bremsstrahlung distribution and fitted according to Eqn. 2.2 to a simple poly-
nomial function:

W distribution for Data Events

=1 ? ! 2.2
W distribution of IB Simulated Events +OW" 4+ al (2:2)

The a and b coefficients in this expression are related to the branching ratios of

Direct Emission and Interference respectively by:

BRpy _ JOT; JW* gt OW

=a 2.3
BRig [Ty [ Zliz ow (23)
* 9?

OLin oW

BRip Jjor:x [ ST
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2.1.2 Maximum likelihood method.

In general, if x is described by a probability density f(x,0) dependent in
a parameter # which true value 6* is unknown, an estimator for #* can be con-

structed defining the likelihood function as follows:

N
L(xlax% axNue) = H f(mzae) (25)
=1

where z; is a set of N independent measurements of x, representing a particular
event. The likelihood function gives the probability density of associating 6 as
the true value of the parameter for that event. The maximum likelihood method
consists in adopting as estimator for the parameter the value of # that maximizes
L. As L > 0, this is equivalent to maximizing the logarithm InL.

This method is commonly used in particle physics, in particular to calculate the
proportions of different sources needed to describe a given data sample.

As data values are normally binned, it can happen that the number of data
points in the bins is small. In that case a normal x? minimization is inappro-
priate, and a maximum likelihood technique based on Poisson statistics is often
used. More information about the general maximum likelihood method can be
found in [25]. For K* — n*7% we need to estimate the composition of the data
based on Monte Carlo simulations of Inner Bremsstrahlung , Direct Emission
and Interference events. For that purpose, a code has been used , exploiting
as input the W distribution of data events and of simulated IB, DE and INT
simulated events. It calculates the fractions of every source needed to minimize
the difference between the number of data events and the resulting total num-

ber of simulated events in every W-bin. This is described in detail in appendix A

2.2 The Experimental Status.

The K* — 7*7% decays have been subject to several experimental stud-
ies. Previous experiments have always made a cut on the kinetic energy of the
charged pion in the kaon rest frame 55 MeV < T < 90 MeV. This minimizes
the background contamination arising from K* — 7%7° decays, dominant at T'*
> 90 MeV, and from K* — 7*7%70 decays, dominant at T < 55 MeV. The
background sources will be explained in more detail in a dedicated chapter.

Six experiments have measured the branching ratio for direct photon emission
in this T)F range. The first three [26, 27, 28], used in-flight kaons, and found a
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weighted average of BR(DE) = (1.8 +0.4) x 107°. The next two [29, 30] used
stopped kaons and found BR(DE) = (0.44 + 0.08) x 10~°. The discrepancy be-
tween these two average values is 3.3 standard deviations. The last result comes
from the Istra collaboration [31], that measured BR(DE) = (0.3740.40) x 1075.
These results are plotted in Fig. 2.3. In addition the KEK collaboration has pre-
sented a preliminary result [32] on a data sample of ~ 10 10® events, obtaining
BR(DE) = (0.38 £ 0.08) x 107°, which is in agreement with its previously pub-
lished result. A summary of all previous experimental results is given in table 2.1
There has also been several attempts to measure CP-violation and an interfer-
ence term in K* — 7*7% decays [34, 27], however evidence for neither of these
effects has been found. Actually, all previous experiments have explicitly set the
value of the Interference term to zero in their fits in order to extract the Direct
Emission component.

The NA48/2 collaboration can make an important contribution in this respect,

as it has more than ten times more events than any of the previous experiments.

Experiment Technique | Kaon sign | Number | BR(DE) x 10°
of events
BNL 1972 [26] | in-flight K= 2100 156 £3.5£5
CERN 1976 [27] | in-flight K+ 2461 23 + 32

Dubna 1987 [28] | in-flight K- 140 20.5 + 4.6 733
BNL E787 2000 [29] | stopped K+ 2x10* | 4.7+ 0.8 £ 0.3
KEK E470 2003 [30] | stopped K+ 4434 32+13+1.0
Protvino 2004 [31] | in-flight K~ 930 3.7+39+1.0
KEK E470 Prel [32] | stopped K+ 10154 | 3.8 £ 0.8 £ 0.7
BNL E787 Prel [33] | stopped K+ 20571 3.5+ 0.6 703

Table 2.1: Summary of previous measurements of Direct Emission in
K* — 7%7% decays.
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Figure 2.3: Experimental status of the DE branching ratio measurement for 55 <
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under the assumption of reducible anomalous amplitude only. Author and year
of publication are shown on the vertical axis.
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Chapter 3

The NA48/2 experiment.

3.1 Introduction

NA48/2 was the successor of NA48 and NA48/1, all fixed target experi-
ments situated in the North Area of the CERN-SPS accelerator.
The NA48 experiment was designed to measure direct CP-violation in the neu-
tral kaon system with accuracy of 0.02 %. NA48 took data from 1997 to 2001,
when it published its final result [7]:

Re(€'/e) = (14.7+£2.2) x 107* (3.1)

The NA48/1 experiment took data on 2002. The NA48 detector had to be
upgraded and the beam line was changed in order to measure the branching of

the very rare decay of K3 — n%%eT, which was found to be [9):

BR(K? — n%Fe®, me, > 0.165 GeV/c?) = (3.07}5(stat) + 0.2(syst)) x 107°
(3.2)

The main goal of NA48/2 was the search for direct CP violation in charged kaons
decays to three pions. Results on the slope asymmetries on K* — wn 7~ [10]

and K* — 7£7%70 [11] have been recently published:

AyK* = artrT) = (1.74£2.9) x 107 (3.3)
Ay(K*F — 75 7%7%) = (1.8 £ 2.6) x 107* (3.4)

For NA48/2, data were collected in 2003 and 2004, using basically the NA48

detector with a changed beam line providing simultaneous and collinear K™ and



28

K~ beams. The improved NA48/2 set-up includes, in addition to the new beam
line, two new detectors (KABES and Beam Monitor), an extended decay region,
the remapping of the drift chamber electronics in order to be left-right symmet-
ric and changes on the level 2 charged trigger system (MBX). In this chapter a
detailed description of the apparatus and the data taking strategy is given.

For what follows the coordinate system will be given by the following convention:
z runs in the beam direction, y vertically from bottom to top and x horizontally

in the direction to define a right-handed system.

3.2 The Beam Line

The NA48/2 beam line was able to deliver simultaneously K and K~
particles of practically same momentum, with almost the same geometrical ac-
ceptance and with the possibility to permute their paths. This created a unique
capability to perform high precision comparisons of K+ and K~ decays under
the same experimental conditions and to minimize systematic bias due to even-
tual local imperfections in the experimental setup.

The main characteristics of the beam line can be seen on Fig. 3.1.

TAX 17,18

LKr
HAC
MUV

Magnet
DCH1 ' DCH

Final

FDFD collimator

*Hodo

| Defining Protecting ‘:
—_— 4 collimator . [
Cleaning I
7‘ collimator S : i
2§ KABES 1 - Decay volume ! 3
g§ . KABES 3 o ¥
1 ;! :
gg . s S {E—
e - — 5
ar + i z o
? g§ ' focused beams E o
\\ 7 5 \ = !
“/KABES 2 E ¥
\ /\ B + I 1 > i
\ ZN BB K z !
DFDF  2nd ‘ 3 1
FRONT-END ACHROMAT (2 ole ACHROMAT Vacuum He tank + Ocm
1cm,’ Quadruplet . L Itank Spectrometer
0 50 100" 200 250 m

Figure 3.1: The NA48/2 beam line and detector

The primary beam consisted of 400 GeV protons impinging on a Beryllium
target of 2 mm diameter and 400 mm length, corresponding to one interaction

length for protons. The angle of impinging protons was zero degrees relatively
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to the experimental beam line and its intensity was 7 x 10! protons per cycle,
with a 4.8 s flat spill and 16.8 s cycle. Beams of negatively and positively charged
particles were produced after the interaction.

About 14 m away from the target a copper collimator absorbs large angle sec-
ondary particles in the beams. The acceptance angle is + 0.36 mrad in both
planes.

Two vertically deflecting magnets, with opposite-sign fields, separate the beams
which then pass through a pair of collimators (TAXes) with variable openings.
A defining collimator makes the two beams collinear.

Beams were focused so that their transverse dimension is 5 mm r.m.s. at the
spectrometer position. In this way the effect of any transverse structure in the
beam spot has been minimized. The beam focusing has been realized with a sys-
tem of four quadrupoles of alternate polarity, giving a small angle of convergence
to the beams of ~ 0.04 mrad.

Downstream of the focusing quadrupoles, at about 40 m away from the beryllium
target and 50 m before the NA48 decay zone, a second achromat system again
separates and recombines positive and negative beams, so they are oriented onto
a common axis towards the NA48 detectors. It also incorporates a collimator in
the center, that cleans the beams from neutral and many charged particles with
momentum out of a given selected range that were produced on the defining col-
limator. The momentum of the remaining beam particles, passing through such
an achromat, does not depend any more on their direction or position. After this
a narrow band spectrum of 3.8 % width around the nominal value of 60 GeV /c
is selected.

The detectors of the experiment are further protected against background around
the beams by a cleaning collimator at ~ 110 m and a final collimator ending at
114 m from the target.

Just upstream the last collimator, small steering dipole magnets allow the two
charged beams to be perfectly aligned in both planes as they enter the decay
region, so that finally, positive and negative kaon beams traveled through a 114
m vacuum tank superimposed with a precision of about 1 mm.

The final kaon flux is 2.2 10° K*/cycle and 1.3 10° K~ /cycle. A series of
magnetized-iron sweeping elements around the beam line upstream of the fi-
nal collimator were used to limit the muon flux.

The beam spot shape as a function of momentum was similar for both beams in
2004, while a small difference was observable in 2003 for one of the beam lines
(see figure 3.2).
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Figure 3.2: Momentum dependence on beam position (X-coordinate on the first
spectrometer drift chamber) for 2003 and 2004 runs.

3.3 The KABES Detector

The KAon BEam Spectrometer (KABES) was conceived to provide indi-
vidual kaon tagging and momentum measurement, with spatial and momentum
resolutions of about 100 ym and 1 % respectively.

KABES consists of a set of two stations, located on the upper (Station 1u) and
lower (Station 1d) arms of the second achromat and on its exit (Station 2). The
upstream station ((1u) and (1d)) is located at the position where the K+ and K~
beams are separated in the achromat, and allows the sign of the charged tracks
to be identified. The downstream station (2) is positioned 8 m away along the
beam axis from station 1, in a place where the positive and negative particles are
collinear, so it has to sustain the rate from both beams. Layout of the KABES
detector is shown in figure 3.3

Each KABES station contained a pair of Micromegas type detectors, with oppo-
site drift directions. The MICROMEGAS detectors operate as Time Projection
Chambers (TPC). In this way multiple scattering effects and parasitic interac-
tions of the beam particles with the detectors are minimized, as the beams cross
only thin windows confining the gas volume of the MICROMEGAS chambers.
The use of the MICROMEGAS technology is justified by its very high rate ca-
pabilities. A detection station is shown in figure 3.4

A chamber consists of a conversion gap and a small amplification gap separated

by a thin grid. On their passage in the conversion gap the beam particles liberate
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Figure 3.4: Schematic view of a detection station and MICROMEGAS chambers.
Note that the x, y axes are rotated in this figure.

ionization electrons in the gas, which drift towards the amplification gap. Field
cages provide a constant gradient of 0.83 kV/cm resulting in a uniform drift
velocity of 8 cm/us. Two of them are mounted in each station. They operate
with opposite polarity and are separated by a distance of 2 cm. The longest drift
distance in the conversion gap of the chambers is 6 cm which corresponds to the
maximum drift time less than 1 us.

The detectors installed in the beam have to withstand ~ 20 MHz of charged

hadrons concentrated in a few cm? and to meet these requirements, a Micromegas
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mesh with a 50 gm amplification gap has been chosen.

In the amplification gap each ionization electron creates an avalanche of elec-
trons, which is collected by 48 read-out strips of ~ 4 cm oriented along the beam
axis, with ~ 1 mm pitch.

The gas in the detector is a typical mixture with three components premixed in
compressed bottles with Ne (79%) + CoHg (11%) + CF4 (10%) The sensitive
gas in the TPC represents the largest contribution to multiple scattering

This configuration with only two longitudinal positions has to rely on the focus-
ing properties of the beams to obtain the momentum of individual K+ and K~
particles from the difference between the vertical coordinates recorded in stations
1u/1d and in station 2.

Measurement of coordinates in the bending (vertical) direction is given by the
active strips. Within the station, the dy deviation of the particle direction from
the central beam axis is determined by averaging the measured y; and ys po-
sitions in the first and second chambers of the station. The vertical positions
allows one to calculate the (p — pg) deviation of a particle momentum p from the
central momentum of the beam (py = 60 GeV/c). This is achieved by correlating
the station measurements with positional constraints from the measurement of
the beams focusing points. In order to obtain the required 1% precision in the
particle momentum, a position measurement resolution of 0.25 mm is necessary.
The arrival times of ionization electrons in first (t;) and second (t) chambers
allow to calculate the horizontal particle position x, and its arrival time.
Because there is no deflection in the horizontal plane (x, z), the particle impact
points in the drift direction x in station 1 and 2 should be aligned. This fact is
used in the kaon track reconstruction algorithm. A sub-nanosecond resolution
is required for the time measurements to solve the ambiguities due to the very
high intensity of the beams and to achieve a probability of wrong association to
be less than few percent.

More details on the KABES detector are given in [36]

Front End and Read Out Electronics

Each strip of the MICROMEGAS chambers is connected to a front-end
card containing a pre-amplifier and an amplifier stage followed by a shaper and
a discriminator. A common programmable threshold voltage was supplied to
the discriminator circuit on every channel front-end in order to get rid of the

spurious signals due to electronic noise. The measurements of individual strip
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signals can be disabled if needed.

Time measurements of the strip signals must contain information about both
leading and trailing edges of the signals. The former relates to the particle
drift time and the latter to the time over threshold ToT. Fast time measurement
capability of the digitizing devices, with very small dead time, is necessary to cope
with the high fluxes, which induce chamber signal activity rates of up to several
Mhit/s. This is important in order to perform precision measurements with the
required low dead time. The detector pulses are digitized by 6 high performance
TDC’s. A fast first level trigger was used to perform initial selection. In this
way only those time measurements which were preselected by a pipelined L1
trigger are stored in the buffer memories. The trigger matching functionality
of TDCs is activated. For each L1 trigger, it selects time measurements of the
corresponding 1 ps drift time interval, packs them into an event data record
and makes the record ready for read-out. General purpose processors decrease
further the event data bandwidth and volumes executing data compression and
finer selection algorithms. The throughput of the KABES data, selected and
compressed in such a way, does not exceed 4 Mbyte/s, which during the 5 s spill
accumulates to an acceptable 20 Mbyte volume of storage information.

Reference [37] gives more information on KABES Read-Out System.

3.3.1 Performance

At the nominal proton intensity of 7 x 10! ppp spatial resolutions of ~
100 pm have been achieved in the horizontal drift direction, and of ~ 130 pm
in the vertical direction using the strips. A time resolution of 0.65 ns has been
measured.
The pion momenta from K* — 7*7T7~ decays are measured with the NA48
spectrometer. The resulting kaon momentum is compared to the K momentum
measured by KABES. The convolution of the resolutions of the two spectrometers
is found to be 1.1% . From this number, the momentum resolution of KABES
alone is inferred to be 0.8%. The same 37 event sample is used to control
the mistagging level introduced by a charge or momentum mismatch, which is
measured to be less than 5%. The fraction of events found without track at

nominal proton intensity is less than 1%.
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3.4 Decay Volume

The fiducial decay region is contained in a vacuum tank of 1.9 m to 2.4 m

diameter and 114 m long. The tank (called the blue tube) was enlarged by 24 m
in the upstream direction for the NA48/2 experiment, allowing the acceptance for
charged kaon decays to be increased by ~30 %. The pressure after evacuation is
< 10~* mbar, avoiding that the kaon decay products interact with matter before
being detected.
The tank is closed in the downstream region by a thin Kevlar window, separating
the vacuum from the volume of the magnetic spectrometer, filled with helium at
atmospheric pressure. The thickness of the window is of 0.9 mm, corresponding
to 3 1072 radiation lengths. Downstream the Kevlar window the beam continues
in vacuum through a carbon fiber beam pipe of 152 mm diameter and 1.2 mm
thick, that crosses all the central detectors in the middle. Figure 3.5 shows the
NA48/2 decay region.

For the charged kaon system it is highly important to take into account the
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Figure 3.5: The NA48/2 decay region.

presence of all magnetic fields in the event reconstruction. Any non-reversing
constant magnetic field coupled with a non-symmetric detector response would
fake a charge asymmetry on the Dalitz plot distributions of K+ and K~. Also an
asymmetry on the magnetic field seen by negative and positive charged particles

would play a similar role. For this sake a campaign was made to precisely measure
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the remanent field on the main particle decay volume. The measured field was
found to be not homogeneous in the decay volume, arriving to values of up to 200
#T. This non-uniformity could be due to magnetization of the tank itself prior to
installation in the NA48 experiment. The measured maps are taken into account
at the reconstruction stage and input in the simulation. Measurements of the

field components along the blue tube are shown in figure 3.6. For a charged
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Figure 3.6: Components of residual magnetic field along the vacuum tank at
different transverse positions.

particle crossing the whole length of the vacuum tank on the central axis, the
transverse coordinate deflection would be ~ 1.5 mm.
In addition, a set of Hall probes was installed to monitor the magnetic field inside

the spectrometer magnet.

3.5 The Anti Counters

The Anti Counters (AKLs) were designed to control three body back-
grounds for the Re(€’'/e) measurement. A system of photon veto counter rings
was constructed, containing 7 counters (pockets), six on the vacuum tank and
two in the spectrometer volume. The AKL positions are shown in figure 3.7
The ring acceptance was complementary to the active detector for kaon decays
originating from the middle of the former K2 decay region during NA48 data
taking.

Every ring is made of 2 scintillator layers preceded by an iron block 3.5 cm wide,
in order to guarantee photon conversions. The light signal is readout at the two

ends of the counters. The AKL pockets provide fast signals that can be included



36

at the early trigger level. The time resolution was found to be ~ 550 ps. The geo-
metrical veto efficiency, taking into account the conversion probability, is around
~ 95%
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Figure 3.7: Decay region and AKL rings positions.

3.6 The Central Detector

The main components of the NA48 detector are a magnetic spectrometer,
a charged hodoscope, a liquid Krypton electromagnetic calorimeter, a hadronic
calorimeter and a muon detection system. A layout of the central detector is

shown in Fig. 3.8.

3.6.1 The Spectrometer.

The magnetic spectrometer of the NA48 experiment consists of four drift
chambers (DCHs). Two of them are located upstream of the magnet, and pro-
vide the measurement of the decay vertex position. The other two are used for
the bending angle determination of the tracks and therefore for the momentum
calculation. To reduce effects of multiple scattering, the entire spectrometer is
contained in a large tank of stainless steel filled with helium at atmospheric
pressure, so that the DCHs do not have to stand high pressure gradients. The

radiation length of He at normal pressure and temperature is 5.3 Km.
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Figure 3.8: The NA48/2 detector

The total length of the spectrometer is about 22 m. A schematic view of the
spectrometer layout is shown in figure 3.9.

The spatial resolution in NA48/2 was 150 pum and the momentum resolution
could be parameterized as:

o(p) ~ (1.02 @ 0.044p )% (3.5)

p
where the particle momentum p is measured in GeV/c. The first term
is related to the multiple scattering, while the second one is due to the accu-
racy of the space point measurement. The resolution on the kaon mass from
K* — 77T~ decays is about 1.7 MeV/c?

The Magnet

The NA48 magnet consists of a rectangular iron frame with two poles and
two pairs of bedstead coils. Its outer dimensions are 4.40 m x 4.00 m x 1.30 m
and it has an aperture of 2.45 x 2.40 m?, matching the electromagnetic calorime-
ter acceptance. The main field component is in the vertical y direction.
The magnet can be operated at different currents. Complete maps of one quad-
rant have been measured for currents of the "master” power supply equal to 1200
A. In addition, partial maps were measured for 1150 A and 500 A. For interme-

diate current values the field can be calculated by interpolation. The field map is
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Figure 3.9: Layout of the NA48 spectrometer.

used in the reconstruction of tracks and as input on the Monte Carlo simulation.
The actual value of the magnetic field was chosen to optimize the acceptance of
the detector to the decays modes under study.

For the NA48/2 experiment the current was set to I=540A. For the proposed
beam momentum of 60 GeV/c the integral of the magnetic field was limited to
provide 120 MeV/c of momentum kick. The current polarity was reversed on
daily basis during 2003 and every 30 10° collected triggers ( ~ 3 hours) during
2004.

The crossing of the helium tank and the magnet defines an active fiducial region
of 2.37 m diameter. The field uniformity in this region is better than 10%, which
allows an easy momentum calculation for the fast trigger.

More details on the spectrometer magnet can be found in [38].

The Drift Chambers

The four drift chambers have an octagonal shape with a transverse width
of 2.9 m. Their fiducial area is about 4.5 m?. The knowledge of the absolute
transverse dimensions of each chamber to better than 10~* is necessary to keep
the systematical uncertainty on the energy scale of the experiment to that level.
All chambers have a central hole of 160 mm diameter for the beam pipe, that
requires careful construction and positioning of an ensemble of rings on which
the central wires of the different planes are soldered.

Each chamber contains eight planes of 256 grounded sense wires. The planes
are arranged in four views, each one oriented in a different direction orthogonal
to the beam axis: 0°(X-view),90° (Y-view), - 45° (U-view) and +45° (V-view).
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Every view is made of two staggered sense planes distant by 12 mm along the
beam axis, used to resolve left-right ambiguities. The electric field is produced
by two field wire planes located on each side of the sense wire plane at a distance
of 3 mm. The transverse spacing between two wires, both on the field and the
sense wire planes, is 10 mm. The maximum transverse drift distance in a cell is
5 mm, corresponding to a drift time of 100 ns. This short drift time contributes
to the high-rate capability of this detector. The scheme of one view is shown in
figure 3.10
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Figure 3.10: Drift cell geometry.

Each view is isolated from the next by two 22 um thick graphite coated mylar
foils placed at a £24 mm distance from the center plane of the view. The my-
lar foils are connected to high voltage and are used to reduce the electric field
intensity on the field wires. The high voltage applied to the field wires and the
mylar foils is respectively -2250V and -1405V.

Two 50 pym thick mylar windows separated by 2 cm along the beam direction
are mounted on both ends of the chamber to hold an aluminum ring of 160 mm
diameter which is used as a flange for the beam pipe.

The drift chambers are operated with a standard Argon (50%)-Ethane (50%)
gas mixture with a small addition of water vapour ( <1%) to slow down aging
processes. The drift velocity is 50 um/ns. The gas gain obtained with these
operation conditions is about 6x10%.

The space resolution obtained with these chambers is about 110 ym in each pro-
jection (X or Y) and is almost insensitive to the beam intensity.

The thickness of a chamber corresponds to 4.3x10~3 X, while the total contri-
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bution from the helium gas contained in the tank is about 4x1073 X,.

Reference [39] gives more information on the drift chambers characteristics.

Front-End and Readout Electronics

Each sense wire is connected to ground via a preamplifier circuit. The
front-end amplifiers and discriminators were placed directly on the chamber’s
frame. The discriminator output is shaped and the output pulses are then trans-
ported to central time-measuring circuits (TDCs).

For NA48/1 a new readout system was designed and built to comply with the
rate of ~ 10'2 protons per SPS accelerator pulse expected for the high-intensity
beam. This readout system allows for continuous sensitivity, i.e., concurrent data
recording and readout during bursts. It sustains single wire rates up to 400 kHz
and is able to accept up to 64 simultaneous hits per plane without dead time.
Signals are discriminated and then digitized by a 40 MHz TDC with a 25 ns/16
fine time. Finally, the digitized signals are stored in a 204.8 us deep memory
ring buffer (RB).

In order to obtain drift times, both the arrival time of the ionization cloud at the
anode wire and the time of passage of the charged particle are measured with
respect to a common clock. The arrival time of the charged particle is obtained
from a scintillation counter hodoscope, described in the next section.

The NAA48 trigger system will be explained in detail later on. However, some
basic concepts must be given here in order to understand the principles of the
DCHs read out. NA48/2 trigger is a multilevel system. The first level (L1) is
a hardware, pipelined trigger synchronous to the general 40 MHz clock. The
second level (L2) is a software asynchronous trigger, based on the response of
fast processors. All the acquisition systems in all detectors are synchronized with
a 40 MHz clock and all read out systems must contain a memory buffer more
than 204.6 us deep, in order to allow time for level 1 and level 2 decisions. The
complete trigger system is controlled by the Trigger Supervisor (TS).

In the case of the DCHs, data can be extracted separately from this buffer for
level 1 and 2 timestamps in a nondestructive manner. For L1 triggers the data
are given to the L2 processors. For L2 the data are sent to the PC-farm. This
extraction proceeds also in parallel for all planes.

The synchronous L1 triggers are queued and dispatched only when the L1 drift
chamber readout is ready. An XOFF signal blocking the L1 trigger system is

generated internally if the FIFO gets full or if it is collected from a downstream
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system. The asynchronous L2 triggers are immediately dispatched without queu-
ing them. An internal timeout checking the busy lines of the readout generates
an XOFF blocking signal to the Trigger Supervisor.

During 2003 the readout sustained up to 150 kHz L1 trigger rate with a L2 rate
up to 14 kHz. The efficiency was greater than 97 % for all chambers.

The fast rise time of the pulses and the response of the time-to-digital converter
are such to allow a time resolution of 0.7 ns.

Particulars on the DCH’s read-out system are given in [40, 41]

3.6.2 The Charged Hodoscope

An hodoscope (HOD) placed downstream the Helium Tank and in front of
the LKr calorimeter, gave the timing for charged events with a resolution of 250
ps. It consisted of two planes, separated by 75 cm. Every plane contains 64 NE-
110 scintillator counters, horizontally arranged in the first plane and vertically
in the second. Each counter is 2 cm thick, corresponding to 0.05 X,. The length
varies from 60 ¢cm to 121 cm and the width from 6.5 cm to 9.9 cm. The distance
of the second plane with respect to the calorimeter was 80 cm, chosen in order
to reduce the effect of possible back splash from the calorimeter front face. Four
quadrants can be defined per plane, with 16 counters each.

This layout allows to define a set of fast logical signals from the discriminated
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Figure 3.11: Charged Hodoscope layout.

pulses, that can be used by the trigger. In particular the logical signal Q1

is defined as a geometrically compatible coincidence in both planes in a single
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hodoscope quadrant. The Q2 signal corresponds to a double coincidence of both

planes in two quadrants.

3.6.3 The Electromagnetic Calorimeter

The NA48 experiment measured direct CP-violation in the K°K° system
with very high accuracy. This imposed strong requirements on the design of
the NA48 electromagnetic calorimeter. In particular, energy and spatial resolu-
tions had to be good enough to obtain a high suppression factor on the back-
ground coming from CP-conserving K9 — 707%% decays, which is about 200
times higher than the signal K9 — m97°.

The energy resolution was required to be of the order of 3%/ V' E with a constant
term smaller than 0.5%. This includes resolution induced by all the passive ma-
terial upstream of the calorimeter, that amounts for about 0.85 radiation lengths.
The space resolution should be better than 1 mm and two photons farther apart
than about 4 cm should be distinguished. This advocated for an homogeneous
calorimeter with high transverse segmentation.

In order to keep the constant term of the energy resolution under control, pre-
cise charge calibration was required, together with long-term stability. The pulse
height response had to be calibrated and stable to better than one per mil. To be
able to stand single rates of about 1 MHz, the time resolution should be better
than 1 ns.

The choice was to build a quasi-homogeneous calorimeter, using liquid kryp-
ton (LKr) as active medium and with very thin read-out electrodes, in order to
ensure the excellent energy resolution required. Table 3.1 shows some relevant
properties of liquid krypton.

The slight radioactivity (¥Kr is a 8~ emitter with 670 keV maximum
energy and 10.74 years lifetime) has no noticeable effect on the noise in the

detector.

Calorimeter structure.

The NA48 calorimeter has an octagonal shape, with the radius of the in-
scribed circle being 125 cm. It is 27 radiation length in depth, minimizing longi-
tudinal leakage. It contains ~ 10 m?® of LKr. The beam of undecayed particles
passes through the vacuum pipe in the center of the calorimeter.

The signal produced by the electromagnetic showers is read-out in a tower

structure with 13212 cells. Each cell is formed by two drift gaps sharing the
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Z 36
A 84
p (g/cm?®), density at 120 K 2.41
Xo (cm), radiation length 4.7
Ry (cm), Moliere radius 4.7
W (eV/pair), energy to create one ion-electron pair 20.5
Ar (cm), nuclear interaction length 60
T, (K), boiling point at 1 bar 119.8
T (K), melting point 116.0
v§ (mm/pus), electron drift velocity at 1 (5) kV/em | 2.7 (3.7)
E. (MeV), critical energy 21.51

Table 3.1: Physical properties of liquid krypton.

collection electrode and read out by the same preamplifier. The two cathodes
are 10 mm away from each side of the anode. The central anode is kept at a high
voltage (HV) of 5 kV while the cathodes are grounded. For this value of the HV
the drift gap of 10 mm corresponds to a drift time of about 2.8 us. The cathodes
are shared between horizontally adjacent cells. Vertically, the electrodes are
aligned along planes set at the same voltage. The distance between electrodes in
the vertical direction is 2 mm. The transverse size of each cell is 20 x 20 mm?,
to be compared to the LKr Moliére radius of 4.7 cm. On average about 37% of
the electromagnetic shower energy is deposited in just one cell.

The cells increase in transverse dimensions as a function of the distance from the
front of the calorimeter up to a maximum of 1.1 % at its back.

The electrodes define a projective geometry of the calorimeter pointing at about
90 m in front of it, inside the decay region. This particular geometry has been
realized in order to achieve the best possible accuracy in the measurement of the
angle between the flight path of photons and the beam direction.

In order to keep the energy independent term in the resolution less than 0.5 %
the precision of the drift gap must be ensured to be better than 100 ym.

To avoid non-uniformity problems, the read-out structure is based on ribbon
electrodes stretched between two end plates. The electrodes are 1268 mm long,
18 mm wide, and 40 pm thick, and are made of copper-beryllium alloy.

The exact position of the electrodes is given with an accuracy of £45 pym, by
five spacer plates of fiberglass reinforced epoxy, located at equal distances of 21
cm along the beam direction. These spacer-plates push the ribbons alternatively

from right and left side, positioning them at angles of about + 50 mrad from the
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detector axis.
A general view of the calorimeter structure and a detailed view of the ribbons

are shown in figure 3.12
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Figure 3.12: (a) Electrode structure of the LKr calorimeter. (b) Calorimeter
ribbon and spacing plate detail.

In this way the cells follow a zig-zag instead of an straight path along
the original line of particles. Due to the small Molere radius, electromagnetic
showers in krypton are characterized by a narrowcore, which, if placed close to
the anode, would generate a smaller signal for the shower. The zig-zag geometry
reduces the depth inside the detector along which a shower core might be close
to an electrode.

The end-plates are 50 mm thick and the spacer-plates 5 mm. Despite of
the relatively short radiation length of the material, the thickness of the spacer-
plates is small enough not to affect the performance of the detector.

The calorimeter is enclosed in a cryostat, composed by an outer aluminum vessel
and a vacuum insulated inner stainless steel container, which keeps the temper-
ature of the LKr calorimeter stable at 121 K to within+ 0.1 K.

More details can be found in [2]

Front End electronics

The front-end electronics must stand a high rate of particles and provide
good time resolution. Low capacitance detector cells of about 70 pF and the use

of cold preamplifiers with very short connections result in a high speed read-out.
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The initial current read-out technique is used, with a pulse shaping of 100 ns rise
time and a total width of about 200 ns (the total drift time across the gap is 2.8
is)

There was an undershoot with an amplitude of about 5 % of the peak signal.
The noise performance of the front end electronics is an important issue for high
precision measurements. Therefore, low noise charge preamplifiers, optimized for

operation at low temperature, are mounted directly on the electrodes.

The LKr read-out system

The signal readout consists of a differential receiver for analog signals, with
a 14 bit dynamic range, followed by a fast shaper. The analog signals coming
from the calorimeter cells are fed and digitized inside the Calorimeter Pipelined
Digitizers (CPD) FASTBUS modules. Digitized signals are stored in a 3.2 s
deep pipeline memory for each cell.
In parallel with the digitizing process for every event the analog signal is sent
as well to a non-linear Flash Analogic-Digital Converter (FADC), which is able
to choose among 4 different gain ranges. Gain switching increases the effective
range of signal digitization.
The triggers delivered by the trigger supervisor (TS) reach the Trigger Input Card
(TIC) module, where on-line code handles and sends all the read-out operations
to the rest of the system. At the request of the TIC program, the digitized data
selected by the trigger are extracted from the CPDs’ memories and sent to the
Data Concentrator (DC) to be zero suppressed and then transfered to the Digital
Read-out Input-Output (DRIO) modules. The DRIOs produce the binary data
streams to be sent to the 8 PCs, containing the event information (event number,
time-stamp, trigger word) and the channels read. The read-out scheme of the
LKr calorimeter is shown in Fig. 3.13
The Data Concentrator (DC) performs the signal zero suppression and a cluster
finding algorithm to cells above threshold. For every channel a threshold is set
to the pedestal value of that channel plus a certain offset. Only information from
cells with a signal greater than its threshold is stored and past through the RIOs
to the online PCs. In this way it is possible to reduce to ~ 100 the number of
cells read out per shower. The zero suppression induces a non-linearity in the
calorimeter response, that can be appropriately modeled and accounted for on

the later stages of the analysis.
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Figure 3.13: Read-out scheme of the LKr calorimeter.

In addition, the DC is the main bottleneck in the DAQ system. In 2002, the
read-out technique was changed in order to collect two consecutive triggers before
sending the data to the DC. Eight samples of 25 ns were extracted for every event,
instead of 16 timeslots, which was the design value. In this the trigger rate could
be almost doubled, because the DC receives half the requests. In this way 60000

triggers per burst could be collected, which is the limit of the other sub-detectors.

Calibration

In principle, the calibration of a LKr calorimeter is simple, since the gain
stages (charge preamplifier and shaping amplifier) and the read-out electronics
can be precisely calibrated by charge injection. Calibration pulses of initial cur-
rent values determined by an input DC voltage are produced with a DMOS-FET
switch and a RC circuit on the preamplifier motherboard. All the capacitances
and resistances of the calibration system were measured at room temperature
and at liquid nitrogen temperature. By interpolation, they are known at LKr
temperature to better than 1% accuracy. The factor used to convert ADC counts
to initial current in pA is determined using the calibration system. Pulse sam-
ples of different amplitudes give the ADC to current conversion factor under the
range of interest.

Calibration triggers were recorded after the bursts, allowing an almost on-line

detection and correction of possible jumps on cells response. In addition, a set
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of random triggers is taken during the burst. These triggers are not physical and
are basically used to determine the cells pedestals. For every cell the averaged
signal on all random triggers is taken as measurement of its pedestal, a value
which already takes into account the effect of undershoot from previous events.
Cell pedestals can also be estimated from the first time sample of any event se-
lected by any physical trigger.

During the calibration process sets of so-called dead cells are identified. These
are channels with electronic faults preventing their correct calibration and uti-
lization. Their number is in the order of 60 (out of 13212) and the most common
problems are faulty preampliers, no calibration, bad pedestal and/or a very un-
stable response to calibration pulses. Dead cells are included in a data-base so
that their signals are masked during reconstruction. They are also taken into

account in the Monte Carlo simulation.

Calorimeter performance.

Offline the signal is reconstructed from the sampled data and both, the
time and amplitude of the signal are determined using digital filters. The filters
assign a set of weights for each of the data samples, derived from the pulse
itself. Separated sets of weights are used for the time and for the amplitude
measurements. Each data sample is multiplied by the corresponding weight and

the sum of the multiplications gives the final value.

E = Zai X 8; (3.6)
T=3bxs/E (3.7)

where s; are the three samples around the pulse maximum and a; and b; the
corresponding coefficients of the digital filters. The filters must be properly
calibrated, but once this is done they are very stable.

An electromagnetic shower typically covers a large number of cells. To optimize
the relative error contribution from the sampling term (which can be reduced
by reading out more cells) and the noise term (which increases with the number
of cells), about 100 cells on a radius of about 11 cm are used to calculate the
energy. Time and position are calculated only from the information of the most

energetic central cells.
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Uniformity and Energy resolution.

As already mentioned, the response uniformity and stability of the electron-
ics is permanently checked by injecting calibration pulses into the calorimeter.
Moreover, for the calibration of the calorimeter K.3 events are used (K? — e*1Fu,
for NA48 and K* — e*710y, for NA48/2). For these decays the electron momen-
tum is measured with the magnetic spectrometer. For an ideal detector, it should
equal the energy deposited in the calorimeter (i.e., one should get E/p = 1, when
neglecting the energy loss of about 45 MeV before the calorimeter). By using
these decays, energy variations both within individual cells and from cell to cell
have been measured and corrected for.

If an electron enters the calorimeter very close to an anode, part of the deposited
charge may drift during a time that is less than the integration time, thus reduc-
ing the signal. As the anodes are vertical, this gives rise to a horizontal response
variation. The accordion geometry makes this effect small and easy to correct.
Small vertical variations are due to the narrow vertical gap between the two
anodes. After corrections residual response variations within a cell are not more
than 0.1%

The cell-to-cell response uniformity can be checked by means of calibration
pulses. As the charge injected for a given DAC value is also subject to a small
error (1%), this intercalibration procedure is complemented by a calibration us-
ing K.3 events and cross-checked with photons from decays of 7% and 7 particles
produced during special runs by a proton beam impinging on a small, low-Z
target. The long-term uniformity of this complex intercalibration procedure is
better than 0.1%.

In 1997 the energy resolution of the calorimeter was also tested with an electron
beam of 0.1 % momentum bite and adjustable central value.

The energy resolution is defined as the ratio of the width to the mean (7) of a
Gaussian fit to the measured current distribution summed in a shower box of
11 x 11 cells around the shower maximum. The 11 x 11 shower box response
is corrected as a function of the impact point within the cell by an uniformity
correction common to all the cells and slightly energy dependent. The result

obtained from the analysis of K,3 events is:

o(E) 32% 9%
F ~ VE @ T @ 0.42%.

The noise contribution (about 40 MeV) is evaluated from the calibration

data fluctuations. The constant term is smaller than 0.5% demonstrating that
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there are no major non-uniformity problems. A major contribution to the sta-
tistical term of the energy resolution is due to the shower lateral leakage outside
the shower box, accounting for about 2.5%/@. For 25 GeV photons the energy

resolution is better than 1 %.

Position resolution.

The position resolution of the calorimeter has been measured by extrapo-
lating electron tracks from the magnetic spectrometer. The space resolution was
obtained by comparing the position of the center of gravity (COG) of the shower
in the calorimeter with the electron impact point as reconstructed by the drift
chambers. The COG is calculated using a 3 x 3 shower box and corrected for the
non-linear dependence on the impact point within a cell. The space resolution

as a function of the beam energy is parametrized as:

Oy = (% @ 0.6) mm (3.8)
oy = (% @ 0.6) mm (3.9)
(3.10)

For 25 GeV photons the position transverse resolution is better than 1 mm.

Time resolution

The timing resolution was measured using kaon decays with 7% where the
gammas converted or Dalitz decayed. The calorimeter time was compared with
the time of the electron measured in a scintillator hodoscope situated in front
of the calorimeter. The final time resolution is then determined applying the
resulting weights in the offline filter to an independent data sample not used in
the training procedure. The time resolution is also determined from the rising
edge of the pulse using a parabola fit to determine the maximum amplitude.
This method needs several corrections predicted by Monte Carlo, including the
impact point dependence of the shower within the drift gap, the correlation of
the phase with the sampling clock and the time slewing effect. Both analysis
yield similar results. While the time resolution for a single photon is around 500
ps, it can be reduced to 250 ps for a kaon decay, by using the information from
all photons.

Detailed information on the LKr calorimeter performance can be found in [43].
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3.6.4 The Neutral Hodoscope

To improve the time measurement of the detected photons, scintillator
fibers have been inserted vertically in the liquid krypton at a depth of 9.5 X9,
corresponding to the maximum of the longitudinal shower development for 25
GeV photons. The hodoscope is divided in four quadrants. The fibers have a
diameter of 1 mm and are ganged in bundles of about 25, that are accurately
positioned between ribbons. The scintillator fibers are instrumented with 32
Hamamatsu-1355 photo multipliers also located in the liquid krypton.

The time resolution achieved with these scintillator counters is better than
250 ps for shower energies greater than 15 GeV. The signal from the neutral
hodoscope is also used as minimum bias trigger (called TON), independent of
the LKr calorimeter response and essential for the control of the neutral trigger

efficiency.

3.6.5 The Hadronic Calorimeter

The hadronic shower leakage from the LKr calorimeter is measured by
a hadronic calorimeter (HAC) consisting of scintillator slabs separated by iron
blocks. It is divided longitudinally into two stacks and contains in total 49 layers
of scintillator slabs oriented either horizontally or vertically. The active area of
the calorimeter is 2.7 x 2.7 m?. Each iron plane is 2.5 cm thick, resulting on a
total length of 1.2 m or ~ 7 interation lengths. The energy resolution obtained
is:

o(F) 65%

E \/ E[GeV]

3.6.6 The Muon Veto System

The Muon Veto System (MUV) is made of three layers of plastic NE-110
scintillation counters separated by 80 c¢m of iron. The first two planes have 1
cm thick scintillators oriented horizontally and vertically respectively. The time
resolution is ~ 700 ps, which is adequate to be used in the trigger logic. The
third plane has thinner (6 mm) scintillators and less channels. It is mainly used
to monitor the detection efficiency of the first two planes. The efficiency of the
Muon Veto System is better than 99 % for muons above 5 GeV.
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3.6.7 The Beam Position Monitor.

The beam position monitor has been designed and built in order to satisfy
the need of a fast feedback of the beam steering and of an on-line check of the two
beams position and geometry. The monitor is composed of two 8 x 8 matrices of
plastic scintillator blocks. Each pixel is 6 mm X 6 mm in transverse dimension
and 9 mm thick. The light from the scintillators is collected by two 8 x 8 multi-
anode PMTs. The detector is able to measure displacement of the center of

gravity of the beam at the level of 0.1 mm.

3.7 Trigger System

All the NA48 experiments were designed for high rates, in order to make
precision measurements on the kaon system and study very rare kaon decays.
The readout had to be completely pipelined and dead time free for two main
reasons. First, very high statistics is required so, any sizable loss of events due
to dead time must be avoided. Second, to prove with the required accuracy that
losses and inefficiencies do not bias the results, they must be kept very small, as
it is only possible when dead time is zero or negligible.

Dead time in the readout due to cable lengths and trigger processing time is
avoided by using a continuous data recording and filtering system.

Individual sub-detectors store the local information for a limited time in buffers,
while the trigger system looks at the data and decides whether to accept or reject
events.

A readout command is issued from the trigger supervisor to all sub-detectors for
each accepted event, causing them to readout from their local buffers. The Time
Stamp (TSt), defined as the arrival time of the event as measured in the charged
hodoscope with respect to the burst start, is used in the command in order to
identify the event.

A common 40 MHz clock is distributed among all sub-detectors. Time is defined
for all subsystems by a reference clock in units of 25 ns.

As already mentioned, the NA48 Trigger system is organized in two levels. The
level one (L1) which is based on fast detector signals is completely synchronous
with the experiment clock. After L1 selection the rate is reduced from the 1
MHz in the detectors to less than 170 kHz. The level two (L2) is partially asyn-
chronous. It is based on software calculations done fastly by a processor using

signals from the magnetic spectrometer. The L2 output has a rate of the or-
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der of 10 kHz. In addition there is also a so-called level three (L3). The L3 is
not really part of the trigger system. It is a semi-on-line code that performs a
software selection on the completely built events, deciding whether to keep them
depending on the response of different software filters. During 2003 and 2004
the L3 rejection was not active.

When the level one trigger (L.1) spots a candidate event at a given TSt, it prompts
the acquisition system to send the data taken around that TSt to the level 2 trig-
ger (L2C, level 2 charged). The L2C processes the candidate event and, if the
required conditions are satisfied, produces a single Trigger Word (TW) contain-
ing the TSt and a trigger code that specifies the main characteristics of the event.
This TW is transmitted to the Trigger Supervisor that, depending on the trigger
pattern, decides to read out the corresponding data or to dump it.

The sum of the maximum time level 1 and level 2 trigger systems may need to
take a decision is 204.6 us. All sub-detectors must have a buffer big enough to
store the data.

The trigger system is composed of a Neutral Chain, a Charged Chain and the
Trigger Supervisor, that has to process, select and tag the events to be read out
within the ~200 us data persistence time.

The neutral trigger is a 40 MHz dead time free pipeline which provides trigger
information based on signals from the Liquid Krypton calorimeter. The full NT
chain produces a trigger decision every 25 ns after a fixed delay of 3.2 us from
the event time.

The charged trigger chain is a mixed hardware and software real-time system,
partly pipelined. The chain is composed by a fast first level trigger, followed by
a computing engine (L2C).

The first level logic uses signals from the neutral trigger, the hodoscopes, the veto
systems and the first drift chamber. This is done inside the fully pipelined Level
1 Trigger Supervisor (L1TS). This continuously receives these signals, performs
a time alignment and produces a 3-bit identification code to be transferred to the
L2C upon finding the conditions satisfied. A 30-bit timestamp is also attached,
carrying the event time information.

The L2C is an asynchronous queued system, partly pipelined, with massive paral-
lel processing capability. For each L1 trigger, it computes hit coordinates, space
points, tracks, vertexes and invariant masses. The computing time, although
guaranteed not to exceed a fixed upper limit of 100 us varies on an event-by-
event basis.

The logic layout of the trigger chain is shown in figure 3.14
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Figure 3.14: The trigger system chain.

3.7.1 The Neutral Trigger (NT)

The Neutral Trigger is extensively discussed in [44]

This system reconstructs the total energy, the Center Of Gravity (COG) and
the number of peaks in the horizontal and vertical calorimeter projection on-line
every 25 ns and performs a cut on these physical quantities. In order to cal-
culate these quantities, the calorimeter single-cell information is reduced to two
orthogonal views of projective calorimeter information.

The first step is to add the calorimeter signals from 16 (2 x 8) single cells
with analogue-sum circuits to form super-cells. The information from a single
calorimeter cell is used twice to get two orientations (x-view and y-view). This
is done in the Calorimeter Pipeline Digitizer (CPD) system.

The digital super-cell signals are summed up into 64 vertical and 64 horizontal

projections to gain coarser granularity (4 cm wide strips).
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For all steps the digital information is stored in the PMB system and recorded
with for every accepted event. This allows the online monitoring of the neutral
trigger and an off-line comparison between the information of the calorimeter
readout and the information in the neutral trigger.

The Peak Sum System (PSS) computes the energy sum (m0), the first and second
moments of the energy (ml and m2), and the number of peaks for each projec-
tion every 25 ns. The energy moments of order n with respect to the coordinate

j=x,y are defined as:

Min= >, JiE 0<n<2 (3.11)
0<i<Neeits

A peak is defined as a maximum in space and time which are above an adjustable
threshold.

The Look-Up Table (LUT) system combines the results of the two views to
reconstruct the relevant physical quantities and to take the final trigger decision.
The LKr energy (Epk,) is computed from three time-slices around the maximum
in time, using a parabolic interpolation and averaging the energies from both
views.

The center of gravity and the decay vertex are computed as:

coG - [Mat (3.12)
Erkr
L VELkR(Mas + May) (M2, +mi,) (3.13)
mg

If an accidental is identified, the number-of-peaks cut is not applied. Every 25

ns a trigger decision is passed on to the trigger supervisor (TS).

3.7.2 The Charged Trigger

The charged trigger consists of a chain of a fast first level trigger (L1C)
and a second level trigger (L2C). The fully pipelined synchronous L1C trigger
hardware uses simple criteria that require loose consistency between the neutral
branch of the trigger, the hodoscopes, the veto detectors and the first drift cham-
ber. It reduces the initial beam intensity rate to a ~ 100 kHz input rate to L.2C
trigger.

The L2C is based on partially pipelined hardware and a small processing farm.
It uses all the hits produced in DCH1, DCH2 and DCH4 to compute the coor-

dinates, tracks and kinetics of each event it receives. With this information it
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flags the event according to different criteria. This flag is sent to the Trigger
Supervisor, that decides whether or not to issue the read out command to the

detectors. A scheme of the charged trigger chain is shown in figure 3.15. The
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Figure 3.15: Block diagram of the Charged Trigger System.

computation time is variable depending on the event. For events with accidental
hits, this time could be too long. An upper limit of 100 us is imposed to allow
readout of all sub-detectors in the remaining 100 s of storage. If the processing
of an event takes more than 100 us, then the event is flagged as Not In Time
and the system discards it.

In order to control the queuing levels, the L2C includes an XON/XOFF mech-
anism. When queues reach a critical level, the L2C asserts an L1OFF signal,
turning off the L1C. Once the queues are absorbed by the system, the L2C
releases the L1OFF, allowing the L1C to resume its activity. The dead time
generated by this mechanism must not exceed 1%.

The L2C is sufficiently flexible to allow for algorithmic changes, but its perfor-
mance depends on the selection of a suitable pretrigger.

Different algorithms have been implemented during 2003 and 2004 data taking
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in order to select the interesting decay channels. These will be explained in the
next chapter.

The L2C associates x and y coordinates and produce the space-points of each
DCH. In order to reconstruct a space point, at least 3 of the 4 coordinates
must be consistent. A space point is reconstructed if one of the following condi-
tions is satisfied within a tolerance of 1.5 mm: (v = (z +¥)/2, v = (y — z)/2,
(y=u+v)/2)

Given the list of space points, all combinations are checked to form tracks. A
vertex is reconstructed if the closest distance of approach of two tracks is below
5 cm.

Then the reconstructed tracks are extrapolated to DCH4, spotting possible de-
flections by comparing the extrapolated spacepoints to DCH4 data. At this
moment the associated invariant mass can be computed. Due to its capability
of computing invariant masses, the processor farm is called Mass-BoX (MBX)
When all computations are finished, it sends the Trigger Word to the Trigger
Supervisor.

The high beam intensities in the NA48/2 experiment placed heavy demands on
the trigger system. In particular, the MBX performance is highly important for
charged beams, and it could become a bottleneck under increased rate of events
passing the L1 selection. Potential problems were overcome by an upgrade on the
processor farm for the NA48/2 experiment, increasing the upper limit of input
events from 120 kHz to 170 kHz. More details on the Charged Trigger system

are given in [45].

3.7.3 The Trigger Supervisor (TS)

The NA48 Trigger Supervisor is a fully pipelined 40 MHz digital system
which correlates and processes the information from the local trigger sources
L2C, NT, L1TS. It provides the final trigger word, including a timestamp in-
dicating the event real time, whenever a required condition is fulfilled, and it
broadcasts it to all Read Out Controllers (ROCs) within the data persistence
(~200 ps). The last stage is derandomized, in order to guarantee a minimum
interval between two consecutive readout requests. The TS also performs trigger
counting, downscaling and recording, dead-time control and trigger monitoring.
The block diagram of the Trigger Supervisor is shown in figure 3.16

The input stage is structured as four identical sub-detector cards, each
dedicated to a different trigger source (L1TS, L2C, NT and one used for mis-
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Figure 3.16: Block Diagram of the NA48 Trigger Supervisor.

cellaneous signals). Each source provides the TS with up to 24 bits of data,
synchronized with the system clock, together with a strobe used for data valida-
tion, at a maximum rate of 40 MHz.

Asynchronous trigger sources, like L2C, provide their own time-stamp together
with the data, while for synchronous ones (L1TS, NT) the timestamp is derived
by 40 MHz counters located on the TS.

Data from each trigger source are continuously stored into fast RAMs, addressed
by the 13 low-order bits of the timestamp. Simultaneously with the writing,
the memories are read out sequentially via the second port after a fixed (pro-
grammable) delay of ~ 100 us. This delay is the maximum time budget given
to the L2C for its computations.

A general problem arising in a sampled system, superimposing a fixed time bin-
ning on a continuous event flow, is the possibility that an event occurring close
to a time slice boundary is assigned to different time bins by independent trigger
systems. To overcome this potential source of inefficiency, the following scheme
has been implemented. Whenever a coincidence between different conditions is
required, the signal used as time reference is left unchanged while all the others
are widened by two time slots, one preceding and the other following the actual
position. In this way, signals displaced by one time slot in either direction are
still effective in the trigger decision, allowing for greater efficiency.

For encoding the final 16-bit trigger word, any subset of the 96 input bits can be
used by the decision logic. This is achieved by a routing and combining network,
implemented in FPGAs and RAMs.

Each bit of the final trigger word can be individually downscaled using pro-
grammable synchronous downscalers implemented in FPGAs. The extensive use
of downscaled trigger bits, with looser requirements, is mandatory in order to

get accurate measurement of the various trigger efficiencies.
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The 16 trigger bits are used to generate a validation bit, called the strobe. Every
possible bit combination can be selected to generate the strobe. This scheme
allows to temporarily disable any individual trigger type already produced by
the decision logic.

Whenever the strobe signal is present, the trigger word and a locally generated
30-bit timestamp, are written into the output Trigger Queue Buffer (TQB). The
purpose of the TQB is to buffer fast sequences of triggers and to allow for a
fixed minimum time interval At between the broadcast of two consecutive trig-
gers. The TQB has a FIFO-like structure, whose depth N is tuned according to
the subdetectors memory depth (204.8 us), the ROCs readout time At and the
maximum L2C computation time (TL2C)

A trigger word is extracted from the queue whenever the minimum time interval
from the previous dispatching has elapsed, if a XOFF condition (see below) is
not active. A sequential, burst-based event number (16 bit) is attached to the
data, and the information is passed to the transmission stage.

The resulting trigger packet consists of 64 bits, 16 bits for event number, an-
other 16 bits for the trigger word and 30 bits plus 2 spare for the timestamp.
The trigger packet is sent to 10 destinations simultaneously, over fast dedicated
serial links.

A L1 splitter card was added for NA48/2 in order to logically decouple the MBX
and the KABES L1 triggers, allowing to individually mask some of them from
either system.

Even if the NA48 trigger system is basically dead time free, two basic dead-time
sources still exist, the so-called XOFFs and FIFO full. A simple XON/XOFF
protocol is used to pause trigger dispatching by the TS whenever a ROC is unable
to cope with the read out request rate. Each ROC system asserts its XOFF line
whenever the amount of data in its output buffers exceeds a predefined upper
limit. The TS responds to XOFF by simply blocking the transmission stage,
while trigger data are still being received, processed, stored and extracted from
the TQB. When all XOFF signals become unasserted, trigger transmission is
resumed with the triggers which happen to be stored inside the TQB at that
time.

The second dead-time source in the system is due to the limited FIFO depth
in the TQB. Trigger rate fluctuations may result in the TQB being filled up, so
that a new valid trigger cannot be stored. Both, XOFF and FIFO full conditions
are properly controlled and monitored by the Trigger Supervisor.

The Trigger Supervisor System is treated in [46].
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3.8 The Pipeline Memory Boards

The deadtimeless readout of the charged particle hodoscope and other scin-
tillation counters of the experiment was performed using a general purpose mod-
ule, the Pipeline Memory Boards (PMBs), developed for the experiment. The
basic module provides, for 8 channels of 24 bits, a continuous storage of the 40
MHz input in an 8 K circular buffer. An important application of the PMBs is
its function as Pattern Units (PUs). The PUs store digital data produced by
external trigger related sources and all decisions taken by the trigger supervisor
at all steps. Analysis of PUs data allows the offline reconstruction of the trigger

logic results from the stored input signals.

3.9 Data Acquisition and Format

The NA48 online DAQ system was able to process 400 MB/burst assuming
a spill length of 2.5 s and a SPS duty cycle of 14.4 s. For the NA48/1 high
intensity Ko run the data acquisition system needed to be upgraded. The change
on the SPS cycle in 2001 increased the data volume by a factor of 2.5. In addition,
the trigger rate was increased. The upgrade of the PC farm allowed doubling
the data throughput.
In Fig 3.17 the network setup of the on-line PC-farm is shown. Data coming
from the read-out systems arrive into the 11 Sub-detector PCs (SPC). They are
then distributed to eight Event Building PCs (EBPC) via a switching network.
Inside the EBPCs the data is processed, the event fragments from the various
subdetectors are merged into complete events (event building) and consistency
checks are performed. This raw data is then forwarded to the Central Data
Recorder (CDR) via a Giga-switch connection.

In the CDR, the raw data coming from the PC farm are stored on 10 disk
servers of 1 TB average capacity installed in the IT division of CERN. At full
efficiency ~ 3 TB of data are produced per day. From the raw data, the third level
software trigger (L3) produced several compact output streams corresponding to
different event types. The L3 runs on the CERN batch system. In the computer
center the burst fragment files were combined into burst files. The action of
the program consisted of reading these raw burst data files, calling a set of
decoding and reconstruction routines, performing a series of cuts and splitting or
copying events to different output streams. The real time reconstruction uses the

standard offline routines with the best known calibration constants at that time.
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Eventually, raw burst files and the results of the reconstruction (COMPACT

files) were written to tape. The typical size of one burst of raw data is ~ 500

MB, while a typical Compact file is ~ 120 MB. Reprocessing of Compact files

is redone offline later on, once the best set of calibration constants is defined for

the relevant detectors on every data taking period. In addition further filtering

is done a posteriori.
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Chapter 4

Data Taking and Trigger Logics

4.1 Data Taking in 2003 and 2004

NA48/2 collected data in two runs, from June 12 to September 8 in 2003,
and from May 15 to August 8 in 2004.
In order to minimize systematic uncertainties for the asymmetry measurements,
the magnetic fields in the spectrometer and beam line magnets were alternated
regularly. The spectrometer magnet current was reversed on daily basis during
2003 and every ~ 3-4 hours in 2004. All the beam line magnets were cycled and
inverted once per week during the machine development pauses. A complete set
of data, with all possible combinations of spectrometer and beam line magnet
current signs, was accumulated over a two-week period. This was called a super-
sample.
During 2003 three straight muon runs, with the spectrometer magnet demag-
netized, were taken to monitor the alignment of the spectrometer. From the
analysis of K* — m¥7T7n~ events a significant slow drift was detected in the
DCH alignment in a period were no muon data was available. Due to this, muon
runs were taken more frequently (around twice per month) during 2004. The
spectrometer alignment was then found to be stable to = 20 pm.
The DCHs misalignment could be corrected offline using K* — 777~ events.
This will be explained in detail in chapter 5.
Of the total of 80 days available in 2003, about 30 were spent in tuning the beam
and the upgraded parts of the detector, or lost because of absence of beam, cool-
ing problems and effects of power cuts. In the remaining ~ 50 days, from August
6 to September 7 data of two complete supersamples (SS1 and SS2) and a smaller
one (SS3) were collected in stable conditions. This is the data sample (SS123)

analyzed in this thesis.
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The data in 2004 were taken in two periods separated by two special runs: one
at 25 ns and a scrubbing run, which are not useful for data taking. During the
first period trigger and readout conditions were kept as in 2003. During the sec-
ond period, the read out of the calorimeters was modified to discard calorimeter
data for a fraction of the K* — 7*r+7~ and K, events. The quality of the
K* — n¥ntn~ analysis was not affected by this change, but in turn allowed a
big gain in bandwidth. This allowed to collect more control triggers and enhance
the L1 selection, as it will be explained in detail in the next section. Five super-
samples (SS4 to SS8) of different duration were recorded in 2004.

Table 4.1 shows statistics and data volumes for the NA48/2 data taking periods.

| | 2003 | 2004 |
Total number of triggers | 7 10° | 11 10°
Number of bursts 2.210° | 310°
Raw Data total size 80 TB | 120 TB
Compact Data total size | 20 TB | 25 TB

Table 4.1: Statistics and data volumes at different stages.

4.2 Trigger Configurations in 2003 and 2004

runs

The NA48 trigger system could be used with almost no modifications to
perform efficient selection, with significant background rejection, for candidate
events for the NA48/2 experiment.

For the charged decays (K* — nrtm~, K.4) the charged chain of the trigger
logic required, at the first level (L1) a coincidence of hits in different quadrants
of the hodoscope (Q2 signal as defined in chapter 3) and the absence of signals
in the anti counters (called AKL or !AKL).

At the second level (L2) at least two compatible vertexes in the fiducial decay
region had to be identified by the massbox.

The decays with predominantly neutral particles or gammas in the final state
(K* — 7*7%7%, K+ — 7%7%)) were initially selected (at L.1) by the neutral
branch of the trigger requiring more than two peaks in at least one projection of

the electro-magnetic calorimeter (loose NT-PEAK signal).
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The massbox algorithm (at L2) for this type of events computed a sort of missing
mass, using as input the spectrometer information on the charged track and as-
suming the parent kaon with energy of 60 GeV and traveling along the beam axis.
Events were selected if the computed mass was far from the K* — 7%7% peak,
efficiently collecting K* — 77979 and K* — 7*7%y decays and suppressing
the K* — 7*7% background.

In 2003 about 50000 events were collected per burst.

In the second period of 2004 a 20% larger effective bandwidth was obtained by
reading out the calorimeter information only for a fraction of 70 % of the three
tracks events. This allowed for some additional 10000 events per burst, giving a
total of 60000 events per burst. Additional triggers were used:

At L1:

e To enhance the pre-trigger for one-track events, allowing a gain in effi-

ciency.
At L2:

e To provide a control trigger for one track events based only on LKr
calorimeter information. This trigger did not need to be downscaled,
so it could be used for the precise measurement of the main one-track

trigger efficiency.
e To provide a dedicated trigger for K= — 7¥v7 studies.

e To allow a dedicated trigger for events with no tracks detected in the

0.0

spectrometer, useful for collecting K* — 7*7%7% events where the 7%

was out of acceptance.

e To provide control triggers for various other channels.

4.2.1 First level (L1) logic and configurations

During the beginning of 2003 data taking, different trigger conditions were
tested. A stable L1 configuration was implemented from July 10 (beginning of
SS0) and kept to the end of the run.

A summary of relevant signals that can be used at L1 is shown in table 4.2
In table 4.3 L1 strobe signals for this configuration are shown. Events satisfying
one of the strobe conditions were passed to the massbox for computation.

The first bit (Bit 0) was intended for pre-selection of predominantly neutral
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decays, such as K* — 7¥7%% and K* — 7n%7%y. It is given by the logical OR
of three conditions, the first two being the more important for the K* — 757%y
signal (see chapter 6). The signal NUT (npeaksloose) is also called loose NTPK
or NT-PEAK, and is given by the logic condition of (n, >2 OR n, >2), were
ng, n, are the number of peaks found by the neutral trigger system in the X,
Y projections respectively. The NUT(LKrmbias) signal requires an energy de-
posit seen by the neutral trigger in the LKr calorimeter greater than 10 GeV
(ELkr > 10 GeV) This signal is useful to define a minimum bias sample to check
the NT-PEAK collection efficiency. The NUT(KMU3-PRE) was intended for
the preselection of K* — y*7%, events and it is not relevant for K* — n=n%y
analysis.

The second bit (Bit 1) was primarily intended for the pre-selection of leptonic
decays, K* — p*v, and K* — e*y,.

The third bit (Bit 2) made the pre-selection of three track events, mainly through
the Q2!AKL signal. This signal has the disadvantage that the hodoscope Q2 is
slightly inefficient, as it requires the coincidence of two planes. The advantage
is that it makes it possible to collect also the events in which one of the charged
pions is outside the detector acceptance. The inefficiency of Q2AKL is domi-
nated by random veto in the AK L condition.

The (Q1+Q2) signal gives the fine time to all strobe bits, providing accurate
time information.

Part of the less selective triggers are downscaled in order not to saturate the
massbox with uninteresting events. These signals are in any case needed in or-
der to increase the collection efficiency and to have a set of minimum bias events
for trigger efficiency calculations. The initial default configuration was D1=10,
D2=100, D3=100, D4=100.

During 2003 an unexpected failure of part of the neutral trigger chain led to the
loss of a few days of 1-track triggers. During this period control and rare decay
triggers were increased to saturate the bandwidth. The existence of so-called
bad NT-PEAK periods is not limited to these few days, and a correct treatment
of these data is of vital importance for the K* — 77%y analysis. This will be
explained in detail in chapter 6.

At the beginning of 2004, the trigger conditions were kept basically equal to
2003. The only difference at L1 was the removal of pre-selection of leptonic
and semileptonic decays to be sent to the massbox. The most important trigger
change during 2004 ocurred from SS6 on. Taking advantage of the bigger band-

width available, and after some trigger tests performed at the end of June 2004,
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a new signal (NT-NOPEAK) was inserted in OR on the first strobe bit 0. The
corresponding change was also made at L2 as explained in next section. The
new trigger configuration was inserted from July 7. New strobe bits to MBX are
shown in table 4.4

The NT-NOPEAK condition consisted on a coincidence of three signals calcu-

lated in the neutral trigger.
NUT (nopeak) = NUT(COG Lk, < 30cm Zvn < 95m Epg, > 15GeV) (4.1)

The first signal (COGrx, < 30 cm) requires that the energy deposited in the
LKr is compatible with a non two-body kaon decay along the z-axis. The second
signal (Zvn < 95 m) requires that the vertex reconstructed with the neutral
variables is within the experimental decay volume. The exact definition of the
COG variable and of the neutral vertex computation will be given in chapter 5.
The third signal (Erxr > 15 GeV) requires that the total energy deposited in
the electromagnetic calorimeter is greater than 15 GeV.

The addition of NT-NOPEAK at bit 0 supposed an increase in the rate of events
to be received as input by the MBX of ~ 40 k events/burst, out of a total input
of ~ 450 k events/burst.

In addition, at bit 1 a signal for study of K* — 7*1v¥ decay was added, requiring
only one hit in the charged hodoscope (Q1) and activity in the DCHs compatible

with one track only.

4.2.2 Second level (L2) logic and configurations

The L2 trigger configuration for 2003 is shown in figure 4.2.2.

At L2 we can distinguish between trigger bits coming from the massbox response
(trigger name starting with MB) and triggers coming directly from the detectors
response. In general, massbox triggers were of great importance for the NA48/2
experiment, as the main L2 triggers for event selection were given by some type
of massbox response. The MBX block diagram scheme is shown in figure 4.2.2.

The basic algorithm for the selection of events with more than one charged track
was to look for two compatible vertexes in the fiducial region. This was called
MB-2VTX and was the first trigger bit (0 or 0x0001) in the L2 configuration.
This is rather insensitive to the imperfections of the spectrometer and the use of
raw uncalibrated data from drift chambers.

A second algorithm was operating in cascade with this one. It looked for a

single vertex with a reconstructed two-pion invariant mass compatible with the
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kinematic limit for 37 events. It was called MB-1VTX and was the second L2
trigger bit (1 or 0x0002). This combination of triggers had an overall inefficiency
for K* — n¥ntn~ of ~ 1 %. Events were selected also at L2 satisfying the same
conditions as the charged L1 pre-trigger. This trigger was called C-PRE (from
charged-pretrigger) and was heavily downscaled (by a factor of 100) in order
not to saturate the bandwidth. The C-PRE trigger was useful as control trigger
for the efficiency determination of other charged (MBX) triggers. This was the
fourth trigger bit (3 or 0x0008)

The selection of neutral decays was based on the computation of an effective
missing mass. This was called MB-1TRK-P or MFAKE trigger, and was the
fifth L2 bit (4 or 0x0010) The massbox algorithm needed to allow for a highly
efficient selection of K* — 7¥7%7% events, rejecting the dominant K* — 7%7°
background. By assuming the flight direction of the kaon along the beam axis
and its energy to be 60 GeV, an effective missing mass cut rejecting 2-body
decays with a 7° can be implemented. The MFAKE variable, is given by:

MFAKE? = m% — m2 — MM? (4.2)
=2(< Ex > Ex— < Dok > Dax) (4.3)

The first equation shows the MFAKE definition, where mg is the nominal kaon
mass, m, is the nominal 7 mass and MM? is the square of the missing mass,
corresponding to the 7% mass for the K* — 7*7° decay hypothesis. The second
equation shows how MFAKE can be calculated from the charged track and kaon
parameters. Here <Ex >= 60 GeV/c? represents the average kaon energy, E,
is the pion energy, that can be calculated from the spectrometer information,
<p.x >= 60 GeV/c represents the kaon momentum along the z axis, and p,,
the charged m momentum along the z direction, as computed as well from DCHs
data. The last equation shows the relation between the MFAKE variable and the
energy of the pion in the center of mass (CM) system EX. This relation shows
easily how the MFAKE cut corresponds to a cut on the pion kinetic energy in
the CM of T} < 90 MeV.

The actual correspondence between MFAKE, T7* and p} given by the following

equations:

T: = E* —m, (4.5)

pr =\ E?—m (4.6)

MFAKE? = 2E*my (4.7)
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(4.8)

In table 4.5 the equivalence between MFAKE, p} and T* variables is given for
different relevant values of one of them.

The actual algorithm implemented on the on-line processors is the following:
First, a fake track, aligned with the beam axis, and with exactly 60 GeV/c
momentum, is introduced in the massbox. A vertex is found if the closest distance
of approach between tracks is within 5 cm. If there is one vertex computed
between the accepted z range, built from a real and the fake track, the ZFAKE
massbox bit is set and allows the computation to continue. For each space-point
combination in DCH4 the MFAKE variable is computed on-line in the massbox
assuming a K* — 7%70 decay, using equation 4.9

1

MFAKE? = ————
‘A$FA$T|

[Pkick(zpcms—20a6)°0°+ M2 Axp|*+ M| Azp|*] (4.9)

where 6 is the opening angle, Az is the magnet to DCH4 displacement of the

real track and Azp is the (constant) displacement for the fake track:

Preier,
A.TF = =

= W(ZDCH4 —_ ZMAG) (410)

The MFAKE resolution for K* — 7¥7° events was ~ 7.5 MeV on-line (as seen
by the MBX) and ~ 4 MeV offline.

The trigger cut was set to MFAKE < 475 MeV /c? during 2003. This was very
efficient for K= — 757%7° as these events have a maximum at ~ 438 MeV, far
away from the massbox MFAKE cut. However, due to resolution effects, the
L2 MFAKE trigger is bound to be inefficient for events with 77* ~ 90 MeV,
affecting in particular the K* — 7%7% decay. To get rid of this edge effect in
K* — 7%710y analysis the cut was tightened on the offline selection to T* < 80
MeV, as will be explained in 5.

The MFAKE cut was changed to 480 MeV/c? from 2004, inducing ~ 5 % more
event rate.

The 2003 L2 configuration included other triggers of interest for the K* — 7570y
analysis: NT-NOPEAK, TON and NT-PEAK. Signals starting with NT come
from response of Neutral Trigger system.

The NT-NOPEAK trigger was the bit 8 (0X0100) and consisted of exactly the

same condition described above for NUT (nopeak). This was downscaled by a
factor of 80. The N-MBIAS or TON trigger was the L2 bit 9 (0X0200) and
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is based on signals from the neutral hodoscope as described in chapter 3. Its
downscaling factor was 200. The NT-PEAK trigger repeated the conditions sent
to the massbox at L1 by the NUT(npeaksloose) signal and it was downscaled
by 50. This was trigger bit 10 (0x0400). All these triggers were intended for
efficiency determination, as will be explained in detail in chapter 6.

A summary of L2 trigger bits useful for K* — 7%7% analysis of 2003 data is
given in table 4.6

During 2004 the L2 configuration was modified. The most relevant change was
the insertion in L2 bit 10 of the NT-NOPEAK signal in logical OR with NT-
PEAK. In this way this bit contained exactly the same information as the one sent
to the massbox at LL1, as needed in order to evaluate the efficiency of the imposed
condition. In addition the signal used at L1 for preselection of K* — 77, was
also sent as L2 ouput after application of a heavy downscaling factor.

Standard trigger rates for 2003 and 2004 runs are shown in table 4.7.



Name Meaning ‘
Coincidence in the two views of one quadrant in
Ql :
charged hodoscope
Q2 Double coincidence in two quadrants in charged
hodoscope.
Requires a time coincidence between the two layers
AKL of at least one AKL pocket. Signals from pocket 1
and pocket 7 are not used in the trigger logic.
1u One hit in muon veto system.
At least two clusters seen by neutral trigger system
NUT (npeaksloose) on X or y projections ( n; >2 or ny > 2)
NUT(LKrmbias) | Energy deposited in the LKr greater than 10 GeV.

NUT(KMU3-PRE)

Energy deposited in the LKr greater than 15 GeV.

NUT(KMU2-PRE)

Energy deposited in the LKr less than 10 GeV.

NUT(KE2-PRE)

Logical AND of three conditions: Energy de-
posited in the LKr greater than 15 GeV and energy
deposited in the hadron calorimeter smaller than
10 GeV and a condition on the energy distribution
compatible to one cluster only.
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Table 4.2: Summary of some signals available at L1. First four (Q1, Q2, AKL,
1) come directly from the detectors. Signals starting with NUT come from

neutral trigger response.

Bit 0

[(NUT(npeaksloose) + Q1/D1*NUT(LKrmbias))+
(Q1 * 1Q2 * 1u * AKL/D4)*NUT(KMU3-PRE)]

(Ql + Q2)

Bit 1 | [(Q1* ! Q2 * !1u * AKL/D3)*NUT(KE2-PRE)+
(Q1*! Q2 * 1u *AKL/D4)*NUT(KMU2-PRE) + Q1/D2]
Q1 +Q2)

Bit 2 | [Q2 * !AKL + Q1/D2] (Q1+Q2)

Table 4.3: L1 configuration from July 10th 2003. The downscaling values were

D1=10, D2=100,

D3=100, D4=100.

Bit 0

Bit 1

Bit 2

[(NUT(npeaksloose) + Q1/D1*NUT(LKrmbias))+
NUT (nopeak)](Q1l + Q2)

[Q1/D2 + PRE-PNNB/D3](Q1 + Q2)

[Q2 * 1AKL + Q1/D2 ] (Q1+Q2)

Table 4.4: Main L1 configuration used in 2004. NT-NOPEAK signal is added
to strobe bit 0. A pretrigger for K* — 7*vv events is added to strobe bit 1.
Downscaling values were D1=10, D2=100, D3=8.
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Figure 4.1: L2 trigger word from 25th June 2003.
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MassBox Algorithm for 2003 {(page 3/4
Version 15.23 {11/08/2003->08/09/2003)

Computation of space-points in DCH1 and DCH?2
{“take” space-points are adder in both chambers at {x,y}=(0,0})

L

/:fenices computation 0
It CHRTRIG: r
Loop over pairs of 2 real rack segments fireal veriex found
It NUTTRIG: SelRRZD O
Loop over pairs of 1 real and 1 “fake”
frack segments <::>(’ It “fake” vertex found and
\. > (MPPTRIG OR KUFTRIG)
@ Set ZFAKE bit
\.
( I two compatible
Loop over real verfices
[ ) (itany) } | real verices found
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Figure 4.2: Diagram representing the MBX algorithm.
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MFAKE (MeV/c?) | p- (MeV/c) | 7 (MeV)
495 205 108
475 181 89
480 187 94
466 170 80
438 136 55
476 182 90
460 163 75

Table 4.5: Correspondence of relevant values of MFAKE, p} and T

Bit Name Meaning
4 (0x0010) | MB-1TRK-P or MFAKE Cut on MFAKE against K* — 77!
8 (0x0100) NT-NOPEAK Requirements on neutral COG, zvn and energy
9 (0x0200) N-MBIAS or TON Signal from neutral hodoscope

10 (0x0400) NT-PEAK Requirements on projections n,>2 or n,>2

Table 4.6: Relevant trigger bits for K= — 7¥7%y analysis of 2003 data. MFAKE
is the main L2 trigger. The others are used to calculate efficiencies of different
conditions.

| 2003 | 2004 |
Protons per pulse 6.5-7 10!
Rate at detectors 1 MHz
Triggers per burst at L1 | ~ 450 K (410 K) | ~ 490 K (450 K)
Triggers per burst at L2 ~ 52 K ~ 60 K

Table 4.7: NA48/2 rates at different stages.



73

Chapter 5

Event Selection and Reconstruction

5.1 General event reconstruction in NA48/2

The reconstruction of NA48/2 events is performed on several steps.
First raw files are produced, containing all detector information collected in one
burst. For each detector a reconstruction program has been developed that elab-
orates the raw information from the read-out into physical quantities. From every
raw data file a compact data file is produced by the level three software (L3).
Compact files are ~ 4 times smaller than the original raw files. This procedure
is done almost in line with the data taking.
Compact files can be read by the compact-reader program [47]. This program is
an official NA48 package able to read, filter and write compact files ! . It also
applies a set of corrections to the data, and provides an environment for the user
to insert their own corrections and selection routines.
After data taking raw or compact files are analyzed by the detector experts for
calibration purposes. Calibration constants are then inserted into data bases
that are readable by the NA48 official software, and lists of bad bursts or runs
are supplied.
Once calibration constants are available the compact data is reprocessed. Time
offsets between detectors are also calculated, so associations between data com-
ing from different detectors can be made. This is done, for example, with MUV
hits and reconstructed tracks. The compact-reader program sets a flag if there
is a hit in the MUV in the slab corresponding to the extrapolated track position.
This association is used in the K* — 7*70y analysis, as it constitutes a very

efficient veto against muons.

! The compact-reader program can also perform the same operations to supercompact files,
which contain just a subset of the compact variables
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From reprocessed compact files, supercompact files are made containing less in-
formation per event. One supercompact file contains the information from typi-
cally ten bursts, with a size reduction factor of ~ 3 with respect to the original
compact files. The advantage of supercompact files is that, being fewer in num-
ber and smaller in size, the reading by the selection program is much faster.
For analysis of the K= — 7%7%y decay a filter was implemented. This filter reads
supercompact files and performs a loose selection of potential K* — 7%7%y can-
didates. Filtered supercompact files are ~ 13 times smaller than the original
ones.

In this chapter the initial reconstruction of the relevant physical quantities, like
tracks and clusters, the K* — 7¥7% preselection filter and the final selection of

signal events are described.

5.1.1 Track reconstruction

The track reconstruction program uses DCH’s data. The output of the
program consists of a list of tracks with attributes (like electric charge, momen-
tum, etc) and a list of vertices.

Each time a particle crosses a chamber close to a given wire a hit is generated.
Contiguous hits in the two staggered planes constitute a cluster. Clusters made
of two hits (one on each plane) are called doublets. If the plane is not fully
efficient some doublets can be reconstructed only as singlets (clusters with one
hit only). Clusters made of three hits are called triplets.

Tracks are reconstructed from clusters in DCH1, DCH2 and DCH4. Information
from DCHS3 is added only if the interpolated track trajectory at DCH3 gives a
prediction for a space point position compatible with a measured one.

Tracks can be rejected if the hits used in the reconstruction have very different
drift times. In addition, a quality variable is computed using the definition from
equation 5.1. The value of this track quality ranges from 0 to 1, good tracks

having a quality close to 1.

. Number of hits belonging to doublets and triplets
Quality =

5.1
Total number of hits belonging to the track (5:1)

For charged events the program computes vertices from the intersection of three
tracks.
For events with only one track, a charged vertex can also be defined from the

intersection of the track with the beam line. The longitudinal position of the
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charged vertex is denoted as zcpa. This one-track type of vertex is not an output
of the standard track reconstruction program, but can be esily calculated by the
user, as described in section 5.4.3

For more details on the NA48 track and vertex reconstruction programs see
references [48, 49].

5.1.2 Shower reconstruction

The main characteristics of the cluster reconstruction have been explained
in chapter 3. More details on the cluster finding procedure are given in [50, 51]
and summarized here.
At the beginning of the reconstruction program all cells are read in order to find
candidate cluster seeds. If the cell under consideration is not dead, the average
value of the first time samples is subtracted from the rest, in order to correct
the energy measurement of showers sitting under the undershoot of a previous
accidental. Cells with enough energy (E > 200 MeV) are declared cluster seed
candidates. One single LKr cell can define two seeds if there are two maxima in
the read out window.
Once potential cluster seeds have been identified, clusters are defined if one of

these cells is a local maximum:
E(seed) > E(all surrounding cells)

and if its energy is above a cut defined by the average energy in the eight sur-
rounding cells:
E(seed) > (0.18 + 1.8 E(average)) GeV

At this stage all clusters have been identified, along with the first estimates of
their energy, time and position.

If a cell receives energy from two or more clusters, the energy of this cell is
shared among the clusters according to the expected energy profile, taken from
a GEANT Monte Carlo simulation.

The energies of all cells within a clustering radius of 11 cm are then added, giving
new estimates for the cluster energy and position.

For reconstructing the energy in one cell belonging to a certain cluster, a well
defined pulse maximum is needed. If the pulse signal from a given cell does not

have at least two well measured time samples the energy of the cell is set to zero.



76

The status word of the cluster is defined to keep track of gain switching patholo-
gies. For clusters with status > 4 there was at least one cell were the energy
could not be reconstructed. These clusters are normally excluded by the selection

criteria.

5.2 Event preselection for K* — 51’y de-
cays.

In order to process the data more efficiently, a preselection was done using
loose requirements. The final size of the filtered data was 310 GB for SS0, 227
GB for SS123 and ~ 680 GB for SS5-SS8. A reduction factor of ~ 13 was
achieved with respect to the input supercompact files. This data volume was
small enough so that filtered files could be permanently staged on the NA48 disk
pool. As the files were already on disk, no time was lost on transferring the files
from CASTOR 2 tapes, speeding up the file reading process.
The conditions required for an event to be selected by the filter are summarized

in table 5.1 and described in detail in the following.

The event should contain at least 1 track satisfying:
Radius at LKr > 13 cm

Radius at DCH1 > 10 c¢m

Track quality > 0.6

And at least three good clusters satisfying:

STATUS < 4

Emin > 2.85 GeV

Dist dead cell > 2 cm

Radius at LKr > 13 cm

Distance to track > 15 cm (for events with one track only)
Distance between clusters > 10 cm (for events with three clusters only)

Table 5.1: Summary of cuts applied at the preselection stage.

First, events were rejected if they belonged to bursts flagged as bad for
at least one of the central detectors (LKr, DCH, NUT, MBX and HODC) or
if they came from runs where the NT-PEAK trigger was not working properly.
Actually, supercompact files containing only runs belonging to bad NT-PEAK
periods (as defined in chapter 4) were not read at all by the filtering program.

2 CASTOR stands for CERN Advanced STORage manager. This is the CERN standard
system for storing experimental data.
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This avoided producing filtered files without useful events.

Trigger bits are checked in order to accept only events coming either from the
main L2 trigger, or from selected control triggers, ie, MB-1TRK-P, NT-PEAK,
TON, NT-NOPK bits.

Events with any number of tracks are taken at this stage. However it must be
noted that the trigger bit condition rejected already most events coming from
charged decays, so that only neutral events are left.

From all tracks in the event, there must be at least one that passes some quality
requirements. This track constitutes the charged pion candidate.

First, the position of each track at DCH4 is extrapolated to the LKr front face,
using the slopes measured with the DCHs located after the spectrometer magnet.
To assure a good reconstruction of the electromagnetic energy associated to the
track, it is required that the distance between its extrapolated impact point on
the calorimeter and the LKr center is greater than 13 cm. This guarantees that
no energy is missed due to the presence of the vacuum pipe hole.

In order to avoid misreconstruction due to possible edge effects, the radial track
position at DCH1 must be greater than 10 cm.

In addition, the track quality variable must be greater than 0.6.

If the considered event does not contain any track satisfying these conditions,
this event is not eligible as K* — 7¥7%y candidate.

Due to the presence of a charged pion in the final state, no cut can be done on
the total number of clusters seen in the electromagnetic calorimeter, as showers
produced by hadrons are characterized by a fluctuating number of reconstructed
clusters. In addition, these clusters can sometimes be located quite far away from
the track impact point. However, a K+ — 7¥7%y event should contain at least
three clusters that could be considered as gamma candidates. These potential
photon clusters must meet some quality requirements.

First, they must have a value of the status variable smaller than 4, so that their
energy has been properly reconstructed.

Second, the gammas minimum energy must be greater than 2.85 GeV. The mea-
surement of small clusters energies can be very much affected by non-linearity
problems and has a worse intrinsic resolution. The standard NA48 energy cut
is set at 3 GeV, however, at this stage, not all the corrections to the energy
measurement have been applied (see below). The value of 2.85 was set in order
not to loose events at 3 GeV once the appropriate corrections are made.

In addition, gamma clusters must be 2 cm away from any dead cell and 13 cm

away from the calorimeter center, so that no important fraction of their energy
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has been missed.

Energy mismeasurement could also be due to sharing with other clusters. For
events with only one track it was required to have at least three clusters more
than 15 cm away from the track extrapolated position at the calorimeter front
face, in order to avoid overlapping of the electromagnetic gamma showers with
the hadronic shower.

For events with three clusters only, those should correspond to gamma clusters.
Those events were selected only if the distance between all clusters was greater
than 10 cm.

5.3 Corrections

A set of corrections is applied to the reconstructed Simulated and/or Data
events at several stages in the selection procedure. The LKr non-linearity and
projective corrections, and the so-called alpha-beta corrections for the spectrom-
eter response are described here. The blue field correction will be explained in
the next section 5.4.

In addition, a trigger correction exists, which is applied only to simulated events
after reconstruction and selection. This will be explained in detail in chapter 9.
Table 5.2 summarizes which corrections are applied to Simulated events and

which to Data events.

CORRECTION | DATA | SIMULATION
Non-linearity
Projectivity
Alpha-Beta
Blue Field
Trigger -

b
b b

Table 5.2: Summary of corrections applied (X) to K= — 7%7%y events in Data
and in Monte Carlo simulation. The symbol - is used if the correction is not
applied.

5.3.1 LKr Non-linearity

Due to the Data Concentrator (DC) Threshold applied to the LKr calorime-

ter cells at the readout, a non linear relation develops between the value of the
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energy deposited in the calorimeter and its actual measurement. This non linear
response is relatively more important for small clusters energies. The Monte
Carlo simulation is not able to reproduce the size of the effect, even if the zero
suppression has also been implemented at the reconstruction stage of simulated
events.

Figure 5.1 (a) shows the reconstructed 7° mass versus the minimum photon en-
ergy in the 7° decay for SS3 K+ — 7+ data events, together with the Monte
Carlo simulation for the same period. A clear effect of ~ 0.4 % can be seen in
data at energies of ~ 3 GeV.

Using K9 — 7°7° decays from the 2002 run a correction has been developed to
be applied to clusters with energies smaller than 11 GeV. This can be used for
2003 and 2004 data, where the Data Concentrator Threshold was kept at the
same value as in 2002.

Figure 5.1 (b) shows the same data after this correction has been applied. The
value of the reconstructed m° mass does not show any more any dependency on

the gamma energy.
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Figure 5.1: (a) Reconstructed 7 mass for SS3 simulated (pink) and data (blue)
K* — 7%7% decays as a function of the minimum gamma energy in the 7°
decay. The effect of non-linearity can be seen for data at small photon energies.
(b) Same plot where the LKr non linearity correction has been applied to SS3
data (blue). The dependency on the minimum photon energy in the decay is
reduced after the correction.
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5.3.2 LKr Projectivity

As already mentioned, the LKr calorimeter has been built such that the
cells have projective geometry, pointing at 110 m from the calorimeter front face
into the decay region. The x, y cluster positions given by the NA48 standard
reconstruction program are extrapolated to the calorimeter front face, assuming
that the shower developed along the projective direction. However, if the photon
was produced at a position different from the projective point, this assumption no
longer holds, and a correction to the cluster transverse position has to be applied.
The angle a of the shower development with respect to the projective direction
can be calculated knowing the distance z of the the actual decay position from
the projective point (z9) and the approximative shower transverse position at

the calorimeter front (x):

a:x( ! —l> (5.2)

20 — R 20

For a given photon shower energy E,, the shower depth inside the LKr structure

can be calculated as 3 :
Zdepth = 20.8 + 4.3 x log(E,(GeV)) cm (5.3)

New effective x, y clusters positions at the LKr front face must be modified

according to the measured particle direction as:

Leorr = xstandard(l + CVzdepth) (54)

For a photon shower coming from a decay 50 m away from the projective point
position and with a shower depth of 30 cm, the amount of this correction is of
the order of 5 mm (~ 5 per mil)

In addition, if no projective correction was applied, the reconstructed 7° mass
would depend on the decay point along the beam axis, as the transverse position
enters directly in its computation (see equation 5.8) and this is mismeasured
differently as a function of the decay position along z.

This is equivalent to a shift on the neutral vertex value (see equation 5.9) as a
function of the true vertex position.

The projective LKr geometry has been implemented in the simulation, and must
be therefore accounted for also there. Figure 5.2 shows the difference between

neutral vertex (section 5.4.4) and charged vertex (section 5.4.3) as a function of

3 Different constants would be needed in order to calculate the shower depth for electron
showers.
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the reconstructed charged vertex for SS123 simulated events, before and after the
LKr projectivity correction was applied. The correction makes the slope smaller

by a factor of four.
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Figure 5.2: Difference between neutral and charged vertex longitudinal positions
as a function of the reconstructed charged vertex z coordinate for simulated
events before and after the LKr projectivity correction was applied.

5.3.3 Alpha-Beta spectrometer corrections

When analyzing K* — 7¥7+7~ events it was observed that the recon-
structed kaon masses were different for K+ and K, and both different from the
nominal kaon mass Mg (in PDG [52], Mg =0.493677 GeV /c?) Such effects could
only be due to imperfections in the momentum measurement by the magnetic
spectrometer. A model was built [53], assuming only two sources affecting the
reconstructed momenta: miscalibration of the spectrometer magnetic field B,
and misalignemnt of one of the DCHs located downstream the magnet.
Miscalibration of the spectrometer field induces a momentum misreconstruction,
as AB/B= Ap/p. For K* — n*rTn~ events this leads to mismeasurement of
the reconstructed kaon mass value m, as (m-Mg)/Mg ~ 0.2 AB/B. The mo-
mentum measured by the spectrometer can be corrected for such effect.
Defining f = AB/B=(Mg-mgyer)/(0.2 x Mg), and mgpe,=0.5 X (mpg++mg-)
the corrected momentum p is given by:

p=po(1+5) (5.5)



82

where p; is the uncorrected momentum.

Misalignment of one of the DCHs after the magnet would affect the measurement
of deflections of charged particles in the plane of the magnet transverse kick,
implying therefore a momentum mismeasurement. For a given magnet polarity,
this mismeasurement depends on the charge of the particle, as tracks of opposite
charges are deflected in opposite directions. As the KT is reconstructed from
two positive and one negative track, its mass is shifted in opposite direction
compared to the K, that is reconstructed from one positive and two negative
tracks.

The corresponding momentum correction can be parameterized as:

p = po(1 + apoq) (5.6)

being q the charge of the reconstructed track, and o = (mg--mg+)/1.7476

If the magnet polarity is changed, the sign of the mass splitting (sign of alpha)
is changed as well. So the explicit dependence of the correction and o determi-
nation with the B field sign can be omitted from ( 5.6)

The K* — 77+ 7~ decays can be used to monitor the spectrometer behavior.
Reconstructed K+ and K~ masses are introduced on a data base, accessible to
the reconstruction program on a burst by burst basis. Corresponding values of
« and B corrections are computed. The user can decide whether or not to apply
these corrections to the reconstructed momenta for any given event in any decay
mode. These corrections have been used for K= — 757y analysis.

A typical value of the g correction is of the order of a few per mil with negative
sign, both for 2003 and 2004 data. This amounts to ~ 500 keV/c? shift on the
reconstructed kaon mass.

The value of the « correction varies with time. In the worst period, at the begin-
ning of 2003 data taking (SS0), a typical value for « is of -2.1 10~*, corresponding
to a 250 pum translation of DCH4 along the x direction. This amounts for a dif-
ference in the mg+ and g of the order of 350 keV/c?. For later periods, the
value of « is at least one order of magnitude smaller. It must be stressed that
the constructed model does not provide a realistic explanation for these changes,
which disappeared spontaneously.

The overall calibration is accurate to a few keV/c? level in the good periods and
around 15 keV /c? for SSO.

This model has been used in the simulation in order to introduce the distortions
observed in data. At generation level the field in the spectrometer magnet was

scaled by a factor (1 — f) and the DCH4 was displaced in x direction accord-
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ingly to the corresponding « value. A database table containing the Kt and
K~ masses for Monte Carlo on a run by run basis could be used to apply the
corresponding corrections to simulated events.

The effect of DCH misalingment on the kaon masses can be seen in figure 5.3
for 2003 data. For this plot the reconstructed K+ and K~ masses were averaged
over a pair of day-samples, where every day sample has an opposite spectrom-
eter magnet polarity with respect to the previous one. For this plot, data has
been reprocessed with the position of DCHs adjusted to give equal Kt and K~
masses for the first day-sample. After the first day-sample the mass differs be-
tween kaons deflected to Jura side and kaons deflected to Saleve side. These
differences can be attributed to gradual displacements of DCH4 along the x-axis,
of ~ 4 ym per day. Simulation studies have shown that a mass split of 70 keV /c?
in the K™, K~ reconstructed masses could be induced by a DCH4 position shift
of 50 pm.
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Figure 5.3: Kaon masses reconstructed from different pairs of day-samples. Red
circles represent kaons deflected to Saleve side and blue circles kaons deflected
to Jura side. The green line shows the nominal PDG value for the kaon mass.

5.4 Selection of K* — 77’y data events

The main selection of K* — 7*7%y events is based on the identification of
one good quality track compatible with a pion, and at least three good quality

clusters, all lying in the detector fiducial volume. Out of the reconstructed clus-
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ters, there must be three photons well separated from the pion impact point at
the LKr.

After all decay products have been identified, the vertex position can be recon-
structed and the 4-momentum of all particles calculated. The event is selected
if the reconstructed invariant mass of the system is compatible with the PDG
kaon mass.

The whole selection procedure is described in detail in the following. Cuts ap-
plied in the preselection have been either repeated (in that case they will not be
mentioned again) or tightened at this stage. A summary of all cuts is shown in
table 5.3.

5.4.1 Selection of charged pion track and gamma clus-

ters

To consider an event as a potential K* — 7*7%y candidate, at least three
clusters must be reconstructed in the LKr calorimeter within a time window of
100 ns to 154 ns* . As already explained, there is no cut on the total number of
electromagnetic clusters.

Non-linearity correction is applied to all electromagnetic clusters’ energies for
data events.

For each event, every combination of three clusters is analyzed and the mean and
sigma of their times computed. The three-cluster combination with the smallest
sigma is kept as the precise LKr time reference. To refine the selection a new
window is opened selecting only clusters within 3 ns around this precise LKr
time. This condition defines the number of clusters in time, which must be at
least three.

In addition, there must be only one reconstructed track in the DCHs. The track
time is given by the charged hodoscope if availabe ® and by the DCHs otherwise.
It is required to be within 116 ns and 154 ns® and within 4 ns from the precise
LKr time reference.

The selected track must lie within the detector fiducial volume. This is defined

by a set of geometrical cuts assuring that the track impact point is far from the
edges of the relevant detectors (DCH’s, MUV, HODC, LKr) and from the beam

4 The limit values depend on the average time shift of the LKr with respect to the other
detectors and their absolute values are not significant.

5 The hodoscope time may not be available for one track, if more than one hit were present
for that event.

6 Absolute values are not significant.
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pipe. The values of the geometrical cuts are specified in table 5.3.

Tracks with associated muon hits are not accepted. This condition rejects back-
ground from K* — 7%7097% events where the m decays in flight to a muon (see
chapter 8).

At this moment alpha-beta corrections are applied to the track momentum. The
corrected value is required to be greater than 10 GeV, in order to avoid ineffi-
ciencies from the MUYV response.

The minimum track quality is required to be 0.7.

Given the track position and direction at DCH4, the track impact point at the
LKr front face can be calculated. An electromagnetic cluster is associated with
the track if it lies within 5 ¢m radius from the extrapolated track position.
Once the associated cluster is found, the E/p variable is calculated as the ratio
between the associated LKr cluster energy and the track momentum measured
in the spectrometer. The associated cluster must be 2 cm away from any dead
cell, must have a status smaller than 4 and be at a radial position in the LKr
calorimeter greater than 15 cm. All these conditions assure a good energy re-
construction.

If the track was an electron it would deposit all its energy in the electromag-
netic calorimeter, and the value of the E/p variable would be close to 1. Pion
tracks (and hadronic tracks in general) do not deposit all their energy in form
of electromagnetic showers and many times they do not even have an associated
cluster in the electromagnetic calorimeter. In order to reject electron tracks but
keeping pion tracks, a cut is made on the track E/p to be less than 0.85.

Once the pion and a set of electromagnetic clusters have been found, potential
photons must be identified. A photon is defined as a LKr cluster separated by
more than 35 cm from the extrapolated 7 track position at the calorimeter.
Events are selected with three gamma clusters only. Extra clusters are only
allowed if they come from the 7 shower (within 35 ¢cm from the 7 track extrap-
olated position at the LKr) or if they are not at the same time (outside 3 ns
window with the precise LKr time).

Gammas must satisfy standard quality requirements. They must also lie within
the external LKr octagonal shape. To avoid energy sharing gamma clusters must
separated by more than 10 cm from any other in time cluster.

Finally, the gamma energy was required to be between 3 and 100 GeV.

If any of the gamma clusters does not satisfy these requirements, the event is

rejected.
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5.4.2 Calculation of COG

At this moment all particles belonging to the event have been identified
and global event variables can be calculated. The center of gravity (COG) is
defined as the energy weighted position at the LKr calorimeter front face of the
decay particles in the event.

For events with three gammas and one track it is calculated as follows:

4 1.E; L yE;
COG = || (E5 Tty 4 (Vi
J( 23:1 Ei ) ( Z?:1 Ei

)? (5.7)

th gamma cluster at the

For i=1,3 x; and y; are the x, y coordinates of the i
LKr, and FE; is the corresponding gamma energy. For i=4, z, and ¥, represent
the x, y coordinates of the extrapolated track position at the LKr and FEj is the
pion energy. For this calculation, the track position at the LKr is given by the
extrapolation of the slopes and positions measured in the DCH’s before the mag-
net. The pion energy is computed from the momentum measured at the DCH’s
assuming the pion mass for the track.

If no energy has been lost in the event, the COG calculated in this way must
coincide with the radial position of the parent kaon at the LKr front face if it
did not decay. As the kaon beam direction is along the z axis and the beam size
is very small, a cut on the reconstructed COG position can be made, allowing
only events with COG at the LKr smaller than 2 cm. Figure 5.4 (b) shows the
COQG distribution for K* — 7*7%y simulated events. A cut at 2 cm rejects ~ 1

% of the signal.

5.4.3 The CDA and the charged vertex (zcpa)

The decay vertex of the kaon decay can be approximated as the intersection
point of the charged pion trajectory with the beam line. Assuming the kaon line
of flight along the longitudinal axis, the z coordinate of the charged vertex (zcpa)
is defined at the point of closest distance of approach (CDA) between this axis
and the pion direction. Taking this point to be on the kaon trajectory, the
complete charged vertex coordinates are (x=0, y=0, z=z¢cp4)

Figure 5.4 (a) shows the distribution of the closest distance of approach between
the z axis and the track direction for K* — 7%7%y simulated events. A cut is

made for CDA > 6 cm, which rejects a negligible amount of the signal.
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5.4.4 The 7° reconstruction and the neutral vertex
(ZWO)

Given the three selected photons, two of them must be associated to the 7°
decay. The remaining one is identified as the radiated gamma, also called the odd
gamma, which carries the relevant information about the nature of the decay (see
chapters 1 and 2). Therefore, a wrong assignment of the photons to the 7° decay
implies a wrong assignment of the radiated gamma, distorting the gamma energy
and therefore, the W distribution. This constitutes the mistagging problem, that
will be treated in detail in chapter 7.

For every pair of photons with indexes (i, j), its invariant mass can be calculated
under the hypothesis that they come from a 7° decaying at the zcpa position

along the z axis:

o V(@2 + (= )" BLE (5.8)

ZLKr — RCDA

mﬂ'

where x, y are the cluster’s coordinates on the LKr surface, E;, E; the cluster’s
energies and zpk, is the z position of the LKr calorimeter.

With three gammas, three combinations are possible for mfrjo. The pair providing
the m”, value closest to the PDG 7° mass (M) is selected.

Once the best pair (i, j) has been identified, the 7% decay position (z,0) can be

computed from neutral variables as:

\/EiE'TiQ'
A (5.9)

Zg0 = ZLKr — M
0
™

where r;; is the distance between the two selected photons.

The variable z,0 is called neutral vertex.

Figure 5.4 shows the distribution of the difference between charged and neutral
vertex positions for K* — 7n*7%y simulated events. This distance is required to
be less than 400 cm, rejecting ~ 1 % of the signal.

The neutral vertex for the gamma pair giving the second best agreement with
the nominal 7% mass is also stored. This is used in order to reduce the mistagging
probability , requiring that the distance between the neutral vertex for the second
best combination (z5§°"%) and the charged vertex must be greater than 400 cm.
The sample is reduced by ~ 20 % after this last cut.

At this point the projectivity correction is applied to provide the best estimate

for the neutral vertex and the photons coordinates at the LKr.
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Figure 5.4: Simulated distribution of relevant variables. Figure (a) shows the
closest distance of approach (CDA) between the pion track and the z axis. A cut
at 6 cm is imposed in the K* — 7¥7%y selection. Figure (b) shows the center
of gravity of signal events. In the selection the COG is required to be smaller
than 2 cm. Figure (c) shows the difference between charged and neutral vertices,
which must be less than 400 cm for accepted candidates.

5.4.5 Cut against interactions in DCH1

For decays occurring at a z position close to DCHI1 it is possible that a
photon passes through the vacuum pipe or impinges on the DCH1 flange before
reaching into the electromagnetic calorimeter. Due to this interaction of the
photon, there is a high probability of showering that could be not well enough
modelled in the simulation.

Knowing the position of the DCH1 flange, a direction for photons coming into
the LKr from this ring can be computed. This allows to reject gamma clusters
whith a radial position in the LKr compatible with this hypothesis.

Defining z,o.es = 270 + 400 cm 7, then the slope needed for a photon to impact
on the DCH1 flange is:

d flange 11
RO Mlem (5.10)

dz ~ ZpcHi — Rq0res
where 11 cm is the DCH1 flange radial position.
Extrapolating from this direction, the radius of the resulting gamma cluster in
the calorimeter would be:

ange _ AR™ R
REKrg = % Az = % (ZLKr - Zwores) (5.11)

Events are selected only if the radial position of the three gamma clusters at LKr

: i
surface R is greater than Ry =°.

7 The 400 cm are added in order to take into account resolution effects
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This condition removes 5 % of the statistics.

5.4.6 The pion direction and the blue field correction

The pion direction is given by the measuremed charged track slopes at
the DCHs located upstream the magnet. However, the direction of the charged
track at the DCHs is not the same as the direction at the decay point, due to
the action of the blue field. The blue field has been already defined in chapter 3
as the remanent field in the vacuum tank which hosts the fiducial decay volume.
This field will obviously bend charged tracks, changing their direction along their
path. The slopes at the vertex are the ones used in the kaon mass calculation

and in the determination of the W variable value.

5.4.7 Vertex coordinates

The blue field must also be taken into account in the computation of the
vertex coordinates. The assumption was made that the charged z position (zapa)
would not change appreciably including the blue field correction. However, the
effect of the blue field on the vertex transverse coordinates (x, y) cannot be
neglected.

Up to this point, the vertex transverse coordinates were assumed to be (0,0),
and the decay to occur along the theoretical kaon flight direction, defined by
the z axis. A better estimation of the vertex x,y positions can be done in the
following way. Let us take the track position and slope as measured in DCH1,
and extrapolate this slope in the blue field up to the neutral vertex longitudinal
position. The integral of the blue field is computed on steps, providing in every
point new values for the track slope and position at the considered z coordinate.
The newly computed transverse position of the track at the z,o point defines the
final values of the decay point transverse coordinates, and all gamma directions
will be computed from them. Final vertex coordinates are therefore given by
(Zbt, Yoty 270), Where xpe, ype are the x, y position of the pion at z,0 once the 7
direction is corrected by the blue field effect.

The decay vertex position zo is required to be between -1000 and 8000 cm.
The lower cut minimizes effects from the presence of final collimators, that could
not be modelled well enough in the simulation. The upper cut rejects events
decaying too close to the main detector to be properly reconstructed. Actually

the acceptance for K* — 7*70y events dies rapidely close to 8000 cm.



90

5.4.8 Calculation of momenta and final variables

Once the charged 7 and all three photons have been identified, and the
vertex coordinates have been computed, the values of the kinematic variables of
all decaying particles can be calculated.

For the 7, all relevant quantities have been computed already at previous stages.
To summarize, the momentum is given by the DCH’s measurements, applying
alpha-beta corrections. The energy can be simply calculated once the momentum
is known, assuming the 7 mass for the track. The 7 direction is given by the
DCH’s measurements and corrected by the blue field effect.

The energy of the gammas is also known: it is given by the LKr measurement
corrected by the non-linearity effect. The direction of the gammas can only be
computed once final vertex coordinates are available. The photons directions are
calculated from the final vertex coordinates and the cluster’s positions at the
LKr, that have been corrected by projectivity.

The kaon four momentum is given by the sum of the four momentum of the 7 and
the photons. The total kaon energy is required to be within 54 to 66 GeV, i.e.,
compatible with the beam properties. From the four momentum, the invariant
mass of the system can be calculated. It is required to be within 10 MeV from
the nominal kaon mass.

The T} is computed using a boost routine from the CERN libraries. Loren4
performs a Lorenz boost along the kaon direction, once the total kaon energy is
known.

Finally, the W variable is calculated using equation 1.13 from the computed four
momenta of the 7, kaon and odd gamma, the reconstructed kaon mass and the

nominal 7 mass (from PDG)

5.4.9 Cuts against background

A set of cuts has been implemented in order to reduce the background
contribution to the final sample. Some of these cuts have been already described
in another context, like the E/p, COG, kaon mass and MUV cuts. It must be
stated that, as the MUV detector is inefficient for tracks with small momentum,
it is required that the pion momentum is bigger than 10 GeV /c. This cuts about
10 % of the events.

In addition, there are some cuts that are really specific to background rejection.
A cut against gammas overlapping in the LKr from K* — 7¥7%° decays is

specially relevant, as it allows dropping the standard requirement of previous
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experiments of T* > 55 MeV, gaining in sensitivity to Direct Emission events.

All these cuts will be explained in detail in chapter 8

5.4.10 Trigger related cuts

In order to increase the L1 trigger efficiency and make sure that it does not
introduce any significant distortion to the W distribution it was required that
the energy of all photons in the event should be greater than 5 GeV. This rejects
~ 30 % of the data statistics.

In addition a cut has been implemented on the distance between clusters seen
by the neutral trigger projections.
To get rid of edge effects of the L2 trigger, it was required that 7, < 80 MeV.

These cuts will be explained in detail in chapter 6

5.5 Illustration of the selection procedure.

Figure 5.5 shows the effect of a series of cuts on the invariant mass of the
system (M;,,0,). A small data sample of SS123 has been used. In particular,

0.0

the power of the COG requirement on the rejection of K* — 7t7%7% with one

missing gamma can be clearly seen in figure (c).

Figure 5.6 (a) shows the final reconstructed kaon mass for K* — 770y
events in SS123. The kaon mass resolution is ~ 2 MeV. The plot is presented
with a cut of 10 MeV around the nominal kaon mass (rejecting K+ — 7=7%7°
events) and a cut of 5 GeV on the minimum gamma energy in the event.

The number of reconstructed events is ~ 150 10®, which is almost 8 times more
than previous experiments. As will be explained in chapter 8 the background
contribution entering the sample is negligible.

Figure 5.6 (b) shows the final reconstructed W distribution for the same events.
As expected, its shape is clearly dominated by the Inner Bremsstrahlung contri-
bution.

For the extraction of the Direct Emission and Interference components of the de-
cay a cut has been applied on the W variable requiring 0.2<W<0.9. The lower
cut minimizes the effect of difference in resolution between data and simulation,
which is especially important for small W events due to the sharp rise of the W
distribution. The upper cut avoids excursion in a region of very small acceptance

in W. This final cut on the valid W range reduces the useful sample to ~ 120
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Figure 5.5: Reconstructed kaon mass for a sub-sample of the SS123 data after
a series of cuts sequentially applied. Figure (a) shows the invariant mass distri-
bution Mo, when only fiducial geometric cuts have been applied to the track
and the gammas. Most of the events at this stage come from K* — 7¥7%0 de-
cays with only three photons reconstructed in the electromagnetic calorimeter.
A small peak at ~ 0.5 GeV is due to the K= — 757% signal. Figure (b) shows
the effect of requiring that there is no hit in the AKL counters or in the MUV.
This cleans the sample from accidental activity and from misreconstructed tracks
due to 7 decay in flight to p. In figure (c) the cut on COG < 2 cm has been
applied. This rejects most of K* — 757070 events with missing energy. Figure
(d) shows how the cut on |2z;0 — zcpa| < 400 cm further separates the signal from
the background.

103 events.

5.6 Selection of K* — n*7n’y simulated events

The selection of simulated events is basically the same as for data. The
main differences are that the LKr non linearity correction is not applied, and
that time cuts are not required, as accidental effects are not included in the
simulation. In addition, no trigger bits selection is needed for simulated events,
unless for specific trigger studies. The simulation of the trigger logic and the use

of trigger bits will be explained in chapter 6.
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Figure 5.6: Reconstructed kaon mass (a) and W distribution (b) for the final
SS123 data sample. The number of events satisfying all requirements is 147 103
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CLUSTERS.

At least 3 clusters inside in 100 — 154 ns

At least 3 clusters within 3 ns from average LKr time.
Recompute precise LKr time

Apply complete non-linearity correction to data events.

TRACKS.

Select events with only 1 reconstructed track

Track time within 116 — 154 ns

Track within 4 ns with respect to precise LKr time from clusters

Geometrical fiducial volume: 12 cm < Radius at DCH’s < 150 cm
15 ecm < Radius at LKr < 110 cm
12.5 cm < Radius at MUV < 135 cm

Quality > 0.7

Apply alpha-beta corrections. Require 7 momentum > 10 GeV

E/p< 0.85

Veto if association to muon track.

CLUSTER ASSOCIATED TO TRACK.

Associated clusters at distance from 7 < 5 cm
Radial distance at LKr > 15 cm

Distance to dead cells > 2 c¢m

Status < 4

GAMMAS.

Unassociated clusters at distance from 7 > 35 cm

Only 3 gamma clusters allowed

Status < 4

Within LKr octagon

Radial distance at LKr > 15 cm

Distance to dead cells > 2 cm

Distance between gamma and any other cluster > 10 cm

Energy > 3 GeV at first stage. Changed to > 5 GeV after trigger studies
Apply projective correction to gamma clusters

Cut against interactions in DCH1

CENTER OF ENERGY.

COG of the event < 2 cm.

VERTEX.

zcpa vertex from intersection of track with z axis. CDA < 6 cm
Select combination that gives best 7° mass. Get z,0 vertex
Vertex dist |zcpa — 270 < 400 cm

Vertex dist [zcpa — 256°"¢| > 400 ¢cm

Neutral vertex position -1000 < z,0 < 8000 cm
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MOMENTA AND MASSES.
Apply blue field correction. Calculate vertex coordinates (2ys,yps)
Compute gamma directions using (Zsf,Ysf,270) Vertex
Compute kaon mass and momentum and direction
Final kaon energy in range 54 < Ex < 66 GeV
Kaon mass within 10 MeV of PDG mass.
Calculate T}
BACKGROUND.
Cut against gammas overlapping in electromagnetic calorimeter.
TRIGGER CUTS.
L1 trigger: Projection cut at 10 cm
Emin > 5 GeV
L2 trigger: T <80 MeV

Table 5.3: Summary of reconstruction of K* — 7%7%y events and complete list
of cuts used in the analysis.
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Chapter 6

Trigger Efficiency and Trigger-Related

Corrections

As described in chapter 4, the trigger chain for collection of decays with
only one charged particle in the final state consists of two stages: the L1, which
is fired by electromagnetic clusters (L1 bit 0) and the L2, which is fired by the
charged track (MFAKE bit).

It must be kept in mind that the trigger logic was designed to take K* — 77970
events with a maximum efficiency and a minimum systematic bias. Therefore,
some of the implemented conditions are not optimal for K* — 7*7%y decays.
To make sure that there is no bias introduced by the trigger in the extraction of
the Direct Emission and Interference components, special care must be taken in
the monitoring of all possible trigger dependencies on the kinematical variables,
as these could distort the measured W distribution.

For that purpose, L1 and L2 efficiencies have been measured from control data
samples recorded through minimum bias triggers.

For the L1, the trigger efficiency dependency on the clusters energies and relative
positions has been studied using events with three gammas in the calorimeter.
As a result, a cut has been added in the selection of K* — 7*7%y events, which
checks on the minimum distance between gamma clusters as seen by the Neutral
Trigger projections. In addition, a correction has been computed as a function
of the photons energies and applied to simulated events.

For the L2, the effect of the trigger on the T* distribution has been studied using
data and Monte Carlo simulation, leading to the implementation of a cut at 7
< 80 MeV in the final K* — 7%70%y selection.

The whole procedure is described in detail in the following sections.
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6.1 Trigger efficiency measurement

The method used for the calculation of the efficiency of a generic trigger T
consists in the following steps. First, a control sample must be defined, selecting
all recorded events from a specific L2 bit. This control sample should not have any
correlated inefficiencies with the trigger T under study and should constitute a
so-called minimum biased data set. Then, a selection of signal events is performed
on the control sample. Finally, a check is done on whether the trigger T condition
was satisfied or not for the selected signal candidates. Normally the information
stored in the Pattern Units (see chapter 3) is used for this purpose. The trigger
efficiency is defined as the ratio of the number of signal events satisfying the T
conditions with the total number of signal events reconstructed in the minimum
biased control sample.

Two main problems can arise in this procedure. Minimum bias triggers are
usually heavily downscaled so that the read-out bandwidth is not saturated with
uninteresting events. As a consequence the size of the control sample available
is often smaller than desired, giving rise to large statistical errors in the trigger
efficiency calculation. Especially when dependencies of the trigger efficiency on
specific variables need to be checked, statistical issues are very often the limiting
factor in order to decide whether a dependency is present or not. In addition,
care must be taken to assure that there are not correlated inefficiencies between
minimum biased triggers and the trigger under study.

Once the trigger efficiency ¢ is calculated, its error is determined by the binomial

distribution as:
e(1—¢)
=4/ —" 1
o(0) =5 (61)

where N is the number of events in the control sample.

6.2 The Level One (L1) Trigger Efficiency:
NT-PEAK and (Q1+4Q2) signals

In order to study the L1 efficiency, signal events passing through the L2
MFAKE trigger have been selected. Using the information stored in the pattern
units it is possible to reconstruct the logic conditions satisfied by these events as
seen by the trigger system.

It was expected that K* — 7570y events would access the data sample through
the NUT(npeaksloose) condition inserted in the bit 0 of the L1 signal. Indeed,
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it was found that 99.9 % of the selected events had fired the L1 bit 0. Out of
those, 98.9 % fired the NUT (npeaksloose) signal. The percentage of events firing

the different L1 bit 0 conditions is summarized in table 6.1

Logic signal within L1 bit 0 | Percentage of events (%)
NUT (npeaksloose) 98.9
Q1/DI*NUT(LKrmbias) 11.4

L1 KMU3-PRE signal Negligible

Table 6.1: Percentage of K* — n¥n%y events collected through the main L2
trigger bit (MFAKE) satisfying the three possible L1 bit 0 conditions. Almost
all signal events pass the NUT (npeaksloose) requirement.

As the NUT (npeaksloose) signal is dominant in the acquisition of K= — 7%
events, its behavior determines the sample’s composition and must be carefully
studied.

Note that all L1 signals are actually in coincidence with the (Q1+Q2) require-
ment, which provides the fine-time information to the MBX processors. There-

fore, the efficiency of this signal must also be investigated.

6.2.1 Bad NT-PEAK periods

The NT-PEAK behavior was thoroughly studied in the main NA48/2 anal-
ysis of the K* — 77970 charge asymmetry. K+ — 757070 events allow to pre-
cisely monitor the Neutral Trigger System behavior.

In figure 6.1 the NT-PEAK inefficiency as measured with a confirmed sample of
K* — 7271070 events is shown [54].

During the beginning of the 2003 run the inefficiency for K* — 7*79%% decays
was found to be less than 1 %. This continued through SS1, except for a short
period when it rose to very high values (~ 70 %). After an intervention in the
NUT, the inefficiency went back to normal value.

Another problem arose at the end of SS1, extending up to beginning of SS2.
During that time the NT-PEAK trigger bit had a huge rate. For this reason
the bit was switched OFF from the L1 strobe to MBX, and also from the L2 for
some time. During this period the inefficiency was again very high.

In order to cope with the high rates, the NT-PEAK condition was tightened from
the OR of the peak signal in both projections (n, >2 OR n, >2) to a requirement
on the Y projection only (n, >2). With this condition the inefficiency was ~ 40
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Figure 6.1: L1 (NT-PEAK) trigger inefficiency computed for K* — 7a%7°
events in the NA48/2 main analysis [54]. MFAKE&LKrmbias (see section 6.2.3)
is used as control sample. Three periods with high inefficiencies can be clearly
distinguished. These have been discarded in the K* — %70y analysis.

%.

Finally, another hardware intervention in the Neutral Trigger System recovered
most of the inefficiency, which then remained at the 3 % level. However, the
initial value of less than 1 % was never recovered.

All problematic periods for the NT-PEAK signal have been excluded from the

K* — 7%7% sample used in this work.
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6.2.2 The NT-PEAK condition

The NT-PEAK signal has been already discussed in chapter 4 as given by
the logic condition of (n, >2 OR n, >2), were n,, n, are the number of peaks
found by the neutral trigger system in the X, Y projections respectively.

Figure 6.2 shows an example of how two different kinds of three-clusters events
would be seen by the NT-PEAK trigger. The two octagons represent the X and
Y views of the LKr calorimeter. On each projection two calorimeter cells are
readout together, defining a 4 cm x 4 cm grid. The number of peaks in a given
projection is given by the number of 4 cm strips firing for that particular event.
The plot illustrates how an event (in orange) with three well separated clusters
in the calorimeter, can be seen as only two peaks by at least one of the neutral
trigger projections. This effect produces an inefficiency of a geometrical type. In
addition, if one of the clusters is not energetic enough to fire the corresponding

projection, then an energy-dependent inefficiency is produced.
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Figure 6.2: X and Y projections defined by the Neutral Trigger on the LKr
calorimeter. For the event depicted in green, three peaks can be separated in the
X projection (n,=3) and three peaks in the Y projection (n,=3). However, for
the event in orange, the Neutral Trigger System is able to distinguish only two
peaks in Y (n,=2), even if there are three clusters well separated in the Lkr.
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6.2.3 Selection of Control Sample for NT-PEAK in
K* — 7% analysis

In order to study the NT-PEAK efficiency, there are several possible choices
for the control sample.
One possibility is to select events for which the L2 MFAKE trigger bit was ON,
and that had passed through the LKrmbias part of the L1 bit 0. The coincidence
of these two signals will be denoted as MFAKE&LKrmbias. The L1 condition is
checked using the Pattern Units.
As the MFAKE was the main trigger for the collection of neutral events, it was
not downscaled. This allows for large statistics in the control sample. Events
collected at L1 by the LKrmbias bit form an unbiased subsample, as the only
requirement in the LKrmbias signal is that the energy deposited in the LKr is
greater than 10 GeV.
Another option for the control trigger is to use the NT-NOPEAK bit. However,
this signal had a big downscaling factor (80), resulting in a very small statistical
power for the trigger efficiency calculation. In addition the NT-NOPEAK condi-
tion required that the total energy deposited in the calorimeter was bigger than
15 GeV, so it cannot be used to study effects at low energies.
Another possibility for the control sample is to select events collected through
the TON trigger, but this bit was also heavily downscaled (by a factor of 200) and
correlated inefficiencies were found between the TON signal and the NT-PEAK
signal for events with low energy.
This effect is shown in table 6.2. where data from the last half of SS3 has been
analyzed. K* — 7m*7%y decays have been selected with a cut on the minimum
gamma energy greater than 3 GeV and with the TON or MFAKE&LKrmbias L2
bits ON. This condition defines two control samples of 234 and 3176 events, with
NT-PEAK efficiencies of 97 + 1 % and 94.4 &+ 0.4 % respectively. The projection
cut has been already applied in the selection (see section 6.2.5)
The same procedure has been repeated setting the minimal photon energy to
5 GeV. The TON sample is reduced by ~ 23 % (from 234 to 181), while the
MFAKE&LKrmbias sample is reduced by ~ 30 % (from 3176 to 2225) with re-
spect to the previous energy cut. This means that the TON sample contains rela-
tively less events with low energy photons than the MFAKE&LKrmbias sample.
In addition, the NT-PEAK efficiency almost does not change when computed
using the TON sample (from 97 & 1 % to 96 & 1 %). This is in contradiction
with the expectation that the NT-PEAK will be more efficient for high energy
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photons. However, the NT-PEAK efficiency clearly improves with the cut at 5
GeV when MFAKE&LKrmbias is used as control trigger (from 94.4 + 0.4 % to
97.3 + 0.3 %)

This can be explained by the fact that TON and NT-PEAK signals are both inef-
ficient for the same kind of events, which is called correlated inefficiency. In other
words, the TON sample does not contain already the type of events for which the
NT-PEAK is inefficient, biasing the NT-PEAK efficiency measurement towards
higher values.

Therefore, only the MFAKE&LKrmbias signal is an adequate control sample for
the measurement of the NT-PEAK efficiency for K* — 7* 7%y decays.

Efficiency (%)
Control Trigger E>3GeV E > 5 GeV
TON 97 + 1 (234) 96 + 1 (181)
MFAKE&LKrmbias | 94.4 + 0.4 (3176) | 97.3 + 0.3 (2225)

Table 6.2: NT-PEAK efficiency calculated from two control samples (TON and
MFAKE&LKrmbias) with two different cuts on the minimum photon energy
(E>3 GeV and E>5 GeV). K* — 7%7% decays have been selected from last half
of SS3. Number of events in the control sample are indicated in brackets. TON
sample looses 23 % of events with E > 5 GeV while MFAKE&LKrmbias looses 30
%. As expected, the NT-PEAK efficiency calculated from MFAKE&LKrmbias
significantly improves for higher energies. However, its value does not change
when using TON as control trigger. This indicates a correlated inefficiency be-
tween TON and NT-PEAK signals for events with low energetic photons.

6.2.4 Determination of NT-PEAK efficiency depen-

dencies. The use of three-gamma events.

The number of K* — 7*7% events in the MFAKE&LKrmbias sample in
SS123 is indeed big enough for a measurement of the overall NT-PEAK efficiency
with an absolute error of the order of 0.1 %. However, it is still too small for
studying possible dependencies, especially if different data taking periods need
to be considered separately.

Figure 6.3 shows the shape of the NT-PEAK efficiency as a function of W for
K* — 7% events in SS3. The minimum required photon energy is 3 GeV
and none of the L1 trigger-related cuts specified in table 5.3 have yet been ap-
plied. The shape of the NT-PEAK efficiency is found to be compatible with a
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flat distribution, however the statistics are too small to give a precise statement,
specially at high W. However, one must keep in mind that the NT-PEAK effi-
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Figure 6.3: L1 (NT-PEAK) efficiency as a function of the W variable for
K* — 7%7% events in SS3. Events satisfying the MFAKE&LKrmbias are used
for the control sample. The measured NT-PEAK efficiency is 90.5 + 0.4 %

ciency does not directly depend on W, but on the clusters energies and positions.
Events from K* — 7%7%y decays must have at least three clusters in the calorime-
ter, coming from the three photons in the final state. The interaction of the
charged pion in the LKr may produce one or more clusters, or no clusters at
all. In order to simplify the study of the NT-PEAK efficiency only the gamma
clusters will be considered.

Under this assumption, the condition of (n, >2 OR n, >2) will be fulfilled only if:

e The gamma clusters are separated enough in at least one of the projec-
tions, so that they can be disentangled by the neutral trigger system.
The relevant variables are the distances between pairs of clusters in X
and Y views.

e The three gamma clusters are energetic enough so that they fire the
corresponding strip signal. The relevant quantity is the energy of the

less energetic photon in the event.

In order to extract the dependencies of the NT-PEAK signal with these variables,

there is no need to use only K* — 7+71%y events; all events with three gammas
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can be used.

Therefore, the control sample available for trigger efficiency computation can be
increased by a factor of ~ 100, just by releasing the standard COG and kaon
mass cuts and selecting, in addition to K* — 7%7%y, all K* — 757%% decays
with one gamma out of the acceptance. This allows to compute geometrical and

energy trigger-related corrections with negligible statistical error.

6.2.5 Projection Cut and Energy Dependence from all

events with three gammas.

In order to study the geometrical dependencies of the NT-PEAK signal

some notation has to be introduced. Let us denote the distance between any
two photons (i,j) at a given coordinate in the calorimeter x,y as dist” and dist?.
Let us also define distT%,. as the minimum distance between clusters required by
the Neutral Trigger System in order to disentangle the two signals in any given
projection.
For three clusters the condition nxy > 2 (ny > 2) is satisfied only if the minimum
of the three possible dist% (dist¥) values is greater than dist?¥"-. In other words,
if any of the photon pairs (i,j) has a distance in one of the projections smaller
than dist?%,, then that pair cannot be separated by the NUT system, and the
condition for detecting more than 2 peaks cannot be fulfilled in that view.

This can be expressed as:

If dist’?™ > dist’var. then nx > 2 — NTPEAK geometrically efficient

If dist}*™ > distvr. then ny > 2 — NTPEAK geometrically efficient

As the NT-PEAK logic requires the OR of the conditions in the projections
(nx > 2 OR ny > 2), either one must be satisfied for the event to be taken. This
is equivalent to demanding that the maximum of the minimum distances in the
two projections Max(distF",dist7") is greater than dist7r.

Figure 6.4 (a) shows the distribution of Max(dist?™,dist7") for events in the
first period in SS1. Figure 6.4 (b) shows the L1 (NT-PEAK) trigger efficiency
as a function of this variable. A clear drop can be observed in the efficiency for
distances smaller than 10 cm.

In order to exclude the inefficient region a cut in Max(dist®™" dist?")> 10 c¢m
has been included in the final K* — 7%y selection, reducing the statistics by
3 %.

The energy dependency of the NT-PEAK signal has also been checked in this
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Figure 6.4: (a) Distribution of the maximum of the minimum distances between
photon pairs in X and Y for all three-gamma events in first period of SS1. A
cut at 10 cm reduces the statistics by 3 %. (b) L1 (NT-PEAK) trigger efficiency
versus the maximum of the minimum distance in X and Y for same events. A
clear drop in the efficiency is seen for distances smaller than 10 cm.

sample. Figure 6.5 (a) shows the NT-PEAK efficiency as a function of the mini-
mum gamma energy in the event before applying the projection cut (black) and
after applying a cut at 10 cm (purple) and at 20 cm (blue). A big dependency can
be seen for small energies, followed by a plateau after ~ 5 GeV. The projection
cut at 10 cm increases the global efficiency by ~ 2 %, but the shape of the effi-
ciency curve versus minimum energy does not basically change. A projection cut

at 20 cm does not improve the global efficiency any further. The same procedure
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Figure 6.5: (a) L1 (NT-PEAK) trigger efficiency for all three gamma events
in first part of SS1 versus the minimum energy of the gammas in the event for
different values of the projection cut. A clear dependency can be seen for energies
below 5 GeV. (b) L1 (NT-PEAK) trigger efficiency for all three gamma events
in first part of SS1 (blue curve) and in SS3 (black curve) versus the minimum
energy of the gammas in the event. No projection cut was applied to any of these
samples. There is a global decrease of the L1 efficiency in SS3.

was repeated for data events in SS3 and a smaller global NT-PEAK efficiency
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was found. Figure 6.5 (b) shows the NT-PEAK efficiency as a function of the
minimum gamma energy in the event before the projection cut was applied, for
events in SS1 and in SS3. The shape of the efficiency curve is rather similar in
both cases, but a global decrease is seen for events in SS3. The source of this
decrease needed to be investigated, in order to ensure a proper treatment of the

problem.
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Figure 6.6: L1 (NT-PEAK) trigger inefficiency for all three gamma events in
SS3 versus its x (a) and y (b) coordinates at the LKr. No dependency of the
trigger inefficiency on the position can be seen from these plots. Figures (c¢) and
(d) show the ratio of inefficient events in SS3 with respect to ones in SS1 as a
function of its x, y coordinates in the LKr. The ratio is flat, indicating that the
inefficiency showing up in SS3 does not arise from local effects.

Tests were performed in order to check whether there was a localized problem
in a certain region of the calorimeter. This is illustrated in figure 6.6. The x, y
coordinates of clusters in all inefficient events have been plotted. No particular
region of the calorimeter seemed to be affected. In addition, these distributions
were divided by the corresponding ones using events in SS1. This ratio is flat,
showing that there are no new local effects in SS3.

The behavior in the two projections was also studied. The NT-PEAK efficiency
is expected to drop only when both dist?" and dist™" are smaller than 10 c¢m.
In that case neither the ny > 2 nor the ny > 2 condition would be satisfied.
This is indeed the behavior observed in SS1. However, a different behavior was
observed in SS3. This is explained in detail in the following and shown in fig-
ure 6.7.

Let us require the dist?" to be greater than 35 cm. In that case the nxy > 2
condition must have been satisfied, and the NT-PEAK trigger should be effi-
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Figure 6.7: L1 (NT-PEAK) trigger inefficiency for all three gamma events in SS3
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conditions: (a) requiring in the projection i (i=y,x) a minimum distance between
photon pairs greater than 35 cm, (b) requiring in the projection i (i=yx) a
minimum distance between photon pairs smaller than 10 cm. The plots show a
global inefficiency in the NUT Y projection.

cient regardless of the dist{*". This is shown in the purple curve of figure 6.7
(a), where the NT-PEAK efficiency versus the dist7" is plotted for events with
dist®™ > 35 cm. This curve is flat and no dependency of the efficiency is found
as a function of dist?¥™, as expected. Let us now perform the same procedure in
the other view. This is shown in the black curve. The NT-PEAK efficiency ver-
sus the distZ" is plotted for events with dist?™ > 35 cm. In this case the ny >
2 condition should be automatically satisfied and the NT-PEAK signal should
be efficient independently of the value of distZ". However the black curve shows
a clear drop for dist?™ < 10 cm. This indicates a problem in the Y projection
of the NUT system, that is only recovered when the nx > 2 condition has been
satisfied.

Another test can be done requiring dist™ to be less than 10 cm. In that case
the Y projection of the NUT will most probably not have fired and the NT-
PEAK efficiency should be dependent only on the dist?**. This is shown in the
black curve in figure 6.7 (b), where the NT-PEAK efficiency versus the dist’g""
is plotted for events with dist?™" < 10 cm. The trigger signal is more than 95 %
efficient for dist?™ > 10 cm, as expected. Let us now require the distZ" to be
less than 10 cm. This is shown in the purple curve. The NT-PEAK efficiency
versus the dist?"" is plotted for events with dist?" < 10 cm. Even for dist7" >

10 cm, the NT-PEAK efficiency is never completely recovered, and it reaches a
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value of ~ 80 % only. This confirms the hypothesis of a global inefficiency in the
Y projection of the Neutral System.

Figure 6.8 shows the distribution of events in SS3 as a function of the dist™"
variable for both X (a) and Y (b) NUT views. The curve in black represent all
events in the control sample, the curve in purple only the events satisfying the
NT-PEAK condition. There is a lack of efficient events for dist?™ < 10 cm.
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Figure 6.8: Distributions of dist?" (a) and dist" (b) for all three gamma events
in SS3. All events in the control sample (black) are plotted together with the
ones satisfying NT-PEAK condition (purple). A clear drop in the efficiency can
be seen for distZ™ < 10 cm.

Therefore the projection cut has been changed from the requirement applied in
SS1 of Max(dist™ dist™")> 10 cm, to a condition in the X projection only of
dist?™ > 10 cm. This cut rejects 20 % of the events in that particular subsam-
ple.

Table 6.3 shows the final set of cuts implemented in the K* — 7%7% selection
related to L1 trigger efficiency studies.

In addition, the dependency of the NT-PEAK efficiency on the minimum gamma
energy has been recomputed after the projection cut has been applied. The re-
sulting curve has been implemented as a correction to the gamma energies in
the Monte Carlo simulation, in order to properly take into account any possible
energy distortion caused by the L1 trigger.

The NT-PEAK efficiency for K* — 7¥7% events in the whole SS123 sample
has been calculated after all these cuts have been applied. Figure 6.9 shows the
results for every run. A global efficiency of 97.4 4+ 0.1 % has been obtained from

a control sample of 15896 events.
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Cut

Run 15620 to 15752

Run 15753 to 15790

Projection cut

Max(dist?™ dist™")> 10 cm dist?™>10 cm

Minimum energy cut

(E >

5 GeV)

Table 6.3: Cuts implemented in the K* — 7%y selection related to L1 trigger
efficiency studies. A difference in the behavior of the NUT Y view was found from
run 15753, so the implementation of the projection cut needed to be changed.
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Figure 6.9: L1 (NT-PEAK) trigger efficiency for every run in SS123 after all
cuts. The final NT-PEAK is ~ 97 % and only variations of ~ 1 % remain.

6.2.6 The (Q14+Q2) efficiency

For events with only one track, the (Q1+Q2) signal is dominated by the

Q1 condition.

The Q1 efficiency for K* — 7+7%y events has been also checked, using the N'T-
PEAK L2 bit for defining the control sample. From a control sample of 1024
events no inefficient events were found. This sets a limit in the Q1 efficiency of
> 99.7 % at 90 % confidence level.
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6.3 The Level Two (L2) Trigger Efficiency:
MFAKE condition

As explained in chapter 4 the main trigger for collection of K* — 7%70y
events was the MB-1TRK-P or MFAKE trigger. This trigger was designed to
reject K+ — 770 decays, effectively requiring that 7 < 90 MeV. Due to reso-
lution effects, the trigger condition modifies the T distribution for values in the
vicinity of 90 MeV.

As shown in figures 2.1 and 2.2, there is a strong correlation between the T
and the W variables. Distortions in the T’; distribution for high values of 77
will directly translate into distortions of the W distribution for small W values,
affecting the extraction of the fractions of DE and INT components.

The behavior of the MFAKE trigger was studied both with data events and with

simulated events.

6.3.1 L2 Studies with Data Events

In order to study the MFAKE efficiency for K* — 7*7%y events the NT-
PEAK signal was used to define the control sample. Figure 6.10 shows the L2
trigger efficiency for events in SS3 with different cuts applied in the T7* variable.

In plot (a) the MFAKE efficiency for events in the range 55 < T* < 90 MeV
is shown as a function of W. The upper 7F cut is just the offline version of the
MBX cut. A clear dependency is seen for W < 0.3. As already mentioned, this
can be explained as resolution effects. The measured global efficiency with this
condition is 88.4 + 0.7 %. In (b) the upper cut was tightened from 90 MeV to
80 MeV. A substantial improvement in the efficiency can be seen for small W
values. In plot (c) the lower cut on 7}* has been released to 0 MeV. The efficiency
of the MFAKE trigger as a function of W shows a behavior compatible with flat.
The global 1.2 efficiency has increased to 95.7 + 0.6 %.

Therefore, in order to get rid of the observed edge effect, the T* cut was set on
the offline selection to 7F < 80 MeV. This means a reduction of ~ 30% in the
number of events.

It must be noted that the region of high W values cannot be properly checked
with this control sample, as it is populated with very few data events. This is a
very important region for the extraction of the Direct Emission component, so
the lack of statistics in the study of the L2 trigger behavior from data is not very

satisfactory. However, no effects are expected from the L2 inefficiencies at high
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Figure 6.10: (a) L2 (MFAKE) trigger efficiency versus W for K= — 7£7%y can-
didates in SS3 in the range 55 < T* < 90 MeV. A big inefficiency can be seen for
small W values. (b) L2 (MFAKE) trigger efficiency versus W for K* — 7=r%
candidates in the region 55 < T* < 80 MeV. The trigger efficiency improves for
small W values with this tightened cut for high 7* . (c) L2 (MFAKE) trigger
efficiency versus W for K* — 7%y candidates within 0 < 77* < 80 MeV. The
shape of the MFAKE efficiency is compatible with flat in W.

W values, as they correspond to small 7' and these are far away from the MBX
trigger cut.

In order to explore the high W region and to confirm the conclusions drawn from
data, further studies on the trigger behavior have been done using simulated

events.

6.3.2 L2 Studies with Simulated Events

As explained in chapter 3, the MBX processors use only information coming
from the DCHs in order to compute the trigger response. In the NA48 Monte
Carlo simulation all experimental conditions, like beamline magnets polarities,
spectrometer magnet polarities, DCH wire efficiencies maps, bad cells in the LKr
calorimeter are included in a run dependent way. In particular, the inclusion in
the simulation code of the wire efficiency maps as reconstructed from data events,
allows a reliable modeling of the trigger response.

The same code used online by the MBX processors to build the final trigger
decision has been implemented in the Monte Carlo simulation. It produces a
response in the same format as in data events. In order to compute the efficiency

of one particular MBX bit, a control sample can be defined from all simulated
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events. Out of those, events with a positive massbox response are efficient.

Different Monte Carlo samples of K* — 7¥7%y Inner Bremsstrahlung and Direct

Emission events have been produced, and the corresponding MFAKE efficiencies

calculated as function of the W variable. The results for Inner Bremsstrahlung

simulation are shown in Fig. 6.11.
Plot (a) shows the MFAKE trigger efficiency as a function of W for K* — nx%

L2 (MFAKE) Trigger Efficiency

L2 (MFAKE) Trigger Efficiency

Figure 6.11:
Bremsstrahlung simulated events.
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simulated IB events for run 15785 in the range of 55 < Ty < 80 MeV. The region
of W< 0.5, where most of the events lie, has been fitted to a constant. The fit
quality shows that the shape of the efficiency is compatible with flat. The fitted
constant is ~ 97 %, which is of the same order as the efficiency measured in
data. Plot (b) shows the same run in a different T* region (0< T < 80 MeV).
As expected, releasing the lower 7 cut increases the number of events at high W.
The fitted constant is still ~ 97 %. Plot (c) shows the behavior of the MFAKE
efficiency as a function of W when the upper T cut is released to 90 MeV. A
clear drop in the trigger efficiency develops for small W values. Plot (d) shows
again the trigger efficiency versus W for the (0< 77 < 80 MeV) region, but for
another run. A small dependence can still be seen for small W. However, it must
be kept in mind that only events in the range of 0.2<W<0.9 have been used in
the final fit, so any residual effect in the small W region will not affect the fit
results.

The results for Direct Emission simulation are shown in Fig. 6.12. This is the
most appropiate sample to check the MFAKE efficiency behavior for high W
values. Events have been reconstructed in the 0 < 7Y < 80 MeV region. The
trigger efficiency is fitted to a constant for W > 0.5. A very good fit quality
is obtained, showing no dependence of the MFAKE efficiency for high W, as

expected.
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Chapter 7

Monte Carlo Simulation.

When studying any physical process, the original distributions are modified
by the detector acceptance and response, and the selection cuts. Monte Carlo
simulations are used to deconvolute these effects from the observed data distri-
butions. The simulation allows one to extract the acceptance of the apparatus,
which is usually too complex to be modeled analytically, and also the efficiency
of the selection program.

The official NA48 Monte Carlo simulation [55] is based on Geant 3 [56], a CERN-
LIB software package which is able to propagate all particles through the defined
detector, simulating their interactions with matter.

Four stages can be identified in the NA48 simulation code: beam simulation,
decay simulation, simulation of the detector response and raw data format sim-
ulation. In every one of these steps considerable effort has been invested to
reproduce the experimental conditions in the most accurate way.

In this work Monte Carlo simulations have been used for a number of purposes:

e Perform L2 trigger studies (chapter 6) Due to the accurate simulation
of detector conditions on a run by run basis a reliable simulation of
the trigger response can be implemented. This has been used to obtain
confirmation of the trends seen in data for the L2 inefficiencies with

higher statistical power.

e Carry out specific studies in order to estimate possible systematic effects

and optimize the selection criteria (section 7.12)

e Perform background studies (chapter 8). Simulated samples of poten-
tial background decay modes have been produced to optimize the cuts

rejection power and evaluate their final contribution to the sample.
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e Obtain the reconstructed W distributions for Inner Bremsstrahlung , Di-
rect Emission and Interference terms separately, after all acceptance, de-
tector and trigger effects have been considered. These shapes are needed
in order to extract the relative amounts of DE and INT with respect to
IB present in the data sample using the Maximum Likelihood method
(chapter 9)

In the following sections all different simulation steps, the production of different
samples of simulated events and some specific studies performed on these samples

are explained in detail.

7.1 Beam simulation

The transport of the kaons through the beam line is simulated using the
TURTLE [57] program. All the parameters, like beam line magnets currents,
are adjusted such that the relevant experimental distributions seen at the down-
stream detectors are reproduced. For this purpose K* — 77t 7~ decays are
used. The momentum and the COG distribution of these events at DCH1 are
monitored in data on a run by run basis, and the code parameters tuned accord-
ingly so that the beam spectrum and position are reproduced in the simulation.

This is done separately for K™ and K~ beams.

7.2 Kaon decay simulation. The K* — 770y

event generator.

In the standard NA48 simulation, only one decay mode is simulated at a
time. The probability of a kaon decay occurring at a particular longitudinal po-
sition z, is given by the kaon energy and lifetime. The user can define an energy
range and decay position range, for which the generated events will be tracked.
Kaons with energies or decay positions outside the selected ranges will be dis-
carded at an early stage, and the decay particles will not be tracked through the
detectors. Therefore, in order to properly take into account resolution effects,
it is very important that the ranges selected at generation stage are wider than
those selected after reconstruction. For the generation of K* — 770y events
the generated kaon energy was required to be within the ranges (50 < Ex < 70)
GeV and (-2200 < zgx < 9000 cm).

The matrix element of the decay under study is implemented in the so-called
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event generator. For K* — %710y event generators for IB, DE and INT were
implemented separately, so that the three terms could be independently studied.
In all three cases, the decaying particles four momenta were first generated in
the kaon rest frame, according to a flat 3-body phase-space distribution. For this
purpose, the standard CERNLIB code GENBOD [58] was used. Then, a weight
given by the corresponding matrix element was applied to the events with the
hit or miss technique. Finally, the decaying particles were boosted back into the
laboratory frame.

For K* — 7*7%y decays the matrix element was initially coded from the expres-

sion given in [4]:

dQR:I: a p2 ) A-I— 2
= T 5in?(6) 2
dE,dE, 4w m} (%mK _ EWO)Q

|AS||Ao| EE,

+2co0s(£¢ + 61 — &)

m% (%mK - Eﬁo)

E2
HB ) ()
Mg
The meaning of all variables in the expression has been already discussed in
2_ .02
chapter 1. This is the same as equation 1.11 if %ﬁ terms are neglected.
Again, the first term in the sum, corresponding to the IB contribution, can
be factorized out. The set of weights implemented for IB, DE and INT were

therefore given by:

Mg = prsin’(9) 3 (7.2)
(b E)

Mpg = MgW* (7.3)

Miny = MipW? (7.4)

(7.5

where W is given by equation 1.13 and global multiplicative constants have been
set to one.

However, it was found that the term proportional to m2 — m2, cannot be ne-
m2—m2,

glected for small values of W. If the term in S

is considered, the IB matrix

2 2
. . ma;—m . . .
element is singular for Ero = %& — ’;—mK“ﬂ, which corresponds to the kinematic

limit of the K* — 7570y decay.
At the kinematic limit, E;0 and T are maximal, while the odd gamma energy is

minimal, corresponding to small W values. Therefore, a larger number of events
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is generated at small W if the complete expression is used for the matrix element
Mip.

This is illustrated in figure 7.1 for a sample of IB events. IB events were gen-
erated, first neglecting the term in m’z—;ziﬂ (called old) and then including it
(called new). The ratio of the W distribution of both samples (new/old) has
been plotted. The new distribution, where all terms are considered, has more

events at small W.

= W new/W old

- t_+++[+£+++++;++++ﬂ|+|ﬂ+ +HH+ Jﬂﬂf M jHJ(

%

Figure 7.1: Ratio of W distributions after and before correcting the matrix el-
ement for the difference of the squares of neutral and charged pion masses. A
slope is present for small W values.

The complete expression was finally used to calculate the appropriate weights:

2 2
prsin®(0
Min = " (7.6)
(imK — Eﬂo — 2mK7" )
Mpg = MigW* (7.7)
MINT - MIBW2 (78)
7.3 Decays of ¥ and 7=

The K* — 7*7%y decay contains two unstable particles in the final state,
the 7% and the 7°.
The charged pion decays most of the time to a urv. The branching ratio of this
reaction is BR(m — ur)=(99.98770 £ 0.00004)%
As the 7’s mean free path is c7= 7.8045 m, the pion decay can occur within
the experimental volume, affecting the characteristics of the reconstructed track.

The 7 decay in flight is implemented in the NA48 simulation.
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The neutral pion decays most of the time to two gammas (BR(7® — yv)=
(98.798 4 0.032)%). The second most important decay mode for the 7° is the
Dalitz decay, with a branching ratio of (1.198 + 0.032) %. Only the pion decay
to two gammas has been considered in the K* — 77% simulation.

Due to its short mean free path (ct= 25.1 nm), the 7 travels very little before
decaying. As the resolution in the longitudinal decay position in NA48 is of
the order of 1 m, the distance between the 7° decay point and the kaon decay
position cannot be resolved. Therefore, in the NA48 simulation, the 7° decay is

assumed to occur at the same position as the kaon decay.

7.4 Detector response

Once the decay particles have been produced, they are boosted and traced
through the detector. The complete detector geometry and matter composition
has been incorporated in the simulation code. The physical processes simulated
by GEANT are positron annihilation, bremsstrahlung, Compton scattering, de-
cay in flight, -ray production, hadron interaction, continuous energy loss, mul-
tiple scattering and photoelectric effect. The photoelectric effect is the only
process that the NA48 simulation does not require GEANT to simulate.
Conversions of photons into electron-positron pairs are therefore present in the
simulation. These occur mostly in the Kevlar window and in the DCH mylar
planes.

All magnetic fields measured in the decay volume, like the blue-field, have been
modeled, and the measured map of the dipole magnetic field in the spectrometer
has also been included.

The simulation of shower development into the NA48 calorimeters is a very time
consuming task. In order to speed up the production of simulated events, a
complete shower simulation is produced beforehand, and the output written into
a shower library file [59]. The file contains the energy deposited channel-by-
channel into the calorimeters by single particle events and can be read back by
the simulation program.

Twenty of such files are available, each consisting of three shower sets: 24800
photon showers, 24800 electron showers and 10450 pion showers, with an energy
spectra similar to those of data events.

When a photon, electron or pion enters the calorimeter, a shower is picked at
random from the file in the corresponding energy bin and in a position inside the

calorimeter cell corresponding to the impact point. The cell energy ”binning” is



119

2 MeV for photons and electrons and 0.5 MeV for pions. The shower box in the
LKr calorimeter is 51 x 51 cells for pions, and 19 x 19 cells for gammas and
electrons.

A gaussian energy response of the LKr calorimeter has been simulated. The
simulated DCH momentum resolution is based on the muon runs measurements
and then eventually tuned to match the kaon mass resolution reconstructed in

data for K* — 777~ decays, on a run-by-run basis.

7.5 Signal readout simulation and data for-

mat

After tracking the particles in the detector, the energy deposited is digi-
tized and the reconstruction is done in the same way as for data.
DCH wire efficiencies, bad LKr calorimeter cells, etc, are included in the simu-
lation in a run dependent way, so experimental conditions are reproduced in the
most accurate way.
The DCH efficiency maps are measured from data and inserted into the simu-
lation code. For every wire, its efficiency is given as a function of the charged
particle impact position along the wire. Simulation of pathological readout cards
is also implemented. This has allowed for a reliable simulation of the L2 trigger.
The format of simulated events is the same as the one of data events, but for
the addition of the generated (true) quantities, and for the treatment of the time
variables. For simulated events, a set of variables is available, containing the
true values of the kaon and decay particles momenta, energy, decay position,
etc, as produced at the time of generation by the simulation program. In the
simulation, time is treated consistently within any sub detector, but absolute
time values are not correlated between sub detectors in the way they are in data.
This is not needed as long as accidental effects do not have to be simulated. By
default accidental events are not simulated in the NA48 code. Therefore, every
simulated event contains only information on one particular kaon decay, and the

information given by different sub detectors is in-time by definition.
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7.6 Standard Corrections

In order to get the best possible simulation of all experimental conditions,
some extra effects have also been modeled. Some of these must be corrected for
a posteriori, in the same way as it is done for data events.

For the LKr, the projective shape has been implemented by applying a correction
to the simulated clusters energies and positions. The simulated effect has been
already shown in figure 5.2.

Non-gaussian tails on the clusters energy measurement appear due to photon
nuclear interaction with the LKr nuclei, tending therefore to underestimate the
amount of energy deposited in the electromagnetic shower. These tails have been
parameterized from data events and a correction has been implemented for sim-
ulated clusters energies modeling their effect.

In order to simulate the variations of the invariant three charged pions masses
seen in data, the position of DCH4 and the spectrometer magnetic field strength
have been modified in the simulation on a run by run basis. Therefore, a correc-
tion for this effect had to be calculated [60], which can be applied to simulated

events in the same way as for data events.

7.7 Implementation of the L1 Trigger Cor-

rection

As already explained in chapter 6, the L1 trigger efficiency, which is maily
affected by the NT-PEAK condition, is a function of the minimum photon en-
ergy in the event and has been computed from all events with three gammas in
SS123.

To model the effect of the L1 trigger, the measured shape has been implemented
in the simulation using a hit or miss technique. For every simulated event, the
minimum gamma energy is calculated and the event is taken with a probability
given by the corresponding trigger efficiency in that energy bin.

The effect of the L1 efficiency correction on the W distribution is shown in fig-
ure 7.2 (b). The ratio of W distributions after and before applying the correction
is computed for simulated IB events with E,,;,> 3 GeV. The correction is only
significant for small W values. If the requirement in the minimum photon energy
is changed to be greater than 5 GeV, the effect of the correction is much lower.

Figure 7.2 (a) shows the ratio of minimum photon energy distribution in data
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and IB simulation, before (black) and after (red) applying the L1 correction. The
agreement between data and simulation clearly improves after the correction is

applies, especially for small energies.
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Figure 7.2: (a) Ratio of minimum photon energy distributions for data with re-
spect to simulation. Poor agreement is found at small energies before applying
the L1 trigger efficiency correction to the simulated events (black curve). The
agreement improves after the correction is made (red curve). (b) Ratio of W dis-
tribution for simulated events with photon energies greater than 3 GeV, after and
before applying the L1 efficiency correction. The correction is more important
for small W values.

7.8 Monte Carlo productions for IB, DE and
INT

Samples of simulated events have been produced for IB, DE and INT sep-
arately. This has been done on a run-by-run basis in order to properly take into
account the variations of the data taking conditions.

For every run, the number of reconstructed data events was calculated, and a
proportional number of simulated events was produced. This was done sepa-
rately for positive and negative kaon decays.

These productions have been done at CERN, using Ixbatch resources. A set
of jobs was sent to the batch system per run and per kaon charge. Each job
used a different seed for the random number generator and produced 200 103
K* — 7%7% decays, using one given shower library file, chosen at random

among the 20 available.
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For IB two samples have been produced, every one containing ~ 5 times the
number of events reconstructed in the SS123 data sample. The first of these pro-
ductions (IBS1) has been used to obtain the final result concerning the fractions
of DE and INT with respect to IB present in the data sample. The other sample
(IBS2) has been used to perform systematic checks in a statistically independent
way (see chapter 9). For all studies in this chapter only IBS1 has been used.

Figure 7.3 shows the ratio of reconstructed data events to reconstructed sim-
ulated events in IBS1 for every run. To compare the IB sample with a data
region dominated by Inner Bremsstrahlung events, and where the effect of Di-
rect Emission can be neglected, the reconstructed W value is required to be less
than 0.5. In addition, the minimum photon energy is 5 GeV and the L1 trigger
correction has been already implemented in the simulated sample. These are the
standard conditions for the comparisons between data and simulated events (see
section 7.11). The plot shows that ~ 4.5 times more events are reconstructed
after all cuts in the IBS1 with respect to data. This factor is constant for all

runs.
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Figure 7.3: Ratio of number of reconstructed data events in SS123 to number of
reconstructed events in IBS1 for every run. The L1 trigger efficiency correction
has been already implemented in the simulated sample and the minimum photon
energy has been set to 5 GeV. A cut on W < 0.5 has also been required. The
number of reconstructed events in the simulation is about 4.5 times the number
of reconstructed data events for every run.

For DE and INT two samples were produced, each containing ~ 10 times the
number of events expected in data. For DE and INT, all the simulated statistics

available has been used for the final extraction of the decay components.
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A sample of 45 million K* — 7%7%7% decays has been produced as well on a
run-by-run basis. This was needed in order to study the possible background
contamination from this channel (see chapter 8)

Bad NTPK periods are also excluded from the simulated data, in order not to
alter the composition of the samples with respect to data.

The number of events in the samples is summarized in table 7.1. The first col-
umn contains the number of generated events in the fiducial volume; the second
column, the number of reconstructed events requiring E,,;, > 3 GeV; the last
column contains the final number of events in every sample after requiring E,;,
> 5 GeV and applying the L1 trigger efficiency correction. The statistics speci-
fied in the last column is used in the maximum likelihood method for extraction
of the DE and INT components.

Generated events Events after basic Events after all cuts
in fiducial volume | cuts (E,;, > 3 GeV) | E;in> 5 GeV, L1 eff corr
IBS1 19205282 985983 662913
DE 2230661 117116 90318
INT 2510636 134110 101127

Table 7.1: Number of generated and reconstructed events in the IB, DE and INT
samples. Numbers in the last column represent the statistics used in the final fit
of the DE and INT components.

For the IB samples a cut T < 100 MeV was implemented at the generation
stage. For Inner Bremsstrahlung , the matrix element favours events with high
T* values. However, in the selection T* < 80 MeV is required. Therefore, if no
cut is made at generation, the program would be highly inefficient, as most events
would be generated with too high values of T* to pass the selection criteria. Ap-
plying a cut at 100 MeV speeds up the generation of the IB sample. However, it
is important to make sure that no significant amount of events generated with 7
> 100 MeV would be reconstructed in the T7F < 80 MeV region due to resolution
effects. This check has been made in a sample of 15 million IB events, generated
with no T7F cuts. Only one event out of 110991 was reconstructed with 77 < 80
MeV and a true value of T* greater than 100 MeV, giving an effect of 107°.

In addition, early checks have been made on the geometric acceptance. When
one of the decay products would lie in a region far away from the detector, the

event was not traced and therefore, not included in the output file.
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7.9 Resolution of relevant variables

Storing the true values of original variables in the output file for simu-
lated events, allows one to evaluate the experimental resolution for the different
variables. This can be simply done by fitting the distributions of the differ-
ence between reconstructed and generated values for any given variable. These
distributions should be gaussian (at least in a restricted range) with a sigma
corresponding to the resolution of the variable.

Table 7.2 shows the resolutions for a set of the most relevant variables in the
K* — %1% decays for the IB, DE and INT samples.

Resolution
Variable IB DE INT
W (4.02 £ 0.01)10% | (5.93 £ 0.16)10~3 | (4.82 & 0.07)10~°
Odd ~ Energy (MeV) 130.6 + 0.5 143.5 + 1.8 138.4 + 1.5
T (MeV) 0.603 + 0.002 0.536 + 0.005 0.534 + 0.005
Kaon Energy (MeV) 3741 £ 1.2 364 + 3 370 £ 3
zzo (cm) 74.6 + 0.3 80.3 + 1.1 77.6 + 0.9

Table 7.2: Resolution of relevant variables measured from the IB, DE and INT
samples. The distributions of the difference between reconstructed and generated
values for every variable have been fitted to a gaussian in a region close to one
sigma.

Variations can be observed in the variables resolutions for the different decays
components. In particular, the odd gamma energy has a better resolution for
IB (~ 131 MeV) than for DE (~ 144 MeV) This is due to the fact that the
energy resolution is proportional to the energy, and the IB sample is richer in
soft photons.

The W resolution follows the same behavior. This is illustrated in figure 7.4,
where the distributions of the difference between reconstructed W values and
true W values are plotted for different W bins. These distributions are narrow
for small values of W and get broader as W increases.

A gaussian fit has been made to all these distributions, and the corresponding
fitted sigmas have been plotted versus the mean W value for every W bin in
figure 7.5 (a). The W resolution is never worse than 10~2. Figure 7.5 (b) shows
the percent relative resolution, which is of the order of 1 % for 0.2 < W < 0.9.
In order to make sure that there are not important differences between reso-
lutions estimated with simulation and those present in data, the reconstructed

particle masses can be used as references. For the K* — 7¥7%y decays, the rel-
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Figure 7.4: Distributions of the difference between the reconstructed value of W
and its generated value in bins of W, plotted in linear (a) and logarithmic (b)
scale. Distributions get broader as W increases.
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Figure 7.5: (a) Absolute W resolution as a function of W in logarithmic scale.
The resolution deteriorates for high W values, reaching a maximum value of ~
1072. (b) Percent W resolution with respect to the corresponding mean W value.
The W resolution is ~ 1 % of its value for 0.2 < W < 0.9.

evant reconstructed invariant masses are the kaon mass and the 7° mass. The

important advantage of these variables is that their true values are constants.

Therefore, the fit of the reconstructed mass distributions give directly the reso-

lution, even for data events. This allows to check whether there are significant

differences between real and simulated resolutions.

Figure 7.6 shows the gaussian fits of data and simulated kaon mass and 7° mass

distributions.

The mean of the kaon mass distribution in data and simulated
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events is 493.61 MeV, i.e. ~ 70 keV away from the nominal kaon mass. The
sigma is 2.09 £ 0.02 MeV in data and 2.12 4+ 0.01 MeV in the simulation, which
are compatible. The mean of the neutral pion mass distribution in data is 135.10
MeV and 135.18 MeV in simulation. This offset between data and simulation
will be clearly visible when making a ratio of the distributions of data over sim-
ulated events. The sigma is 1.82 + 0.02 MeV in data and 1.82 4+ 0.01 MeV in

the simulation, in perfect agreement.
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Figure 7.6: Kaon mass and 7° mass distributions for Data and Simulated Events.
The computed resolutions agree in data and simulation. The 7° mass distribu-
tions shows an offset of ~ 80 keV between data and simulation.

7.10 Acceptance of decay components

The analysis acceptance for a given decay is defined as the number of re-
constructed events divided by the total number of events decaying in the fiducial
volume.

For K* — 7mt71% decays, the acceptance has been computed in bins of W. The
result is shown in figure 7.7 for the different decay components. The drop of
acceptance for small values of W is mainly due to the requirement that the min-
imum photon energy in the event is larger than 5 GeV.

Small differences in the shape of the acceptance between different components
can be seen at high W values. This is due to the different shape of the W dis-
tribution for each of the terms. For the final extraction of the DE and INT
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components from data, only the range of 0.2 < W < 0.9 has been considered. In

this range the acceptance function is quite flat and similar for all decay terms.
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Figure 7.7: Acceptance of IB (black), DE (purple) and INT (blue) terms as a
function of the W variable. Small differences in the shape of the acceptance
between different components can be seen at high W values. For 0.2 < W < 0.9,
differences between components are negligible and variations as a function of W
are smaller than 0.5 %

The integrated acceptance with different selection cuts is shown in table 7.3 for
each of the decay components. The L1 efficiency correction has been applied
in all cases. The acceptance of the IB term is smaller than that of the others
because its W distribution peaks at small W values. The gain in acceptances
releasing the cut in E,,;, from 5 GeV to 3 GeV is 30 % for IB, 20 % for DE and
23 % for INT. Requiring 0.2 < W < 0.9 the acceptance is highly decreased for
IB, but it almost does not change for DE and INT.

Decay component IB DE INT
Acceptance standard (%)
Emin > 5 GeV 3.452 £+ 0.004 | 4.049 £ 0.013 | 4.028 4+ 0.012

All W values

Change in acceptance
Emin > 3 GeV +30 (%) +20 (%) +23 %
All W values

Change in acceptance
Emin > 5 GeV -21 (%) -1.3 (%) -5 %
0.2<W<0.9

Table 7.3: Acceptances for Inner Bremsstrahlung , Direct Emission and Inter-
ference K* — 7+7%y simulated events, with standard cuts and relative change
when different conditions on minimum energy and W range are applied.
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7.11 Comparisons between Data and Monte
Carlo

In order to validate the simulation results, many comparisons have been
made between the predicted and the data distributions. The main problem of
such a comparison is that the data is composed of undetermined amounts of 1B,
DE and INT; all distributions will be modified depending on the actual fractions
of DE and INT components present in the sample. Therefore, comparisons be-
tween data and simulated events have been done using only a subsample with
reconstructed W values smaller than 0.5. This region is dominated by the Inner
Bremsstrahlung component in the data, therefore a comparison with the IB sim-
ulation only should be satisfactory.

The final comparison plots are shown in Appendix B. For every variable, the first
plot represents the data distribution and the second plot its ratio with respect
to IBS1 simulated events. In general a reasonable agreement has been found in
all comparisons.

In addition, the ratio of W distributions of data and IB simulated events in all W
range is shown in figure 7.8. For small W values, the data and the IB prediction
should agree. Indeed, a fit to a constant in the range 0.2 < W < 0.5 has a good

quality. The effect of Direct Emission can be clearly seen at high W values.

7.12 Specific studies using simulated events

The Monte Carlo simulation is an unique tool to test the effects of possible
biases and systematic uncertainties on the relevant distributions, and to optimize
the selection criteria.

Several studies have been made to achieve a better understanding of reconstruc-
tion and resolution effects in K* — 7*7%y decays. These are described in the

following.

7.12.1 Mistagging

The notion of mistagging has been already introduced in chapter 5, refer-
ring to a wrong assignment for the two photons coming from the 7% decay. This
implies a wrong assignment, of the radiated gamma, distorting the gamma energy
measurement and therefore, the W distribution.

A cut has been implemented in the selection requiring that the distance between
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Figure 7.8: Ratio of W distributions for data events with respect to IB simulated
events. The ratio is flat for small W and increases for high W, showing the
presence of Direct Emission in the data sample.

the second best neutral vertex (z:$°"%), and the charged vertex (zcpa) is greater

than 400 cm. The requirement that |z5$"%-zcp,| is greater than some specific
quantity is called mistagging cut.

Let us start by studying the odd gamma energy distribution in the IBS1 sam-
ple for events passing the standard mistagging cut. Figure 7.9 (a) shows the
distribution of the difference between the reconstructed odd gamma energy and
the true odd gamma energy (AE = E,¢-Eje) for these events. In the range
selected in the plot, this distribution is gaussian and its sigma gives the value
of the energy resolution, that is about 130 MeV. However, this distribution has
long tails extending beyond the range shown in this plot, corresponding to the
residual mistagged events.

In order to study this kind of events in detail, the mistagging cut was removed.
In figure 7.9 (b) the analogous distribution is shown for a smaller IB sample,
with no mistagging cut applied. For events located in the peak around zero, two
photons have been properly assigned to the neutral pion decay, and the right odd
gamma has been selected. However, for events in the tails, the wrong photon

combination has been taken for the 7° association. The odd gamma is therefore
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mistaken, and its assigned energy can be very different from its original value,

as the measurement actually belongs to a different cluster.
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Figure 7.9: (a) Distribution of the difference between the reconstructed and the
true odd gamma energy, for events for which this difference is smaller than 0.5
GeV. The whole IBS1 sample has been used in order to compute the gamma
energy resolution from a gaussian fit, that is ~ 130 MeV. (b) The same distribu-
tion is shown for a reduced sample of simulated events, for which no mistagging
cut was applied. Tails are shown extending up to ~ 30 GeV

As the odd gamma resolution is about few hundred MeV, a sample contain-
ing only mistagged events can be selected requiring that the reconstructed odd
gamma energy differs by more than 2 GeV with respect to the generated value
(JAE| > 2 GeV). This condition is satisfied by ~ 3 % of the events in the initial
sample. The W distribution for these events is shown in figure 7.10 (a). Events
with wrong odd gamma assigment populate high W values, even if they belong to
a pure IB simulated sample. This can be expected, as no real correlation exists
between the actual measured odd gamma properties and the orginal. Therefore,
the contribution from this events is very similar to a DE contribution. If this type
of events is present in different proportions in data and simulation, the extraction
of the Direct Emission component can be biased. Events with reconstructed odd
gamma energies within 2 GeV with respect to the generated value (figure 7.10
(b)) show the expected behavior for IB events in the W distribution.

In order to minimize the potential differences in the relative number of mistagged
events in data and simulation, the size of the effect itself must be minimized. To
find a way of identifying mistagged events in data, the neutral vertex provided

by the second best combination of two gammas to be assigned to the 7% decay
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Figure 7.10: (a) W distribution for events in IBS1 for which the reconstructed
odd gamma energy differs from its true value by more than 2 GeV. The shape
of the W distribution for this subset is completely distorted with respect to that
predicted for IB events. (b) W distribution for events in IBS1 for which the
reconstructed odd gamma energy agrees within 2 GeV with its true value. For
these events the shape of the W distribution is not significantly modified with
respect to the IB prediction.

second

was studied (z25°"¢), using the IBS1 sample. It was found that for mistagged
events, there was normally a second solution for z*¢°"? close to the charged ver-
tex zgpa. Actually, more than 97 % of the events with |AE| greater than 2 GeV
were rejected requiring the existence of only one solution for the neutral vertex
within 400 cm from the charged vertex. This reduces the mistagging effect from
a ~ 3 % to less than 0.1 % level.

Figure 7.11 (a) shows the W distribution for events with only one solution for
the neutral vertex within 400 cm from the charged vertex (black) and the dis-
tribution for all events (red). Events passing the mistagging cut have a shaper
W shape, and the number of events with high reconstructed W values has been
largely reduced.

The effect of the mistagging cut can also be observed in the ratio of the recon-
structed W distribution to the generated W values. When a significant amount
of mistagged events is present, this ratio is not flat, and a rise is observed for
large W values. This is shown in figure 7.11 (b), where the value of the mistag-
ging cut has been changed from 0 to 800 cm. As the mistagging cut gets tighter,
this ratio flattens up.

In order to quantify the effect of different values of the mistagging cut, a mistag-

ging probability has been defined as the fraction of events with |AE| greater than
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Figure 7.11: (a) W distribution for events with one solution only (black), and
with more than one solution (red) for the gamma combination to be associated
with the 7% providing a zo within 400 ¢cm from the zcps. (b) Reconstructed W
over true, for different values of the mistagging cut. As the mistagging cut gets
tighter, this ratio flattens up for high W values.

2 GeV with respect to the total number of events in the sample. This quantity
has been computed for |25°"® — zcpa| ranging from 0 to 800 c¢m for IB, DE
and INT samples. The result is shown in figure 7.12. If no mistagging cut is
applied, the mistagging probability is of order few percent for all decay com-
ponents with significant differences in their values (3.2 % for IB, 2.4 % for DE
and 2.8 % for INT). For mistagging cuts at 400 cm and above, the mistagging
probability is smaller than 0.1 % for all decay components, and the differences in
the mistagging probability between different samples are not longer significant.
The standard value of 400 cm for the mistagging cut implies a loss of ~ 17.7 %
of the statistics in the IB sample, 13.4 % in the DE and 15.4 % in the INT.

7.12.2 Resolution and Tails

Due to resolution effects, events can migrate from one W bin to another.
As the shape of the W distribution is very steep, events tend to migrate from
low to high W values. Differences in resolution between data and simulation
could produce differences in the induced distortions of the W shape, potentially
affecting the extraction of the DE and INT components. However, the study of
kaon and pion masses distributions in data and simulation suggests a negligible
difference in the resolutions.
But this is not the only potential source of distortions, and the behavior of the
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Figure 7.12: Mistagging probability versus mistagging cut in linear (a) and loga-

rithmic (b) scale. Requiring the distance between z:¢°"® and zcpa to be greater

than 400 cm, the mistagging probability is less than 0.1 % for IB, DE and INT.

tails of the distributions must be also taken into account. Some studies have
been done in this respect, which results are shown in figure 7.13.

The percentage of events kept in the sample for different values of the mistagging
cut was computed for data and simulated samples. First, the number of selected
events in data and simulation is counted for a given value of the mistagging
cut. Then, the cut is increased by 50 cm and the number of selected events is
recomputed. The relative difference (%) between these two numbers is calcu-
lated, and the result is shown in figure 7.13 (a). The process is repeated for
values of the mistagging cut between 100 and 800 cm. Data (black points) and
simulation (blue points) behave in the same way, and no particular tendency of
overestimation or underestimation of the fraction of kept events is observed in
the simulation with respect to the data.

In addition, the kaon mass distribution has been also studied in detail. For this
purpose, the requirement that 55 < 7* < 80 MeV was imposed to reject back-
ground from K* — 7¥7%° decay, so that the tails of the kaon mass distribution
are clean and can be directly compared with the IB simulation. The quantity
studied was the fraction of events kept for a series of cuts in the distance be-
tween the reconstructed kaon mass and the nominal kaon mass, measured in
units of the kaon mass resolution. First, the number of selected events in data
and simulation is counted for a given value of the kaon mass cut. Then, the cut
is increased by 0.5 sigmas (~ 0.5 x 2 MeV) and the number of selected events

is recomputed. The relative difference (%) between these two numbers is cal-
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culated, and the result is shown in figure 7.13 (b). The process is repeated for

values of the kaon mass cut between 2.5 and 9.5 sigmas. The behavior of data

(black) and simulation (blue) is very similar.
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Figure 7.13: (a) Percentage of events kept in the sample with respect to previous
cut, when the mistagging cut is changed from 100 to 800 cm. The IB simulation
(blue) properly reproduces the behavior observed in data (black). (b) Percentage
of events kept in the sample with respect to previous cut, when the kaon mass
cut is varied from 2.5 sigmas (~ 5.25 MeV) to 9.5 sigmas (~ 20 MeV) from
nominal kaon mass. Data (black) and simulated IB samples (blue) contain only
events within 55 < T} < 80 MeV. The behavior observed in data is reasonably
described by the simulation.
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Chapter 8

Background Sources

Table 8.1 shows the potential background sources to K* — 7¥7%y decays.
Branching ratios are taken from PDGO06. Cuts applied against each of the sources
are also shown in the table, and will be explained in detail in next sections.
The measured branching ration for Inner Bremsstrahlung K* — 77%y decays
is (2.75 £+ 0.15)x 107* (PDGO06) for 55 < T* < 90 MeV.

| Channel | Branching Ratio (PDGO06) | Cut

K* — 7570 (20.92 4+ 0.12)% T* <80 MeV cut
Time cuts
Mass and COG cuts
Difference between zcpa and z,.0

K* — ntn070 (1.757 + 0.024)% Cut against overlapping gammas
Mass and COG cuts
MUYV cut

K* — e*nly, (4.98 £ 0.07)% E/p cut
Mass and COG cuts
Time cuts

K= — u*r, (3.32 £ 0.06)% MUV cut
Mass and COG cuts
Time cuts

K* — e*m00,y *(2.69 £+ 0.20) x 10~* E/p cut
Mass and COG cuts

K= — p*ry,y *(2.4+0.8) x 10°° MUV cut
Mass and COG cuts

Table 8.1: Potential background sources to K* — 7*7%y. The branching ratios
are taken from PDG 2006, those marked with a star do not cover the whole
kinematic region. Cuts applied in the K* — 7*7%y selection against each con-
tribution are shown in the last columm.
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8.0.3 Considerations on T cuts against K* — 777"

and K* — 7*7° decays.

Due to their big branching fractions and their topology, the most important
potential background contributions to K* — 7*7% come from K* — 77070
and K* — 7=7° decays. In previous experiments a cut on 55 < T < 90 MeV
has been applied against these two contamination sources.

Figure 8.1 shows the shape of the theoretical p; distribution for the relevant
charged kaon decays. The region within 133 < p; < 205 MeV, equivalent to 53
< T < 108 MeV, is free from contributions from K* — 7*7%7% and K* — 7%x°
decays.

All these distributions are smeared in the experimental data due to resolution
effects. The original delta function corresponding to the two-body K* — 7w*7°
spans in reality some finite region, so that the cut in 77F must be tightened to 7
< 90 MeV. In addition, long tails in the K* — 757070 and K* — 7% 7% distri-
bution can originate from track misreconstruction, and in particular to = decay

in flight into pu.

0 79 mE1Tre

—— e . VA WA WA AN

100 200
p*n (MeV/o)

Figure 8.1: Theoretical distribution of the 7 momentum in the kaon center of

mass for K* — 7%y decays and main potential background sources. The re-

gion corresponding to 133 < p: < 205 MeV is free from K* — 757%7% and

K* — 7%79 contributions.

As explained in chapter 6, in NA48/2 data the upper cut on 7} < 90 MeV has to
be replaced by a tighter cut at T < 80 MeV due to trigger effects. This further
increases the rejection power for K* — 770 decays.

As mentioned above, the lower cut at 7} > 55 MeV is very useful against
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K* — 757%% decays. However, it also cuts away a relative large amount of
the K* — 7%7%y Direct Emission component, as can be seen from figure 2.2.
Therefore, enlarging the lower 7 cut to zero increases the sensitivity to the DE
and INT components, but an alternative procedure must be found in order to

supress the K* — 77070 background.

8.1 Background from K* — 757070
8.1.1 Mechanisms: One lost gamma or two overlap-
ping.

The fundamental difference between K* — 7¥7%7° decays and K* — 770y
decays is that the first has four photons in the final state and the latter has only
three. Therefore, a K* — 757%7° event can be reconstructed as K+ — 7570,
if either one of the four gammas is lost (out of the detector acceptance) or two
photons overlap in the LKr calorimeter. These are purely geometric effects.
There is another possible contribution, coming from K* — 7%7%7% decays with
one very soft gamma in the final state. However this type of events is very much
supressed by phase space.

All these effects can be adequately studied using a Monte Carlo simulation. A
sample of 45 million K* — 7*7%70 events has been generated, out of which 37
million lay within the fiducial volume! .

To insure a background contamination level in the data sample smaller than 1
% of the DE component, the fraction of K* — 77%7% events reconstructed as
K* — 757% out of all K* — 757970 decays occurring in the fiducial volume
must smaller than 2.4 10 ~7. This fraction (F) can be simply calculated from

equation 8.1.

F BRBack:ground
(ACCDE * BRDE)

The meaning of F is simply the acceptance of background events to be recon-

<1072 (8.1)

structed as signal.

! The fiducial volume is defined by kaon decays with true longitudinal decay position in the
range -1000 < z < 8000 cm, and true total energy within 54 < E < 66 GeV
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8.1.2 Mass and COG cuts against lost gammas

In general, cuts on the reconstructed invariant mass of the event and on
the event COG are useful to reject events with inappropriate (either too low or
too big) total energy. If energy has not been reconstructed in the event, the
COG and total invariant mass cuts will, in principle, not be satisfied.

The effect of one photon being out of acceptance in the reconstructed invariant
mass of K* — 757070 events has been shown already in figure 5.5.

For this study, a kaon mass cut of 0.47 GeV together with a requirement on the
COG < 3 cm were implemented in the selection. In addition, the T should
lie in the region of 55 < T* < 80 MeV. The rejection power for K* — 77070
obtained in this way was not as high as desired, therefore tighter cuts on the final
invariant mass and COG needed to be implemented. A summary of the results
is shown in table 8.2.

First, the difference between the invariant mass of the event and the nominal
kaon mass was required to be less than 10 MeV, gaining a factor of ~ 3 in the
rejection power. Then, a cut on COG < 2 cm was added. After this, the final
fraction of K* — 77070 decays reconstructed as K= — m*7%y is smaller than

2.4 1077, as required.

Applied cut Fraction of surviving events
(out of 37 10)

COG< 3cm and

Myzo, > 0.47 GeV and 8 x1077
55<Tr< 80 MeV

[ Mypo, — Mg| < 10 MeV 3 x10 7
COG < 2cm 1.6 x1077

Table 8.2: Fraction of surviving K* — 7¥7%70 events in the region 55 < T* <
80 MeV, after different cuts on reconstructed kaon mass and COG have been
applied.

8.1.3 Algorithm to reject overlapping gammas

K* — 7%7%7° events with two gammas overlapping in the LKr have the
same signature as the signal in all detectors. Moreover, the reconstructed values
of kaon mass and COG satisfy the selection criteria, as there is no energy loss
for this kind of events.

By releasing the T cut in the selection described in previous section, about 60
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079 events are accepted, all of them satisfying the tight

times more K* — 7¥m
COG and kaon mass cuts. These events are shown in figure 8.2 (a).

An algorithm can be implemented testing the overlap hypothesis for all three
gamma clusters in the event. Let us consider the three reconstructed gamma
clusters with energies E;, Eo, E5 and assume that the first one, with energy E;,
is really the overlap of two gammas of energies E =xE; and E'=(1-x)E;. Let us
now suppose that the photon with energy E comes from the decay of the same

70 as the second gamma cluster of energy Eo. Then the decay vertex for that 7°

would be:
1 \/ (Distl_gEEg) \/(Distl_gl‘ElEQ)
Zp0 = = (8.2)
Mo M o

where Dist;_o = \/(xl — 29)? + (y1 — y2)? is the distance between the gamma
clusters at the Lkr, and M,o is the nominal 7% mass.

In the same way, let us suppose that the photon with energy E’ comes from the
decay of the same 7° as the third cluster of energy E;. The decay vertex for this

second 7 is given by:

9 \/ (D?:Stl_gElEg)

V/(Disti_3(1 — ) By Es)

22, = = 8.3

o Mo Mo (8:3)

As the two neutral pions originate from the same kaon decay, they must satisfy
the constraint 2}, = 220= z;ge”“p . This allows to solve for x, i.e. for the fraction

of energy shared by the overlapping gammas in the event.

Once x is known, zfrge”“p can be computed. The procedure is repeated for all
three gamma clusters.

The event is finally rejected if there is at least one solution for x with a 7° decay
vertex z%e”a” compatible with the charged vertex. The actual cut was given by

the requirement that all three |z25¢"

0 — ZCDA| > 400 cm.

The action of the overlapping gamma cut is shown in figure 8.2 (b). The cut T}
> 55 MeV rejects 355 events out of the 360, while the algorithm just described
is able to reject 352.

The overlapping gamma cut allows therefore to drop the lower T* cut, keeping

the required rejection power for K* — 7%7%7% decays.

8.1.4 Track misreconstruction and 7 decay into u: cut
on MUYV hits.

Due to misreconstruction of the track it is possible that K* — 757070

events, with one photon out of acceptance, can still satisfy the kaon mass and
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Figure 8.2: (a) Distribution of T for simulated K* — 7%77% events passing
through the K* — 7%y selection. (b) Same distribution for events with no
overlapping photons on the Lkr calorimeter. More than 98 % of the potential
background events are rejected with this requirement.

COG requirements. This happens in particular when the 7 decays in flight into
a u. This kind of events are rejected in the standard K* — 7% selection
requiring no associated hits in the MUV detector. If the MUV cut is released
the number of K* — 75770 simulated events reconstructed as K+ — 7t70y

decays increase by a factor of four.

8.2 Backgroud from K* — g*r!

8.2.1 Mechanisms: Conversions and Accidentals

The fundamental difference between K* — 7579 decays and K+ — 7570
decays is that the first has only two photons in the final state and the later
has three. Therefore, in order for a K* — 757° event to be reconstructed as
K* — 7570, there must be an extra cluster faking a third gamma.

This extra cluster can be of different natures. In the first place, one of the
photons from the 7% decay can convert into an e, et pair. In that case the
K* — 7%7% decay could produce three clusters in the LKr calorimeter (one from
the non-converted photon, one from the electron and one from the positron). If
the conversion is produced before the magnet, two tracks would be seen in the
spectrometer, and the event would be rejected. Therefore, only conversions oc-
curring in the last plane of DCH2 can contribute to a potential background.

In addition, due to accidental activity, there can be an extra reconstructed clus-
ter in the LKr. The presence of accidentals can be studied by releasing the time
requirements in the selection and looking at the tails of the clusters’ time distri-

butions.
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Clusters from the 7 shower could also be reconstructed as gamma clusters. A
cut requiring the gammas to be at a distance greater than 35 cm from the ex-

trapolated 7 track at the LKr minimizes this effect.

8.2.2 Mass and COG cuts

The mass and COG cuts help in the rejection of K* — 770 decays, with
one photon cluster faked by either accidentals or clusters from the pion shower.
This type of events has indeed too high a value of the reconstructed total energy,
as an extra amount is added by the faked photon to the initial value from the
K* — 770 decay itself. Events of this kind can be observed as tails in the high
kaon mass region.

If the added energy is very small it could happen that the COG and kaon mass
cuts are still satisfied. Accidental photons are typically very soft, and clusters
belonging to the m shower can also be of low energies. However, the requirement

that the minimum photon energy is greater than 5 GeV excludes this possibility.

8.2.3 Vertex difference |z,0 — z¢pa| cut and Yk, differ-

ence cut.

For K* — m*71% decays with photon conversions in last plane of DCH2
there is no extra energy added to the original kaon decay. Therefore, these kind
of events lie in the appropiate range of invariant masses and COGs.

To study in detail this type of background, K* — 7*7%y candidates have been
selected in the SS3 data sample, using very loose criteria. In particular the kaon
mass, projection cut, T and |z;0 — zcpa|l < 400 cm cuts have not yet been
applied to the initial sample. In addition, the value of COG cut was set to 3 cm.
The reconstructed kaon mass for these events is shown in figure 8.3 (a), where
contributions from K* — 7%7%70 and K* — 7570 are observed at low and high
kaon mass values respectively. In order to specifically study K* — 770 decays,
events with kaon mass greater than 0.47 GeV have been selected. The p} for

0 events in

these events is shown in figure 8.3 (b). The presence of K* — w*7
the sample can be spotted from the shape of the the p} distribution as a clear
peak at around 205 MeV.

In order to test whether the source of this background comes from K* — 7%7°
decays with photon conversions, a simple check has been done. When photons

convert in the last plane of DCH2, the e~ and e™ tracks are bent by the spec-
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trometer magnet, such that their impact position in the Lkr has the same Y
coordinate. Therefore, these events can be rejected requiring that the distance
between any two photons (i,j) in y be greater than 2 cm (the value of 2 cm is
given by the LKr cell size). The effect of adding this cut is illustrated in figure 8.3
(c). The disappearance of the peak at p; ~ 205 MeV after requiring Ay ;) > 2
cm confirms the hypothesis that the background is from photon conversions.
Alternatively to the cut on Ay ;), another cut can be made in order to reject
these events. If conversions occured, either the e~ or the et cluster is paired to
the real photon cluster and used to reconstruct the 7% vertex and mass. The
electron (or positron) cluster does not have the same energy and position as
the photon that converted. Therefore, the m’-related quantities are misrecon-
structed.

In particular, the agreement between the longitudinal position of the decay ver-
tex reconstructed with the 7 track (zcpa) and the one reconstructed with the
neutral variables (z;0) will not be compatible. The cut |z;0 — zcpa| < 400 cm
rejects the K* — 770 contribution, with almost no effect on the signal. In the
final selection the Ay(;;) > 2 cm has not been implemented, conversions have

been rejected using only the |zcpa — z70| < 400 cm condition.

8.2.4 Accidental activity.

Accidental activity in the detectors can be produced by beam particles
or simultaneous kaon decays contributing to the event under consideration. A
significant contribution from accidentals in the final sample would distort the
photon energy spectrum, as accidentals are dominantly soft.
Time distributions have been checked in SS123 data releasing the time cuts. For
this study, no cuts have been applied in the time difference between clusters
or in the time difference between the track and the clusters. This is a general
check, valid not only for K* — 7%7° decays, but for any other background source
requiring accidental clusters to fake one of the gammas. The result of the test
can be seen in figure 8.4 (a), where the maximum time difference between all
three photons in the event is plotted for all reconstructed K* — 7*7% decays.
This distribution shows that essentially no contribution from accidental activity

can be seen in this sample.
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Figure 8.3: (a) Reconstructed kaon mass for candiate events in a small sub-
sample of SS3 data, at an early selection stage. Low mass events correspond
to K* — 7*7070 decays with one photon not reconstructed. Tail at high kaon
mass values correspond to K* — 7% decays with one extra cluster. (b) p:
distribution for events with kaon mass greater than 0.47 GeV. A small peak in
the vicinity of 205 MeV reveals the presence of K* — 7%7° events in the sample.
(c) Same distribution after requiring the distance between clusters in the y coor-
dinate at the LKr to be greater than 2 cm. The peak from K+ — 757% decays
is clearly decreased, confirming the background source to be K* — 7570 decays
with photon conversions in DCH2. (d) pZ for events satidfying |2,0 —zcpa| < 400
cm, with no requirement on y distance between clusters. There is no evidence
from K* — 7*70 background after this cut.
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Figure 8.4: (a) Distribution of the maximal time difference between photons
in K* — 7*7% decays. No contribution from accidental clusters is observed.
(b) Ratio of T}, distributions for Data over Simulated events. No presence of
K* — 7%70 contamination can be seen in data.
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8.2.5 Final T?, distribution.

A final check can be made, specific to K* — 7¥70 decays. As K+ — 770
is a two-body decays, the T, distribution is a delta function at 110 MeV (if res-
olution effects are not considered). In case of contamination from K* — 7*7°
in the sample, this could be detected as a peak in the ratio of the T, distri-
butions of K* — 7*7%y data events over simulated events. This ratio is shown
in figure 8.4 (b). No signal of K* — 7*7® background can be seen from this
picture.

The application of all mentioned cuts makes negligible the K+ — 7% 70

contribution to the final sample.

8.3 Background from decays with neutrino

in final state

There is a set of potential background sources to the K* — 7%7% decays
with neutrinos in the final state: radiative and non-radiative semileptonic decays.
As indicated in table 8.1, the branching fractions of non-radiative decays are of
the order of few percent, and those of radiative decays are of the order of 10~*
for the electron channel, and 107> for the muonic channel.

Radiative branching ratios have been measured in a restricted region of radiated
photon energies and angles between the radiated gamma and the charged par-
ticle, in order to avoid infrared and collinear singularites of the bremsstrahlung
matrix elements.

Table 8.3 summarizes the possible mechanisms through which semileptonic de-
cays can fake the K= — 7570y signal.

In general, for all these decay modes there is a variable amount of energy lost in
the event. This is due to the presence of the neutrino, that cannot be detected.
Therefore, COG and kaon mass cuts will not be satisfied unless the neutrino is
very soft. This is, however, very much suppressed by phase space.

In addition, particle mis identification is required in all cases. For electrons, mis
identification is suppressed by the cut on E/p and for muons, by the cut on the
MUYV response. The probability of mis identifying an electron as a pion for E/p
< 0.85 has been evaluated to be ~ 0.4 %[61], and the efficiency of the MUV
response is greater than 99.5 %.

For non radiative decays, accidental activity is required in order to fake one extra

photon. As shown in previous section, no sign of accidental activity was found
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in the K* — 757% sample.
After all cuts, the final background contribution from semileptonic decays is

expected to be negligible.

Decay mode Mechanism
K* — e*nly,y Soft v emission and Miss ID e with 7
K* — e*71%, | Same as previous plus accidental activity
K* — p*7%,y | Soft v emission and Miss ID p with 7
K* — p*r%, | Same as previous plus accidental activity

Table 8.3: Summary of mechanisms needed for semileptonic decays in order to
fake a K* — %1% event. For a given decay mode, all specified conditions must
be concurrently satisfied.

This has been checked with simulated K* — e*7,y and K* — p*70y,y
events. Large Monte Carlo samples have been produced for the study of semilep-
tonic decays [62], using the PHOTOS package [63]. At generation level, the en-
ergy of the radiated photon in the kaon center of mass was required to be greater
than 3 MeV.

For the electron channel, 5.5 10° events were generated in the decay fiducial vol-
ume. A basic selection, with no cut on E/p, has been implemented. Zero events
have been selected after requiring that the recontructed invariant mass is greater
than 470 MeV and that the T7F is smaller than 90 MeV.

As already mentioned, the kaon mass cut is expected to be highly efficient in re-
jecting decays with neutrinos, because of the loss of detected energy. In addition,
as the reconstructed track is assumed to be generated by a 7, the computed T
does not lie on the required range.

For the muon channel, 6.4 10° events were generated in the decay fiducial volume.
A basic selection, with no cut on the MUV response, has been implemented. Zero
events have been selected after requiring that the 7T7F is smaller than 90 MeV and
that the reconstructed invariant mass of the event is within 10 MeV with respect
to the nominal kaon mass. In addition, releasing these cuts and requiring no hits

in the MUV, the number of selected events is zero as well.
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8.4 Final background estimation from Data

and Simulation.

The conclusion from the studies carried out on the different data and Monte
Carlo samples, is that all physical background to K* — 7¥7% decays can be
attributed to K* — 757%7° decays only.

The final confirmation of this statement is shown in figure 8.5, where data from
SS123 and simulated K* — 757% and K* — 757%7% events have been plot-
ted. K* — 7¥7% events have been reconstructed using the final selection cri-
teria, releasing only the kaon mass cut. The invariant mass distribution of data
events is shown in the plot as black dots with errors. Simulated distributions
for K* — 7% IB events (green) and K* — 7*7%7° events (yellow) have been
superimposed to these data, applying a proper normalization. Good agreement
is found between the distribution of data events and the addition of the two sim-
ulated contributions. In the region of + 10 MeV around the nominal kaon mass,

the relative amount of background from K* — 7=7%7% decays is negligible.
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Figure 8.5: Mass distribution of K* — 7%7%y candidates reconstructed in $5123.
Dots represent data events. K* — 7¥7%y simulated events are plotted in green.
K* — 757%7% simulated events are superimposed in yellow. The data distri-
bution is compatible with the addition of these two contributions. Purple lines
delimit the region of |my — M| < 10 MeV, where the amount of background
from K* — 7*707% decays is negligible with respect to the total sample.
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Chapter 9

Results and Conclusions

The main result of this work is the extraction of the DE and INT fractions
with respect to IB for K* — 7*7%y decays in the range 0 < T* <80 MeV.
As already mentioned, these results can be obtained in two different ways, using
either the Shape or the Maximum Likelihood methods. A general description of
each one of them has been already given in chapter 2. The actual implementation
of the Maximum Likelihood approach used in this work is discussed in detail in
appendix B.
Checks have been done in order to test the reliability and robustness of both
methods. For this purpose, samples of pseudo-data have been produced using
simulated events. Given proportions of DE and INT events have been added to
subsets of the IBS2 sample, and fitted using the same samples of simulated events
used to extract the results for real data. Fits using the Maximum Likelihood
approach have been able to recover the input fractions. However, the Shape
Method was found to be highly sensitive to the region chosen for normalization,
the binning in W and the initial proportions of DE and INT. Therefore, only the
ML approach has been used to obtain the final results.
The W distributions used in the fit are shown in figure 9.1. In the fitting range
0.2 < W < 0.9 they contain 117627 data events, and 711743 simulated events
(526751 1B, 89144 DE, 95848 INT).

9.1 Results from a Maximum Likelihood fit
to DE and INT terms.

The Maximum Likelihood method has been used to fit three free param-
eters: the fractions of DE and INT with respect to the total number of events

in the sample, and a global normalization factor. The results from this fit are
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Figure 9.1: Final W distributions for Data (a), IB (b), DE (c¢) and INT (d).

summarized in table 9.1.

Frac(DE)ror | Frac(INT)ror | Normalization
Result 0.0453 -0.033 117.68 103
Positive MINOS error 0.0049 0.011 0.34 10?
Negative MINOS error -0.0048 -0.011 -0.34 103
Parabolic error 0.0046 0.010 0.34 10?

Table 9.1: Results and errors from ML fit.

The DE fraction has been obtained with a relative statistical error of the order of
~ 10 %. The INT component has been found to be negative and about 3 sigmas
away from zero. This is the first evidence for the existence of an INT term in
K* — 7%7% decays.

Errors computed using the likelihood derivatives at the maximum (Parabolic er-
rors) or scanning the likelihood function (MINOS errors) are very similar. This
means that no significant non-linearities are present in the likelihood function.
The full error matrix is given in table 9.2 and the correlation coefficients between

the parameters are shown in table 9.3. A very high negative correlation of -93



% is observed between the DE and the INT fractions.

EXTERNAL ERROR MATRIX
PARAMETER | Frac(DE)ror | Frac(INT)ror | Normalization
Frac(DE)ror 0.210 10~* -0.443 107* 0.108 1073
Frac(INT)ror | -0.44310~* | 0.109 10 | -0.265 10~3
Normalization 0.108 1073 -0.265 1073 0.118 106
Table 9.2: Error matrix

CORRELATION COEFFICIENTS
PARAMETER | Frac(DE)ror | Frac(INT)ror | Normalization
Frac(DE)ToT 1.000 -0.927 0.000
Frac(INT)ror -0.927 1.000 0.000
Normalization 0.000 0.000 1.000
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Table 9.3: Correlation matrix

At this point, the obtained results represent the fractions of DE and INT compo-
nents with respect to all accepted events. These must therefore be corrected in
order to take into account the fact that different decay components have differ-
ent acceptances. The original fractions of Direct Emission and Interference with

respect to Inner Bremsstrahlung can be computed from the following equations:

Frac(IB) o = 1 — Frac(DE) o — Frac(INT) pop (9.1)
Frac(DE)pqr  Acc(IB)
= = (3.14+0.32 2
Frac(DE) Frac(IB)por  Acc(DE) (8 0.32) % (9:2)
_ Frac(INT), o Acc(IB)
Frac(INT) = —— -2 % fooINT] = (—2.39 £ 0.76) % (9.3)
(9.4)

Where the values of the acceptances for every term correspond to the last row
of table 7.3.

In order to evaluate the quality of the ML fit, the residuals have been calculated
for every W bin from the difference between the number of data events and the
Monte Carlo prediction from the fitted DE and INT fractions. These are shown
in figure 9.2. A fit of the residuals to a constant has a x? of ~10 for 13 degrees
of freedom, and the constant value is compatible with zero.
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Figure 9.2: Residuals for ML fit to DE, INT and normalization.

9.2 Studies of cut variation

The stability of the result has been checked varying the value of the main
selection cuts within a reasonable range. The ML fit has been repeated for every
set of Data and Simulated samples obtained with the modified cut value, in order
to study the differences in the resulting DE and INT fractions with respect to
the standard (reference) ones. The relevant plots are shown in Appendix C. In
every figure the results for the corrected fractions of DE and INT with respect
to IB are shown as a function of the cut value. For the reference point, the error
bars show the total statistical error assigned by the ML fit. For all other points
(j), uncorrelated errors with respect to the reference have been calculated for

this application as:

Num(j)

Uncorrelated Error(j) = \J (1 N 2NuT(Ref)

) Error(j)* 4+ Error(Ref)®  (9.5)

where Num(j) represents the number of events that pass the cut value (j),
Num(Ref) the number of events passing the standard selection, Error(j) the
statistical error given by the ML fit to the result for cut value j, and Error(Ref)

the statistical error assigned to the reference point.
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A number of cuts have been checked using this procedure and for most of them
no significant variation of the results was observed. However, the variation of
some specific cuts showed a potentially significant effect. For these, the results
for the DE and INT fractions obtained for every value of the cut have been plot-
ted together with the DE-INT contour curves. A summary of these studies is

given in the following:

e COG. The COG cut was varied from 1 to 5.5 cm, to check the effect of
possible residual background contamination in the sample. The reference
point is situated at 2 cm. No significant effect has been observed in the

ML results from varying this cut.

e Distance between charged and neutral vertex |A z| = |z 0-Zcpa].
The standard value of the cut is 400 ¢m, and it was varied from 200 to

650 cm. The results are compatible within uncorrelated errors.

e Kaon mass The reference cut value in the difference between the recon-
structed kaon mass and the nominal kaon mass is set at 10 MeV, cor-
responding to ~ 4 sigmas (4 x 2.2 MeV). This value has been changed
between 2.5 and 9.5 sigmas. It is expected that releasing this cut back-
ground from K* — 757970 decays enters the sample. However, the
background is separated well enough from the signal, so that no effect

can be seen up to ~ 7 sigmas.

e E/p In the selection this cut is made at 0.85, in order to reject back-
ground from K* — e*7m, and K* — e*7%,7 decays. This condition

was varied from 0.75 to 1, with negligible effect observed in the result.

e Distance between pion impact point at LKr and gamma clus-
ters. Gamma clusters were defined to lie outside a radius of 35 cm from
the charged pion impact point at the LKr front face in order to minimize
a possible contamination from the pion shower. This was modified from

20 to 50 cm. The results are in agreement within uncorrelated errors.

e Charged pion momentum A cut at 10 GeV is implemented to main-
tain a high efficiency for the MUV response, needed for background re-
jection. The value of this cut was varied from 5 to 15 GeV. A significant
effect can be observed when requiring high values for the minimum pion
momentum allowed. However, it must be noted that these imply big sta-

tistical losses. In order to better disentangle the statistical effects from a
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possible systematic uncertainty, the results obtained for every cut value
(green points) have been plotted together with the contour curves as-
sociated to the reference point. All points fall within the first contour,
meaning that they are statistically compatible. Therefore, no systematic

uncertainty has been associated to this effect.

Mistagging The mistagging cut was varied from 0 to 800 cm. From the

contour plot it can be seen that all results are statistically compatible.

Minimum photon energy The value of this cut was varied from 3
to 10 GeV. The reference point is defined as 5 GeV. For high values
of the minimum energy cut many events are lost in the sample. The
contour plot shows that the observed effect could be due to statistical
fluctuations, as only the points with smaller statistics lie outside of the
first contour, and all points are within the second contour. However, it
was decided to assign to this effect a systematic uncertainty of half of the
maximum difference observed. The absolute total difference amounts to
+ 0.52 % for the DE fraction and + 1.33 % for the INT fraction.

The negative correlation between the fraction of DE and the fraction of INT is

clear from all these plots.

More cuts have been checked, without any effect on the results:

e Photon position at DCH1 The requirement that the photons cannot

9.3

come from the vicinity of the DCH1 flange was released. No change was

observed in the result within uncorrelated errors.

Radial track position at the DCHs. The standard cut for the track
impact point at DCH1,2 and 4 is set to a minimum radius of 12 cm and a
maximum of 150 cm. These values were tightened requiring a minimum
radius of 16, 16, 20 cm and a maximum radius of 90, 150, 150 cm in
DCH1,2 and 4 respectively. The new values imply statistical losses of
the order of few %. The results for DE and INT fractions did not change

within uncorrelated errors with respect to the standard cut values.

Systematic Effects

In addition to varying the relevant cuts, other types of effects have been

studied.
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e L1 trigger efficiency correction. The effect of applying or not ap-
plying the L1 trigger efficiency correction for E,;, > 5 GeV is 0.09 %
for DE and 0.28 % for INT. The correction itself is computed with high

precision and no systematic uncertainty has been assigned to it.

e Energy scale. The absolute neutral energy scale is known to a precision
of 0.1 %. In order to evaluate the effect of this uncertainty, the data
clusters energies have been multiplied by 1.001. The results of the ML
fit changed by 0.09 % for the DE fraction and by 0.21 % for the fraction of
INT. Half of this difference has been assigned as systematic uncertainty
to the result.

e Non linearity. The shape of the non-linearity correction has been
changed within a reasonable range. The results of the ML fit did not

change with respect to the reference within the uncorrelated errors.

e Residual L2 trigger effects. The effect of a possible residual L2 trigger
inefficiency has been studied changing the upper T limit from 80 MeV
to 75 and 70 MeV. The results of the corresponding ML fits are shown
in table 9.4. To make a comparison with the standard measurement, all
results have been extrapolated to the T < 80 MeV region, using the
factors shown in table 9.5. A significant change in the result is observed
changing the T* from 80 to 75 MeV. The absolute total difference is 0.21
% for DE and 0.87 % for the INT term. However, the results with 7}*
< 75 MeV and T} < 70 MeV are compatible within uncorrelated errors.
This behavior is in agreement with the hypothesis of an edge effect from
the MBX response. Half of the observed difference has been assigned as

systematic uncertainty to the final result.

The values of the relevant systematic uncertainties from different sources are

summarized in table 9.6

9.4 Final results for fit to DE and INT

The final result obtained on the fractions of Direct Emission and Interfer-

ence with respect to Inner Bremsstrahlung for 777 < 80 MeV in SS123 is:

Fraction of DE = (3.14 4+ 0.32 + 0.29)% (9.6)
Fraction of INT = (—2.39 £ 0.76 + 0.81)% (9.7)
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DE fraction (%) | INT fraction (%)
Tr < 80 MeV 3.14 £ 0.32 -2.39 £ 0.76
(direct measurement)
Tr <75 MeV 3.35 £ 0.33 -3.26 £+ 0.80
(ext. to TF < 80 MeV)
Tr <70 MeV 3.38 + 0.36 -3.41 + 0.87
(ext. to TF < 80 MeV)

Table 9.4: Results for the DE and INT fractions from ML fits to samples with
different cuts on the T .All results have been extrapolated to the T) < 80 MeV
region, so they can be directly compared with the direct measurement. Half of
the maximum difference has been assigned as systematic uncertainty.

Fraction of events.

T*

™

range IB DE INT

0-75 0.2480 | 0.8065 | 0.6167
0-80 0.3189 | 0.8691 | 0.6949
0-70 0.1927 | 0.7345 | 0.5388
95-90 0.4862 | 0.4910 | 0.5469
95-80 0.2372 | 0.3950 | 0.3845

Extrapolation factors.

55-90/55-80 | 2.0490 | 1.2430 | 1.4198
55-80/0-80 | 0.7436 | 0.4545 | 0.5533
55-90/0-80 | 1.5241 | 0.5650 | 0.7870

Table 9.5: Fraction of IB, DE and INT events within different 7T; ranges. Ex-
trapolation factors between different 77* ranges for IB, DE and INT events.

Effect Systematic effect on DE (%) | Systematic effect on INT (%)
Energy Scale +0.05 +0.11
Minimum photon energy +0.26 +0.67
L2 trigger +0.11 +0.44
Total systematic error +0.29 +0.81

Table 9.6: Systematics uncertainties in the measurements of the fractions of DE

and INT with respect to IB.

(9.8)

The result is based on 117627 data events and 711743 simulated events in the
range T < 80 with 0.2 < W < 0.9.
The correlation coefficient between the DE and INT fractions is -0.93.
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Contour plots have been computed requiring the logarithm of the log-likelihood
to change by 0.5, 2 and 4.5 units. These correspond to probabilities in the DE-
INT fractions plane of 39.3 %, 86.5 % and 98.9 % respectively. Contour curves
are shown in figure 9.3, showing only statistical uncertainties. The green thick
bars show the statistical errors, and the black bars the total (systematic plus

statistical) error. This result can be extrapolated to the region 55 < T* < 90

Z o L CL 39.3%
2 CL 86.5%
3 CL 98.9%
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Figure 9.3: Contour plot for final result. Contour curves show statistical uncer-
tainties only. For the result, green thick bars show statistical error and black
bars show total (statistical + systematic) error

MeV making use of the values in table 9.5.

Fraction of DE(55 < T < 90 MeV) = (1.16 + 0.12 4 0.11)% (9.9)
Fraction of INT(55 < T < 90 MeV) = (—=1.23 +0.39 + 0.42)%  (9.10)
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9.4.1 Preliminary Extraction of Xz and Xy,

As already mentioned, the simultaneous measurement of the DE and INT
terms in K* — 7%71%y decays allows one to separate the electric and magnetic

contributions. The quantities Xz and X;:

E M

Xp=—"", Xy=——r
P A imE M T A Ik

(9.12)

are often used for this purpose. Using these variables, equation 1.15 becomes:

82F N 82P+ + aZF_
AT=OW — 9T=OW ' 9T=oW
0°T;p T 2
= 25y L+ 2c0s(8)eos(8} — &) mimi Xp W+

mimic(Xp + X)W (9.13)

The Direct Emission term defines a circle in the Xz, X3, plane, and the Inter-
ference sets the Xz value.

Assuming a negligible amount of CP violation in the K* — 7*7%y decays, the
¢ angle can be set to zero, and therefore cos(¢) ~ 1. As explained in chapter 1
the difference between the two strong rescattering phases d;, 62 can be set to 10°
under certain hypothesis, so that the cos(d; — dy) can be also approximated to 1.
The relations between the measured DE and INT fractions with respect to
IB and Xz, Xy are given by equations 2.4, where a= 2mZm3% Xy and b=
mimi. (X% + X2,). The values of the required integrals have been evaluated

using Monte Carlo techniques:

T [ WA-LLiz g1y
[T T W 3z = 2.27102 (9.14)
[ 0T [ 2Lie pyy

T oW

J OT; [ W2 Skam oW

JOT;: [ gt OW

=0.105 (9.15)

The values obtained for Xz and X,, are:

Xp=(—24411)GeV™* (9.16)
Xy = (246 £ 16) GeV ™ (9.17)
A graphic representation of the extraction of Xz and X}, is shown in figure 9.4.

The purple arc shows the measured Direct Emission contribution with its exper-

imental error (dark band corresponds to one sigma and light band to two sigma).
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The green band shows the value of Xg from the measurement of the INT compo-
nent. The crossing of these two regions defines the allowed experimental region
for Xps. The blue line shows the theoretical prediction for X;,, assuming that
the chiral anomaly is the only source of magnetic amplitudes in K* — 770y
decays. This has been calculated as follows:

The prediction for the Direct Emission branching ratio under the assumption

300

Theoretical prediction
from Chiral anomaly

250

[}
o=
o

XM (Gev ™

100

50

-300 -250 -200 -150 -100 -50 0

XE (Gev™)

Figure 9.4: Graphic representation of the Xz and X, extraction. Dark bands
show one sigma errors, ligth bands two sigma errors. Measurements are com-
patible with the chiral anomaly being the only source of magnetic amplitudes
in K* — 7*7% decays. Correlations between parameters have not been taken
into account for this plot.

that the chiral anomaly is the only source of direct terms is taken from [17] to be
BR(DE)= 0.35 107° for 55 < T < 90 MeV. This is equivalent to a fraction of
DE equal to 1.34 1072, where the value of the BR(IB) has been taken from [23].
This has been extrapolated to the region 7 < 80 MeV obtaining Frac(DE)=
3.61 10~2. The theoretical prediction for the value of Xj; coming from the chiral
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anomaly for 77 < 80 MeV can be therefore calculated as:

| F rac(DE)

Xy = = 265.63 GeV™* for T} < 80MeV 9.18
M \l 2.27102mAm’k eV otda ¢ (9.18)

Therefore, the obtained result for X,;= 246 £ 16 is in agreement with the hy-

pothesis that the chiral anomaly is the only source of magnetic amplitudes in

the Direct Emission term.

It must be noted that the correlation between the parameters has not been taken

into account in these calculations.

9.5 Final Results for ML fit with INT=0

In order to compare the obtained results with those from previous exper-
iments, the ML fit has been redone setting the Interference term to zero. As
already mentioned, previous measurements used the region 55 < T* < 90 MeV,
which cannot be done in NA48/2 due to L2 trigger issues. Therefore, events were
selected with 0 < T¥ < 80 MeV, and the result extrapolated to 55 < TF < 90
MeV.

The result obtained for the fraction of Direct Emission with respect to Inner

Bremsstrahlung for 7)< 80 MeV, when the Interference term is set to zero is:
Fraction of DE(INT = 0) = (2.25 & 0.134;4; & 0.05,y5:) % (9.19)

The residuals of the fit are shown in figure 9.5. The x? is ~ 17 for 13 degrees of
freedom.

The systematic error assigned to this measurement corresponds to half of the
difference observed in the result varying the upper 77 cut. The value of other
cuts has been also varied in order to check the stability of the result. Related
plots are shown in appendix D. No systematic effect has been found from these
studies.

Extrapolating to 55 < 1< 90 MeV:

Fraction of DE(INT = 0) = (0.83 = 0.05,0; % 0.02,,,1)% (9.20)

Using the prediction from [23] for the BR(IB) in 55 < T*< 90 MeV, the BR(DE)

can be calculated:

BR(DE)(INT = 0) = (2.17 £ 0.13,10; & 0.05,5;)10° (9.21)
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Figure 9.5: Residuals for the 2 parameter fit (INT=0)

This can be compared with results of previous experiments, that were summa-
rized in table 2.1. The value of the measured Direct Emission branching ratio is
significantly lower than previous. The error on the result has been improved by
a factor of ~ 6 with respect to the best precedent measurement.

In addition, the measurement was also performed in the range 55 < T7* < 80
MeV. A prediction can be made for the result in this region by extrapolating
the one obtained for 77 < 80 MeV. Both direct and extrapolated results are

compatible:

Predicted Fraction of DE(INT = 0) = (1.38 & 0.074¢) % (9.22)
Fraction of DE(INT = 0) = (1.36 & 0.1144) % (9.23)

9.6 Checks using the shape method

Even if the shape method has not been used to extract the final results,
it has been used to verify the need of an interference component to fit the data

sample. Figure 9.6 shows the ratio of the reconstructed W variable in data with
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respect to the IB simulation, normalized to the total number of events in the
data sample.

Figure (a) shows the fit to the Direct Emission parameter only. Significant de-
viations are observed between the points and the fit value, especially for high W
values and in the intermediate W region. The x? of the fit is ~ 22 for 13 degrees
of freedom.

Figure (b) shows the same ratio, now fitted to both Direct Emission and In-
terference parameters. The agreement between the points and the fit is clearly

improved and the x? is now ~ 8 for 12 degrees of freedom.
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Figure 9.6: Shape fit to DE only (a) and to DE and INT (b).

9.7 Preliminary studies on CP violation

Some preliminary studies on CP violation have been done on this data
sample. It must be noted that the described selection has not been optimized for
this purpose, however the design of the experiment is such to suppress apparatus-
related differences between K+ and K~ decays.

To check CP violation in K* — 7%7%y decays events were separated depend-

ing on the reconstructed kaon sign. The most simple observable that has been

computed is the asymmetry on the total number of events Ay
Ny —rN_

" N, +rN_

where N, N_ are the number of K, K~ decays to m7%y in the data sample, and

A (9.24)

r is the ratio of the number of K*, K~ events computed from another channel
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for which no CP violation is present.

The NA48/2 data has shown no CP violation in K* — 77%7% decays at the
level of 107* [11]. A large number of K* — 7=7%7% decays has been collected,
allowing to extract the ratio of K to K~ in SS123' with high accuracy r=1.798
+ 0.001.

The acceptances for K* and K~ to 7%y decays have been checked using simu-
lated samples, and found to be Acc(K*)= 3.537 + 0.005 % and Acc(K™)= 3.548
+ 0.007 %.

Table 9.7 summarizes the number of K+ and K= to 77%y collected events with

different achromat and spectrometer magnet polarities.

Achromat polarity At A~
Spectrometer magnet polarity B* B~ B* B~
Number of K+ — n+7%y decays | 30956 | 25777 | 16574 | 21440
Number of K~ — 7 7y decays | 17185 | 14385 | 9263 | 11748

Table 9.7: Number of reconstructed K+ — nt7% and K~ — 7~ 7%y decays for
positive and negative achromat polarities (A* and A~) and for different signs of
the spectrometer magnetic field (B™ and B™).

The total number of reconstructed K+ — 777%y decays in SS123 is 94747 and
the number of K™ — 7wtn%y is 52581, resulting in a value for Ay = (1.1 + 2.7)
1073. This measurement sets a limit on the difference of the branching ratios
of < 4.5 1072 at 90 % confidence level, which is one order of magnitude more
accurate than previous measurements [27].

The difference on the number of events can be related to the CP violating phase

¢ (see chapter 1) by equation 1.16

* o’Tip
B,-B. B,-B_ (f OT; | W? gt OW

B, +B_ " 2Bz '\ Jor:[2Lmaw

)XEm%mfrsin(@ sin(6; — dp)
aTzOW

(9.25)
Using the value of 0.105 for the ratio of W integrals ( 9.15), X from the present
measurement Xp = —24 +11 ( 9.17) and &, — dp =10° £ 0.3 from reference [5] a
measurement for sin(¢)=-0.27 £ 0.65 is obtained. The smallness of the Xy term
and sin(d; — dg) drastically reduces the sensitivity to the ¢ angle.

! Bad NT-PEAK periods 1 and 2 are excluded from the K* — 7=7%% sample used to
compute the value of r, but bad NT-PEAK period 3 is still present. However this cannot make
a significant difference as the number of collected neutral events in period three is lower due
to the malfunctioning of the trigger chain.
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In addition, the fit in the range 0.2 < W < 0.9 was repeated separately for K+
and K~ events, yielding results compatible within statistical accuracy. This is

summarized in table 9.8

K+ K~

Number events
0.2 <W<D0.9 75745 41932

Frac(DE)tor 4.07 £ 0.57 | 4.67 £ 0.77
Frac(INT)ror |-2.34+ 1.30 | -3.34 £ 1.77

Table 9.8: Results and errors from ML fit for K* and K~ events separately.

9.8 Conclusions

A subsample of 2003 NA48/2 data has been studied in detail. About 120
103 K* — 7%7% decays, with negligible background contamination have been
reconstructed in the ranges 0.2 < W < 0.9 and T} < 80 MeV. This statistics is
more than five times larger than that of previous experiments.
Thanks to the development of an algorithm for rejecting K* — 7#%7%7° decays
with two gammas overlapping in the detector, the lower cut on T could be re-
leased. This is a major achievement with respect to previous measurements, as
it increases the sensitivity to Direct photon emission and Interference terms. In
addition, the photon mistagging has been kept smaller than the per mil level for
all decay components.
The fractions of Direct Emission and Interference (with respect to the Inner
Bremsstrahlung component) present in the data sample have been obtained us-
ing a maximum likelihood method. Stability of the results with variation of
selection cut values and a number of sources of systematic uncertainties have
been studied. The total relative error in the Direct Emission result is ~ 15 %. A
negative INT term has been found with a significance of more than two sigmas.
Preliminary extraction of magnetic and electric amplitudes show that the mag-
netic Direct Emission component is compatible with being saturated by the chiral
anomaly.
In addition, a CP violating asymmetry in the K+ and K~ branching ratios for
this channel has been obtained to be less than 4.5 1073 at 90 % confidence level.
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Appendix A

Maximum Likelihood.

A fitting program was developed for this work, based on a Poissonian
Maximum Likelihood Method, for extraction of the IB, DE and INT fractions
present in the data sample. This problem can be treated both with poissonian
and multinomial approaches, and the only differences that could show up are of
numerical nature. This is discussed in detail in [64]

The input information consisted on the reconstructed W distributions of data and
simulated IB, DE and INT samples. For each of them, 14 bins were considered
in the range 0.2<W<0.9. The data W distribution is determined by the set
{d;,ds,...,d,, }, n=14, where d; is the number of data events in bin i. For source j
(j=1,2,3=IB, DE, INT) a;; is the corresponding number events in W bin i.

If the Poissonian distribution is considered, the probability of finding a particular

number of events d; in bin i is given by:

(A.1)

where f; represents the expected value.
If the data distribution of the W variable is a mixture of unknown proportions
of the IB, DE and INT sources, then the predicted number of events on every

bin i is given by a function of these proportions, f;(P;g,Ppg,Pryr) such that:

m

fi=Np)_Pa;i/N; (A.2)
j=1

where Np is the total number of events in the data and N; the total number of

events in the sample for source j. Note that the proportions P; must add up to

one, as they can be thought as the fractions of the different sources contributing

to the data distribution.

The estimates of the proportions P, are found by maximising the logarithm of the

likelihood (InL). Omitting constant terms that are irrelevant for maximization
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this can be written as:

=1

This procedure does not account the fact that the simulated samples used are
also of finite size, leading to statistical fluctuations. However, when the simulated
samples have much more events than the data sample, fluctuations on the number
of events in one bin in the simulated distributions are negligible with respect to
the corresponding fluctuations in data, and do not contribute considerably to
the error estimation of the relevant parameters.

The final expression used for f; in this work is:
fi = Norm(fracpgd; + fraciyry; + (1 — fracpp — frac;n7)5;) (A.4)

where ¢;, 7; and ; are the relative number of events in bin i of DE, INT and 1B
samples, normalized to the total number of events on that sample, and fracpg
and frac;y7 and Norm are considered as free parameters.

The result of maximizing (A.3) with f; given by A.4, provides estimations for
the values of the three free paramenters: fracpr and frac;yr, that represent the
proportions of DE and INT present in data with respect to the total number of
events in the data sample, and for Norm, a global normalization parameter that
should come out from the fit compatible with the total number of data events in
the sample.

The MIGRAD routine of the MINUIT software package [65] has been used for
minimization of -In(L). MIGRAD performs a numerical minimization and pro-
vides an estimation of the parameters’ errors. These so-called parabolic errors
are computed assuming that -In(L) is a parabola around the minimum. The
value of the error is given by the difference between the value of the parameter
at -In(L;,4;) and at the point -In(L)= -In(L;.z) + 0.5.

Another routine, MINOS, provides an estimate for the errors that does not as-
sume a parabolic behavior for the In(L), but instead scans the log-likelihood func-
tion. If there are no significant non-linearities involved in the problem, parabolic
and MINOS errors should be of comparable sizes.

Contour curves for any pair of parameters are also provided by the MINUIT
package. These are given by sets of points in the two parameter space where the
value of the log-likelihood function is constant, and differs from the -ln(L,,4,) by
a given amount m. Contour curves are calculated using a procedure analogous
to that used by MINOS. These curves are very useful for visualizing the effects

of correlations. For this work contours in the fracpy - frac;y; plane have been
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often computed for values of m = 0.5, 2 and 4.5, corresponding to 39.3 %, 86.5
% and 98.9 % coverage.
In addition, another version of the program was implemented with only two free

parameters: the global normalization and the DE fraction.



172

Appendix B

Plots. Comparisons Data and IB Simulation.

Distributions of data events and ratio of data over simulated IBS1 events
for different variables. The L1 efficiency correction has been applied to the
simulation. Only events with E,,;,> 5 GeV and W < 0.5 have been considered.
For every variable, first plot represents the data distribution and second plot its

ratio with respect to IBS1 simulated events.
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Appendix C

Plots. Variation of cuts for 3 parameter ML fit.

Plots showing the variation of the results for the DE and INT fractions with
respect to IB when cut values are varied within a reasonable range. Error bars
on reference point show total statistical error, for the other points uncorrelated
errors with respect to reference are plotted. A negative correlation between
variations of the DE fractions and variations of the INT fraction can be observed.
Note change in scale when studying minimum photon energy cut. Only for this
cut a significant effect is seen.

Results of cuts variations are also shown within contour plots for the kaon mass
cut, the charged pion momentum cut, the mistagging cut and the minimum

photon energy cut.
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Appendix D

Plots. Variation of cuts for 2 parameter (INT=0) ML fit.

Plots showing the variation of the results for the DE fraction with respect to
IB when cut values are varied within a reasonable range. Error bars on reference
point show total statistical error, for the other points uncorrelated errors with
respect to reference are plotted. No systematics effect has been found for any of

the cuts considered.
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