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Introduction

Fundamental symmetries are often part of the axiomatic basis of theories in all

�elds of physics� being the mathematical foundation of the conservation principles

observed in nature� The invariance of laws of physics with respect to the parity

re�ection �P� and to the charge conjugation �C� is well established for what con�

cerns the interactions responsible for the formation of ordinary matter� namely the

electromagnetic and nuclear strong interactions� Therefore� particle physicist were

particularly surprised and intrigued after the discovery� dated �	��� that P and C

symmetries are maximally violated in weak interaction phenomena�

A small violation of the combination of the two symmetries �CP� was unex�

pectedly discovered in �	�� and undoubtedly observed so far only in the mixing

of K� and �K� mesons� Nowadays� the underlying mechanism of this violation is

not yet clear and its deep understanding could have a great impact not only in

particle physics� but also in cosmology� being CP violation required to justify the

matter�antimatter asymmetry observed in the Universe� It is indeed the subject of

many research e
orts from both the theoretical and experimental sides�

The high�precision experiments in the �eld of kaon physics� together with the

newcoming experiments to study the B� � �B� meson� constitute the frontier in the

experimental search for CP violation� One of the major challenge of the two last

decades consists in establishing if the violation does occur or not directly in the K

meson decay�

This thesis is devoted to the �rst results of NA��� the CERN experiment con�

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

After an overview on CP violation in the �rst two chapters� the detector and

the experimental technique are described in chapter �� The method used is the
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measurement of the double ratio R of KS and KL to ���� and ���� decays� by

collecting simultaneously the four decay modes from two collinear KS andKL beams�

The deviation from � of the double ratio is a clear sign of direct CP violation� leading

to a non zero value of the parameter Re������ � �� �R����

The general strategy of the data analysis� that has been carried out through a

large team e
ort inside the NA�� collaboration� is outlined in chapter �� The next

two chapters are devoted to our original contribution to the analysis� The problem

of understanding the di
erent acceptance for KS and KL is discussed in detail in

chapter �� The e
ect in the analysis of the residual KS and KS �KL interference

in the �KL � beam line is the subject of chapter �� Finally� in chapter � the �nal

result for Re������ is given� The result is based on the data collected during �		��

corresponding to about �
 � of the statistics the experiment aims to accumulate�

Nevertheless� this early result by itself con�rms the occurrence of direct CP violation

in kaon decays�
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Chapter �

CP symmetry and its violation

The de�nition of left and right� as well as of positive and negative charge� is usually

considered� even by common sense� as an arbitrary convention� In the language of

physics� this is due to the fact that the fundamental interactions responsible for the

nuclear� atomic and molecular bonds in ordinary matter� namely the electromagnetic

and nuclear strong forces� are invariant with respect to the inversion of the three

directions of space �P�� and the exchange of all particles with the corresponding

anti�particles �C��

Nevertheless� experiments in the �eld of nuclear and high�energy physics have

shown that these invariances do not hold anymore for the nuclear weak interactions�

The violation of the combined symmetry �CP� is even more surprising� since it allows

for an absolute simultaneous de�nition of what is left and what is positive charge�

and allows to break down the matter�antimatter symmetry of the Universe�

In this chapter we brie�y summarize the phenomenology of CP violation and we

give the status of the experimental search for the direct violation in the decay of

neutral K mesons�
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��� Fundamental discrete symmetries

A physical system exhibits a symmetry when every real physical state transforms

under the symmetry operation into another real state� having the same energy� This

implies that the equations governing the evolution of the system are invariant under

such symmetry transformations� In quantum mechanics the invariance is expressed

by the commutativity of the hamiltonian operator H and the operator S associated

to the symmetry operation�

�H�S� � 
 �����

The eigenstates of S� that are physical states with a de�nite property under the

symmetry transformation� conserve in time their eigenvalues� For example� if we

assume the isotropy of three�dimensional space the laws of physics must be invariant

with respect to rotations �in other words� the orientation of the reference frame used

to describe the system can be chosen arbitrarily�� Since the rotation operator is a

function of the angular momentum operators� the symmetry causes the angular

momentum of an isolated system to be conserved in time�

The existence of a conservation principle associated to a symmetry is demon�

strated in general for all continuous symmetries �Noether�s theorem�� The most

relevant fundamental examples other than the space isotropy� are the homogeneity

of time� leading to the conservation of energy� and the homogeneity of space� leading

to the conservation of three�momentum�

Up to �	��� three discrete symmetries were commonly assumed by physicists to be

of general validity as the ones mentioned above�

Parity �P�� it consists in inverting the direction of the three axes of the spatial

reference frame� This operation transforms� for example� a right hand in a

left one� a chiral L�type molecule into its R�type counterpart� and makes the

clocks go counter�clockwise� The arbitrariness in the de�nition of left and

right re�ects the existence of this symmetry in our every�day life� To realize

it� let�s suppose to have a phone call with an extra�terrestrial friend living in a

far galaxy� and to try to agree with him about what is left� Of course we could

not use mere conventional facts as the sense of rotation of clocks� that would

�



probably be opposite if an australian guy had �xed it� But we could not cite

even more �natural� phenomena� as the fact that most of people are right�

handed �actually� we are not even sure that our friend has two hands � � � �� or

that natural amino�acids rotate plane polarized light to the left�� since these

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

This invariance is very practical in particle physics� since all particles have

a de�nite parity� i�e� they are eigenstates of the parity operator� and the

conservation of their eigenvalues �� �� puts strong constraints on the possible

decay modes�

Charge Conjugation �C�� this is the inversion of a particle with its anti�particle�

and vice versa� Though our world is completely made of matter� for every

known particle� a corresponding anti�particle has been found� having opposite

charge and the same mass and life�time�

Time Inversion �T�� it consists in inverting the direction of time� It is well known

that the constant increase of entropy of an isolated system breaks this sym�

metry� but this law� having a statistical nature� applies only to macroscopic

systems� while the microscopic reversibility of fundamental interactions is usu�

ally assumed�

The combination �in any order� of these symmetries �CPT� is proven to be true�

assuming Lorentz invariance and the very �rst principles of any conceivable quantum

theory� after a famous theorem by Schwinger and L�uders� then generalized by Pauli

�CPT theorem ��	� ����� A major consequence of the theorem is the equality of

mass and lifetime of particles and corresponding anti�particles� even if C symmetry

is broken� When it was formulated� the CPT theorem sounded to many physicists

as an academic exercise� since each of the three symmetries was believed to hold by

itself� as it was proven with high level of accuracy for all phenomena governed by

the electromagnetic and nuclear strong interactions�

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

The �rst doubts about the fact that parity is always conserved were raised by the

so�called � � � puzzle� from the name of the two weak�decaying particles that�

having the same mass� lifetime� charge� spin and production cross section� were

distinguished only by the parity of their decay products�� The possibility that the

parity symmetry could be violated by weak interactions was �rst proposed by Lee

and Yang ���� in �	�� and experimentally demonstrated during the same year by

the famous experiment of madame Wu and others ��	�� The experiment observed

that the angular distribution of � decay electrons emitted from a polarized nucleus

depends on the scalar product between the particle momentum and the nuclear

polarization vector� Since this product changes sign after parity re�ection� the

dependence is an evidence of parity violation�

It was immediately clear that the violation was maximal� in the sense that only

the left�handed components� of the particle wave functions �and right�handed for

the anti�particles� take part in the weak interaction hamiltonian� The helicity of

the neutrino� that interacts only through weak interactions� was indeed found to be

always �� in an experiment carried out during the same year by Goldhaber and

others �����

This discovery broke down an ancient prejudice� for which the physics community

felt the parity violation as astonishing as thinking that �God was left�handed�� to

use Wolfgang Pauli�s words� However� a way to recover a good symmetry also for

weak interactions was identi�ed� even before the result of madame Wu� by Landau

���� in the invariance under CP� In fact� all the experimental results were compatible

with a theory in which the role of left�handed particles and right�handed anti�

particles is exactly symmetric� as was the V �A theory of weak interactions�

Coming back to our extra�terrestrial friend� we could now think to call him and

to use the neutrino helicity as an absolute way to decide a common de�nition of

left and right� Nevertheless� to agree about what is a neutrino and what is an anti�

neutrino� we should share a common de�nition of positive charge� Since our friend

�This particle is now called charged kaon�
�For left�handed components� we mean the projections into the states of negative chirality�

that� in the limit of mass much smaller than energy� coincide with the states of negative helicity
h � ��p � ��s �j��p � ��s j�
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lives in a very far galaxy� we cannot be sure that his world is made of matter�� so

that� if CP symmetry holds� we are in troubles again�

��� CP violation in kaon decays

The decay of neutral kaons is the �rst� and so far the only one� phenomenon in which

CP conservation has been found to be violated� The discovery� this time without

any previous hint� was done in �	�� by the celebrated experiment of Christenson�

Cronin� Fitch� and Turlay �����

Before describing the experiment� let�s introduce the formalism used to describe

the neutral kaon system� Its peculiarity relies in the fact that the K� and its anti�

particle� the �K�� are distinguished by the strong interaction through the strangeness

quantum number S� not conserved by the weak interaction� that is responsible for

their decays� Thus� a K neutral meson is produced by the strong interaction in

a state of de�nite strangeness �K� or �K��� but the weak hamiltonian makes the

system evolve into a strangeness�mixed state�

We describe the general neutral kaon state in a two�dimensional Hilbert space

having the K� and �K� states as a basis� The CP operator connects the two basis

states� �
CP jK�i � ei�CP j �K�i
CP j �K�i � e�i�CP jK�i �����

where 	CP is an arbitrary� phase� that we choose to be zero�

To account for decays �without including all the possible decay �nal states in the

Hilbert space� the time evolution is described by a non hermitian e
ective Hamilto�

nian of the form� ���

 H �  M � i
 !

�
�

�
M�� � i	��� M�� � i	���
M�

�� � i
	���
� M�� � i	���

�
�����

�The possible existence of galaxies made of antimatter is currently disfavored by cosmologists
	
��� but it has not yet been completely ruled out�

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

�Throughout all the theoretical discussion on CP violation we will use the system of natural
units 
� � c � ���

�



where  M and  ! are two hermitian matrices� Assuming CPT to be true� we get

hK�j  HjK�i � hK�jCPT  H CPT jK�i � h �K�j  Hj �K�i
�� M�� � M�� � M� !�� � !�� � !

�����

Let�s now assume that also CP symmetry holds� We get

hK�j  Hj �K�i � hK�jCP  H CP j �K�i � h �K�j  HjK�i
�� M�

�� �M��� !��� � !��

�����

and  H becomes a symmetric matrix� Therefore� the states with de�nite mass and

lifetime� i�e� the eigenstates of the Hamiltonian� are equal mixtures of K� and �K��

jK�i �
�p
�
�jK�i " j �K�i� �����

jK�i �
�p
�
�jK�i � j �K�i� �����

The jK�i and jK�i states are clearly eigenstates of CP with eigenvalues� respectively�

"� and ��� Thus� CP conservation would put strong constraints on their decay

modes� jK�i would mainly decay into a two�pion state ����� or ����� that is

always a CP�� eigenstate
� On the contrary� jK�i would decay mainly into three

pions ������� or ���� and never into � pions� Because of kinematical reasons� we

expect jK�i to have a much shorter lifetime than jK�i�
In fact� the neutral K mesons are found to decay with two components having

very di
erent lifetime� the K�short �KS �� with lifetime �S � �	 �
��� s� and the

K�long �KL �� �L � � �
�� s�

Assuming CP conservation� KS and KL must coincide with K� and K�� and a

particle created in a pure K� state at time zero evolves as

j
�t�i � �p
�

�
e
�i
�
MS� i

��S

�
tjKSi " e

�i
�
ML� i

��L

�
tjKLi

�
�

�
�

�

��
e
�i
�
MS� i

��S

�
t
" e

�i
�
ML� i

��L

�
t

�
jK�i"

�
e
�i
�
MS� i

��S

�
t � e

�i
�
ML� i

��L

�
t

�
j �K�i

�
�����

�Since the pions are spinless� the CP operation coincides with the interchange of the two par�
ticles� Because of Bose statistics� the two pions must be in a symmetric state� so that they must
be CP eigenstates with eigenvalue ���
For the �����	 and ��	 states� we may think to add a �	 to the CP�� couple� and the CP
eigenvalue will be


CP ��� � 
CP ��� 
���� � 
������
where � is the relative orbital momentum of the �	 with respect to the couple� and we have used
the �	 quantum numbers C�� � �� P�� � ��� The small Q�value of the K	 � �� decay 
����
MeV� strongly favors the � � �� thus CP���� state�

�



Figure ���� Scheme of the experimental arrangement used for the �rst detection of
the CP violating KL � ���� decay �����

where MS and ML are the mass eigenvalues of the two states� Therefore� the prob�

ability to detect a �K� after a time t is

jh �K�j
�t�ij� � �

�

�
e
� t
�S " e

� t
�L � �e

� t
�

�
�
�S
� �
�L

�
cos�#Mt�

�
���	�

This spectacular phenomenon of quantum interference is known as strangeness os�

cillations� The frequency of the oscillating term� coming from the interference of

the KS and KL components� allows to measure with impressive level of accuracy the

mass di
erence #M � ML �MS � The present world average is ����

#M � ML �MS � ����	 � 
�

	 �eV�c� ����
�

meaning that the weak interaction splits by one part per �
�� the mass levels de�ned

by the strong interaction� being the kaon mass about half GeV�

Up to �	�� all experiments on kaon physics were consistent with the identi�cation

of the mass and CP eigenstates� The CP�conserving scenario resulted to be only

an approximate description of the real situation� after the discovery that the KL

mesons decay with a small �� �
��� branching ratio to �����

The apparatus used by Cronin and his collaborators is sketched in �g� ���� A

collimated neutral beam of about � GeV energy was entering a �cheap vacuum�

plastic bag �lled with helium at atmospheric pressure� placed ���� m away from the

target in order to have a pure KL beam� Two spectrometers consisting of bending

magnets and spark chambers� triggered by the coincidence of water $Cerenkov and

scintillator counters� were detecting charged particles emitted from decays occurring

	



inside the bag� The ���� events were identi�ed by requiring the invariant mass of

the two charged tracks to be compatible with the K� mass� and their total momen�

tum to be aligned with the beam� The apparatus was tuned by placing a tungsten

regenerator on the beam line� at di
erent positions inside the bag� and by looking

at the ��pion decays of the regenerated KS
�� They recorded �� � 	 ���� events

among an estimated sample of ���

 KL decays� leading to a branching ratio of

���
� 
��� � �
���

Another experimental evidence for CP violation in the neutral kaon system was

soon detected ���� in the charge asymmetry of the semileptonic decaysKL � ����
���


�

�where � is � or e�� It was found that the branching ratio for the decay with the

positive lepton is higher by about 
�� � than its CP�conjugate decay with the

negative lepton�

�The charge of the lepton preferably emitted in the decays of long�lived neutral

kaons� is a non�arbitrary de�nition of positive charge provided by CP violation�

allowing us to �nally de�ne a common convention for left and right with all ex�

traterrestrial particle physicists� We only need to be sure that the time in their

reference frame �ows in the same direction than in our�

The discovery that CP violation occurs in nature is also an important fact for

Cosmology� since CP violation� together with the departure from thermal equilib�

rium during the Universe expansion and the non�conservation of baryon number� is

one of the ingredients needed to explain within the Big Bang model the observed

excess of matter over anti�matter in the Universe in terms of dynamics� without

resorting to a whimsical initial condition �����


The relative K	 and �K	 amplitudes of a pure KL state are changed by the interaction with
matter� since K	 and �K	 have di�erent interaction probability� so that the state becomes the
superposition of a KL and a �regenerated� KS component�

�




��� Indirect CP violation

We now develop the formalism for the K�� �K� system without the CP conservation

constrain� The diagonalization of the matrix in ����� leads to the eigenvalues

ML�S � M �Re�Q� ������

!L�S � !� �Im�Q� ������

where

Q �

s�
M�� � i

!��

�

��
M�

�� � i
!���
�

�
������

The corresponding eigenstates are

jKSi � jK�i" ��jK�ip
� " j��j� ������

jKLi � jK�i " ��jK�ip
� " j��j� ������

where

�� ��

� " ��
�

vuutM�
�� � i

	���
�

M�� � i	��
�

�
#M � i i�	

�

�M�� � i!��
	 r ei� ������

The �� parameter expresses the CP�violating deviation of the mass eigenstates

from the CP eigenstates� usually referred as indirect CP violation� It should be

stressed that �� depends on the phase convention for K� and �K� of equation ������

so that it may not be considered as a physical measure of CP violation� However�

it can be shown that the physically meaningful parameters� independent from the

phase convention� are Re���� and r �

We also notice that� unlike K� and K�� the eigenstates KS and KL are not

orthogonal
 � This formally expresses the fact that they can decay to identical �nal

states�

Indirect CP violation can be measured from the charge asymmetry of the semilep�

tonic decays� In fact� in virtue of the empirical so�called #S � #Q rule� the charge

of the lepton in the �nal state selects the strangeness of the decayed kaon�

K� � ����
� �K� � ���� �
�
�We remind that� since the decay hamiltonian is not hermitian� the eigenstates corresponding

to di�erent eigenvalues do not need to be orthogonal�

��



so that� if we explicit the K� and �K� components of the KS and KL states as

jKSi � �p
��� " j��j��

�
�� " ���jK�i " ��� ���j �K�i

�
������

jKLi � �p
��� " j��j��

�
�� " ���jK�i � ��� ���j �K�i

�
������

the charge asymmetry of the KL semileptonic decays will be

�� �
!�KL � ����
��� !�KL � ���� �
��

!�KL � ����
�� " !�KL � ���� �
��
�

�
jh����
�j  T jKLij� � jh���� �
�j  T jKLij�
jh����
�j  T jKLij� " jh���� �
�j  T jKLij�

�

� j� " ��j� � j� � ��j�
j� " ��j� " j�� ��j� � �Re����

����	�

where  T is the transition matrix and we have used the fact that CPT implies� for

any �nal state f

hf jT jK�i � h �K�jT j �fi � h �f jT j �K�i� ����
�

�j �fi � CP jfi�
so that

jh����
�j  T jK�ij � jh���� �
�j  T j �K�ij ������

The relative e
ect on the asymmetry �� from the possible violation of the #S � #Q

rule is known from the present experimental limits to be less than �
���

The experimental value for Re���� from the �� measurement is ����

Re���� � ����� � 
�
�� � �
�� ������

��� Direct CP violation

Coming back to theKL � �� decay� the amount of CP violation is usually expressed

by the parameters

h����j  T jKLi
h����j  T jKSi

	 ��� 	 j���jei��� ������

h����j  T jKLi
h����j  T jKSi

	 ��� 	 j���jei��� ������

��



The indirect CP violation contributes to this process through the K� component

of the KL state� but we could also have an e
ect of direct CP violation in the

decay K� � ��� if the CP�conjugated decay amplitudes h��j  T jK�i and h��j  T j �K�i
are not the same�

Assuming CPT� the decay amplitudes of two CP�conjugated processes must obey

to equation ����
�� Therefore� they can di
er only by the sign of their phase �often

called weak phase�� Equation ����
� can be generalized to include the strong phase

shift � due to the �nal state interactions of the two pions� that is not CP�violating

and appears with the same sign in both amplitudes �Watson�s theorem ������

e�i�hf jT jK�i � �e�i�h �f jT j �K�i�� ������

Of course� the phase of a single amplitude has not physical meaning by itself� so that

direct CP violation can be detectable only if we are measuring �nal states where

more than one amplitude enter the game� It is the case for the two pion �nal states

that are the combination of two isospin states jI� I� � 
i� with I �
 or � �I � � is

forbidden by Bose statistics��

j����i �
r

�

�
j
� 
i "

r
�

�
j�� 
i ������

j����i � �
r

�

�
j
� 
i "

r
�

�
j�� 
i ������

The amplitudes for the di
erent isospin states are de�ned as

hI� 
jT jK�i � AIe
i�I ������

hI� 
jT j �K�i � A�
Ie

i�I �I � 
� �� ����	�

Since the kaons have isospin I � ���� the empirical #I � ��� rule strongly favors

the transitions to the I � 
 �nal state with respect to the I � � one� In fact� the

ratio of the KS branching ratios

BR�KS � �����
BR�KS � �����

�
jh����jT jKSij�
jh����jT jKSij� 
 �

j� " �p
�

Re�A��
Re�A��

ei�������j�
j� �p�Re�A��

Re�A��
ei�������j�

����
�

has the experimental value 
�����
���������� leading to ��� � �� � �����
Re�A��

Re�A��

 
�
� ������

��



Therefore� we introduce the variables

�I 	 Im�AI�

Re�AI�
������

� 	 Re�A��

Re�A��
ei������� ������

that will be developed to the �rst order� After some algebra� we obtain

��� �
��" i�� " ���� " i�����

p
�

� " i���� " �� " i�������
p
�

������

��� �
��" i�� � ���� " i����

p
�

� " i���� � �� " i������
p
�

������

and� neglecting terms of o����� ��� ���� and in any phase convention where j����j �� ��

we �nally get

��� � �"
��

� " ��
p
�
� �" �� ������

��� � �� ���

��p��
� �� ��� ������

where

� 	 ��" i�� � ��" i
Im�A��

Re�A��
������

�� 	 i���� � ���p
�

�
ip
�

Re�A��

Re�A��

�
Im�A��

Re�A��
� Im�A��

Re�A��

�
ei������� ����	�

� is a physical parameter that quanti�es the indirect violation �one can check that

� is independent from the phase convention�� In a �often used� phase convention

where A� is real� it coincides with ��� and in any case Re��� � Re�����

Using the experimental result�� �#M � �#! and the smallness of the CP

violating e
ects� it can be shown ��� that an approximate formula for � is

� � eiarctg��
��M
�� � Im�M���� iIm�!�����p

�#M�� " �#!����
" i

Im�A��

Re�A��
� ei

�
	

�
Im�M���p

�#M

�
����
�

As a matter of fact� the phase of � is found to be very close to ����

The parameter �� quanti�es the direct CP violation� As we could expect� it

depends from the di
erence of the weak phases of the amplitudes in di
erent isospin

channels�
�	This result could be expected from the Heisenberg uncertainty relation �E ��T � ��
� if we

think that the KL and KS states� whose mass di�er by �M � are decoupled� thus distinguishable�
after a time of the order ���S � ������

��



The current experimental values ����

j���j � ������ � 
�
�	� � �
�� j���j � ������ � 
�
�	� � �
�� ������

are both compatible with j�j� showing that the KL in two pion decay is dominated

by the contribution of indirect violation�

From equation ����	� we see that the phase of �� is ��� " �� � �� and� since

�� � �� � ����� we get that the phases of � and �� are very close�

��

�

 Re

�
��

�

�
������

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

the strong phases and the phase of ��

��� Measurements of direct CP violation

As it will be discussed in the next chapter� the empirical results about CP violation

can be accommodated within the Standard Model� but as of today there is no

mechanism that explains naturally where CP violation comes from and why it seems

to be so elusive� The determination of other CP violating parameters than the few

that were measured so far could give an insight� since the Standard Model puts

strong constraints about them�

The fact that CP seems to be a quasi�exact symmetry and that direct CP viola�

tion could be vanishing� triggered many ideas about new models where CP violation

is attributed to a new kind of interaction� The most famous one is the super�weak

model by Wolfenstein ����� where the #S � � transitions between K� and �K� are

attributed to a CP�violating e
ective four�fermion interaction� having a coupling

constant of the order G�
F �where GF is the Fermi constant�� The model is consistent

with the fact that the interaction is detectable only in the neutral kaon system� and

predicts all the CP violating e
ects to be included in the mixing� namely �� � 
�

In order to check this prediction against the Standard Model where a non zero

value of �� is possible� the measurement of the amount of direct CP violation has been

�and is being� the most a
orded and challenging task of experimental kaon physics

in the last two decades� The di�culty of such measurement mainly comes from the

need to detect with high statistics and purity the decays of KL into ����� that occur

��



with 	��
�� branching ratio� The two pions immediately�� decay into � gammas� and

very precise calorimetry is needed to identify the events with kinematical criteria�

in order to discriminate them from background� starting from the detection of the

four gamma showers� The background is mainly due to ��� events� that have a ���

times larger branching ratio than ���� with two undetected photons� As a matter

of fact� all the pioneering experiment of kaon physics were based on the detection of

decays into two or three charged pions or to semileptonic modes� usually by mean

of magnetic spectrometers�

The most convenient way to determine the �� parameter from the experimental

point of view is to measure the double ratio of K � �� decay intensities

R �
!�K�

L � �����

!�K�
L � �����

!�K�
S � �����

!�K�
S � �����

�
j���j�
j���j� � �� � Re

�
��

�

�
������

where we have used equations ������ and ������� In fact� if the same apparatus is used

to detect the four decay modes from the same beams� the intensity normalization

factors and many experimental e
ects as e�ciencies and acceptances cancel in the

ratio�

Two experiments measured the double ratio with accuracy � � �
�� during the

eighty�

NA��� this experiment was installed at the CERN Super�Proton�Synchrotron �SPS��

The ���� and ���� events were detected concurrently from high�energy ��
�

 GeV� kaon beams� Two beams� of primary intensity �
�� and �

 protons

per pulse� respectively� were alternately produced at two di
erent targets lo�

cated at a distance from the detector such to obtain pure beams of KL and

KS particles �the layout is sketched in �g� ����� In order to obtain the same

decay distribution� thus the same acceptance� despite the di
erent lifetimes�

the KS target was displaced during the run in steps of ��� m throughout the

�
 m �ducial volume�

Charged pions were identi�ed using two wire chambers �there was no magnetic

spectrometer�� while a liquid argon�lead calorimeter was used to measure pho�

tons from ���� events� The calorimetric measurement of the pion energy was

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

��The �	 lifetime is 
���� ��������� s 	����

��



Figure ���� Layout of the NA�� experiment at CERN

��



Figure ���� Layout of the E��� experiment at Fermilab

suppress the K�� background� Anti�counter rings around the detector �ducial

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

The �nal result based on three years of data�taking ��	��� �	�� and �	�	� was

���

Re

�
��

�

�
� ����
 � ���� �
�� ������

The main sources of error were� in order of importance�

� the statistics of KL � ����%

� the accidental activity in the detector� that was not the same for KL and

KS due to the di
erent intensities%

� the background to neutral events from KL � ��� �amounting to ��� ��%

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

events%

� the background to charged events� mainly fromKe� decays ofKL �amount�

ing to 
�� ��%

� the uncertainty on the residual acceptance di
erence between KL and

KS %

��



� the ine�ciency of wire chambers�

E
��� Another experiment based on high�energy kaon beams� but using a di
erent

technique� was performed at Fermilab� All the four decay modes were acquired

concurrently from two parallel identical KL beams� one of which was hitting on

a regenerator to obtain the KS events� as sketched in �g� ���� The regenerator

was alternated once every minute between the two beams� in order to cancel the

residual di
erences in intensity and acceptance� Charged events were detected

by mean of a drift chamber spectrometer� while a lead glass calorimeter was

used for the neutral events� A muon veto detector and anticounter rings were

used to reject background�

The data analysis strongly relied on Montecarlo simulation� tuned using K��

and ��� decays� to correct for the acceptance di
erence due to the di
erent

longitudinal distributions of the decays from the two beams� and to evaluate

backgrounds� The ratio of the events from the two beams was �tted� simul�

taneously for the two decay modes� with �� and the regeneration amplitude as

free parameters� The result was ��	�

Re

�
��

�

�
� ����� ��	� �
�� ������

The error was dominated by the statistics of the KL � ���� sample� The

major sources of systematic error were the uncertainties on the acceptance

correction� the calibration of the lead�glass calorimeter� the accidental activity

and the backgrounds �amounting to ���� � and ���� � for the regenerator and

vacuum beams� respectively��

While the NA�� result can be taken as a �rst evidence for the occurrence of

direct CP violation in kaon decays� the E��� result was compatible with �� � 
� and

the agreement between the two measurements is marginal� Therefore� despite the

large experimental e
orts in the two laboratories� no clean answer about a non zero

value of �� was obtained�

Both CERN and Fermilab groups used the earned experience to project upgraded

experiments� aiming to reach an accuracy on Re������ of ���
��� The two new exper�

iments are presently running and completing their data�taking� The measurement

�	



of Re������ with the CERN experiment NA�� is the subject of this thesis� The new

Fermilab experiment KTEV retains all the basic features of its predecessor� The

main improvements are the capability to stand much higher rates and the better

resolution of the electromagnetic calorimeter� made of ��

 CsI crystals�

Figure ���� Calculated interference patterns for the following 	 � K �K � f�f�
decays� a� f� � ����� f� � ����% b� f� � ����
� f� � �����
% and c� f� � ��� f� �
��
�

Finally� another experiment is going to measure direct CP violation in kaon

decays with hopefully the same level of accuracy then NA�� and KTEV� but with

a completely di
erent technique� The KLOE detector is installed at the DA&NE 	

factory of the LNF laboratory in Frascati� It will study the 	 decay at rest

	� K �K � f�f�

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

�p
�
�jK��z� �K���z�i � j �K��z�K���z�i� � �p

�
�jKL�z�KS��z�i � jKS�z�KL��z�i�

������

allowing to tag K�� �K��KL and KS events and to measure the interference pattern

for a number of f�� f� �nal states� Some examples of such patterns are shown in

�g� ���� For the cases f� � f� � ���� and f� � f� � ����� the amplitude for time

di
erence #t 	 �t�f�� � t�f�����S � 
 must be null� since Bose statistics forbids

the simultaneous existence of the two couples� that would behave as two bosons

in a antisymmetric state� This is also the case of f� � ����� f� � ���� in the

�




absence of direct CP violation� Thus� the simultaneous detection of two distinct CP

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

both Re������ and Im������ can be inferred�

��





Chapter �

CP violation in the Standard

Model

The existence of three quark generations allows CP violation to be accommodated

within the Standard Model of electroweak and strong interactions� The amount

of violation depends on free parameters that are unknown a priori and there is

no mechanism explaining naturally the smallness of the CP violation e
ects in kaon

decays� The particular constraints imposed to all CP violating decays make precision

measurements of such processes extremely appealing� since CP violation could be

the �rst probe to evidence physics beyond the Standard Model�

��



��� The CKM matrix and the unitarity triangle

In the Standard Model �SM� of electroweak interactions the quark eigenstates for the

strong and electromagnetic interaction �i�e� the mass eigenstates� and for the weak

interaction do not coincide� as �rst realized by Cabibbo ����� who introduced its

famous angle to describe the mixing of the d and s quarks� After the charm quark

was introduced� the mixing was represented by a �x� matrix  V � whose unitarity

assures the absence of �avor changing neutral current transitions �this property is

known as GIM mechanism ������

The charged current quark interactions are described by the Lagrangian term

LW � �
X
i

g

�
p
�
�ui�

��� � ����  Vud�ijdj W
y
� " h�c� �����

where ui and di are the �elds for the quark mass eigenstates with "��� and ����

charge� respectively� and the index i spans on the quark families� It can be shown

���� that the Lagrangian is not CP invariant only if the  V matrix is not real�� A

complex mixing matrix could be generated by complex couplings for the Yukawa

interactions between quarks and the Higg�s sector� that are responsible� after spon�

taneous symmetry breaking� for the generation of quark masses�

With two quark families� the unitary mixing matrix must be real and does not

allow for CP violation� so that mechanisms going beyond the SM� as the super�weak

hypothesis� were formulated to account for it�

In �	��� before the discovery of the b and t quarks� Kobayashi and Maskawa ����

were the �rst to realize that in the presence of a third quark generation� CP violation

was indeed possible within the SM framework� In fact the �x� mixing matrix

 VCKM �

�
	Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb



A �����

known as Cabibbo�Kobayashi�Maskawa �CKM� matrix� can be parameterized in

�Actually� non�perturbative corrections to the SM tree level lagrangian from strong interactions
could be a second 
and �avor�diagonal� source of CP violation� that is parameterized through
the angle �QCD� The experimental limits on the electric dipole moment of the neutron imply
�QCD � ����� The minimal form of the SM model o�ers no natural explanation of the smallness
of �QCD � though models involving a new global U 
�� simmetry 
that would lead to the existence
of a new neutral pseudoscalar boson� the axion� have been proposed to solve this so�called �strong
CP problem� 	��� ����

��



general by three angles and a single complex phase� The latter accounts for the

imaginary part of the matrix� allowing for CP violation�

Among the 	 possible parameterizations� a standard one has been recommended

by the Particle Data Group ����� in terms of the three angles �ij and the phase ��

 VCKM �

�
	 c��c�� s��c�� s��e

�i�

�s��c�� � c��s��s��e
i� c��c�� � s��s��s��e

i� s��c��
s��s�� � c��c��s��e

i� �c��s�� � s��c��s��e
i� c��c��



A �����

where cij � cos��ij� and sij � sin��ij� �i� j � �� �� �� can be chosen to be positive

and � may vary in the range 
 
 � 
 ��� but it is forced to be � � to account for

CP violation in K decays�

From phenomenology we know that s�� and s�� are of the order �
�� and �
��

respectively� so that� with very good approximation� we have

s�� � jVusj� s�� � jVubj� s�� � jVcbj �����

In order to make the contents of the matrix more transparent� using the hierar�

chy of the mixing angles� an approximate parameterization has been introduced by

Wolfenstein ����� where each element is expanded as a power series in the parameter

� � jVusj � 
����
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The free parameters are now ��A� �� �� connected with the previous ones by the

following relations� �����

�����

� � s��

A � s�

s���

� � s�

s��s�


cos �

� � s�

s��s�


sin �

�����

The order �� in the expansion is needed to have the proper accuracy for the analysis

of K decays�

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

in particular

VudV
�
ub " VcdV

�
cb " VtdV

�
tb � 
 �����

��
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Figure ���� The unitarity triangle�

From ����� we see that

VcdV
�
cb � �A�� "O��
� �����

VudV
�
ub � A�����" i��� "O��
� ���	�

VtdV
�
tb � A���� � ��� i��� "O��
� ����
�

where

�� � �

�
� � �

�
��
�

�� � �

�
�� �

�
��
�

������

Therefore� the unitarity relation ����� can be graphically represented in the ���� ���

plane as a triangle having a unity length side� and the other sides of length

Rb �
jVudV �

ubj
jVcdV �

cbj
�
p

��� " ��� �

�
�� ��

�

�
�

�

����VubVcb

���� ������

Rt �
jVtdV �

tbj
jVcdV �

cbj
�
p

�� � ���� " ��� �
�

�

����VtdVcb

���� ������

This unitarity triangle is depicted in �g� ���� Its sides and angles are physical

observables� since any phase transformation simply rotates the triangle in the plane�

Its area is a measurement of the amount of CP violation and can be obtained� at

least in principle� by measuring jVusj� jVubj� jVcbj and jVtdj through CP conserving

decays�

��



Assuming the SM provides a complete description of all the measurements� the

unitarity triangle can be obtained using the following informations�

� the scale of the triangle is given by jVcbj that can be measured with good ac�

curacy from exclusive and inclusive B meson decays� The semileptonic modes

B � D��
� are the most useful� since a nearly model�independent treatment

of such processes is provided by the heavy quark e
ective theory �HQET�� The

present value is ����

jVcbj � 
�
�	� � 
�

�� ������

� The ratio jVubj�jVcbj is obtained from inclusive semileptonic decays of Bmesons�

by measuring the lepton energy spectrum above the endpoint for b � c���
��

The interpretation of the result is limited by the theoretical uncertainties on

the shape of the generated lepton energy spectrum� resulting in a �� � relative

error� The precision can be improved by using also the measurement of jVubj�
performed at LEP from the inclusive charmless semileptonic branching fraction

of beauty hadrons� The combined result is �����

jVubj�jVcbj � 
�
	� � 
�
�� ������

� The #S � � transitions between K� and �K� are induced� at the �rst order�

by the box diagrams shown in �gure ��� and are dominated by the diagrams

containing quarks c and t� The parameter � of indirect CP violation can be

computed in terms of the CKM matrix elements� de�ning an allowed region

w

w

w w

s

d d

s d

ss

d

u,c,t u,c,t

u,c,t

u,c,t

Figure ���� Feynman box diagrams contributing to the �rst order to indirect CP
violation in the K� � �K� system�
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around an hyperbola in the ���� ��� plane� The relative accuracy of this com�

putation is about �
 �� dominated by the uncertainties on non�perturbative

QCD contributions�

� The B�
d � �Bd

�
mixing provides informations on the side of length Rt� through

jVtdj� that can be obtained using the measured mass di
erence #Md and the

mass of top quark �the box diagrams with the top quark are the main sources

of mixing�� Again� uncertainties from the hadronic long�distance contributions

are the main source of error� leading to a �
� relative error�

� Another limit on Rt is obtained from the B�
s mesons that are believed to

undergo a mixing analogous to the B�
d one� but with a larger mass di
erence

that induces faster oscillations� undetected so far�

ρ

η

Δms

Δmd

|Vub|/|Vcb|

|εK|

Δms

Δmd

|εK|
|Vub|/|Vcb|
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0.8

1

-1 -0.5 0 0.5 1

Figure ���� Allowed region in the plane ���� ��� from di
erent measurements and the
favoured unitarity triangle� The constraint coming from B�

s oscillations is a limit at
	� � con�dence level� while the others represent a ��� error band �from ������
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All measurements performed so far are consistent with the SM picture �see �g�

���� and lead to the following estimates for the unitarity triangle parameters ��	�

��� ����

�� � 
��� � 
�
	 ������

�� � 
��� � 
�
� ������

sin���� � 
� 
�� ������

sin���� � 
��� � 
�
	 ����	�

� � ��� � ��� ����
�

��� The prediction for �� and the penguin dia�

grams

a) b)

Figure ���� Electroweak �a� and strong �b� penguin diagrams� responsible for direct
CP violation in kaon decays�

The direct CP violation parameter ��� de�ned in ����	�� can be predicted by

evaluating the amplitudes for the #S � � transitions�

The diagrams that are responsible for a di
erent weak phase of the amplitudes

for the two isospin channels A� and A� are called penguin diagrams� �see �g� �����

The s � d transition proceed through a one�loop �avor changing neutral current�

with the exchange of a virtual gluon �strong penguin� or a photon or Z� �electroweak

penguin�� The strong penguin only contributes to A�� since the isospin can change

�The name comes after a paper 	
�� where John Ellis was forced to include the word �penguin�
because of a lost bet� He noticed the striking resemblance of the diagram with a penguin after
having �smoked some illegal substance� 	�
��

�	



only by ���� while the electroweak penguin generates also a phase in A�� since the

electromagnetic current is a mixture of #I � 
 and #I � � transitions� so that the

total isospin variation can be ���� Of course� the electroweak diagram is suppressed

by a factor ���S � �
�� with respect to its strong counterpart� but on the other hand

the contribution of A� to �� is enhanced by a factor Re�A���Re�A�� � ��� so that

the two contributions are of the same order� but have opposite sign� The accidental

cancellation of the two contributions is indeed responsible for the smallness of ���

Actually� the calculations are very complex and su
er from large hadronic un�

certainties� The result is also critically dependent from the value of the top quark

mass�

Most of the computations ��
� �	� ��� quote a value between 
 and �
 ��
���
even if a wider range of 
 to �
 ��
�� is obtained by pushing simultaneously all the

relevant parameters to the extreme values of their predicted range�

��� Possible scenarios

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

tures�

� there is a single source of CP violation� namely the phase of the CKM matrix�

so that CP�violating observables in all conceivable processes must be strongly

correlated%

� CP violation is limited to the �avor changing quark interactions%

� CP is not an approximate symmetry� since ����� � O���� The smallness of

e
ects for processes mainly involving the �rst two quark generations� as it is

the case for K � ��� is explained by the small values of the mixing angles

and not by the CP�violating phase of the CKM matrix� As a matter of fact�

CP violating asymmetries of order � are predicted for some processes� all of

them having unfortunately a small branching ratio� The main examples are

B � 
KS� that is going to be experimentally investigated at B factories� and

KL�K��� ������
�
� for which the SM predicts a branching ratio of the order

�
���� well below the present experimental sensitivity�

�




Most of the predictions of the SM scenario still have to be tested� due to the

experimental di�culties� Di
erent scenarios� as the supersymmetric ones� predict

very di
erent features for CP violation� that is thus a powerful probe for new physics�

Therefore� it is important to collect all accessible informations by studying a number

of possible processes� In the near future our knowledge of CP violation will probably

substantially improve� since several experiments are on their way to produce new

results� High�precision experiments on kaon physics will study direct CP violation

and kaon rare decays� and dedicated experiments at B factories �as Babar at SLAC�

will measure CP violation in the B� � �B� system�

��





Chapter �

The NA�� experiment

NA�� is an experiment� installed at the CERN SPS accelerator� that aims at a

substantial improvement in the accuracy of the ����measurement through the double

ratio method� The simultaneity of data taking for the four K � �� decay modes�

the quasi�collinearity of beam lines and the tagging method are the main ingredients

of its innovative technique� that� together with the capability to stand very high rates

and the impressive performances of its electromagnetic calorimeter� should allow to

reach an overall accuracy of � � �
�� on Re������ �

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

summer of �		� and it is currently completing its program�

��



��� First principles

The NA�� experiment aims to measure ���� with ���
�� accuracy through the double

ratio

R �
!�K�

L � �����

!�K�
L � �����

!�K�
S � �����

!�K�
S � �����

� �� � Re

�
��

�

�
�����

by collecting the four decay modes simultaneously with the same apparatus� The

advantage of this method consists in the fact that many experimental e
ects cancel

in the ratio� being common to KS and KL or to charged and neutral events� The

event reconstruction is based on a high�resolution electromagnetic calorimeter for

the neutral ����� events and on a magnetic spectrometer for the charged ������

events�

The guidelines of the experimental project���� based on the previous experience

of NA��� are the following�

Statistics� The most limiting decay mode is K�
L � ����� that is CP�violating and

has lower branching ratio � and acceptance than K�
L � ����� The statistical

error is thus

#

�
��

�

�

 �

�
p
N��
L

�����

so that about � �
� K�
L � ���� decays are needed to reach a statistical

accuracy of � � �
��� The experiment has been built to stand very high rates

�� MHz of instantaneous particle �ux� in order to accumulate statistics of this

order within � years of data�taking� This requires the implementation of very

fast and sophisticated read�out and trigger systems�

Acceptance� the illumination of the detectors from KS and KL events is made as

equal as possible by using nearly collinear beams� converging at the detector

position� The longitudinal decay distributions� that are naturally very di
er�

ent� can be made equal by weighting o'ine the KL events according to their

reconstructed proper time� In this way the acceptances cancel �at least to

a �rst approximation� in the double ratio and the result does not critically

depend on the accuracy of Montecarlo simulations�

�BR 
K	
L � ����� � 

����� ����� ���� BR
K	

L � �	�	� � 
������ ��
�� ���� 	���
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KS �KL identi�cation� the novel method used to distinguish KS and KL events

consists in tagging in time each proton of the KS beam line �the less intense

one� with a detector that must be capable to stand rates of order �
 MHz� KS

events are identi�ed through the time coincidence between the proton time

and the event time in the detector� Therefore� both times must be measured

with a resolution � �

 ps�

Background� K�
L � ��� decays for the neutral mode and Ke� � K�� and ������

KL decays for the charged mode are expected to be the main sources of back�

ground� A much better background rejection than the one obtained in NA��

is achieved by improving the performances of the electromagnetic calorimeter

and by using a high�resolution magnetic spectrometer� �� events having one

pion outside the detector acceptance can be also vetoed by a set of anticounters

placed around the �ducial volume of the detector�

Energy scale� The uncertainty on the di
erence of energy scale between the charged

and neutral mode was one of the largest systematic error in the NA�� expe�

riment���� In fact� since for neutral events the decay longitudinal position is

obtained from the energy measurement� the accuracy in the size of the �du�

cial decay region� which is critical for this kind of measurement� translates in

the accuracy of the energy and transverse scales of the calorimetric measure�

ment� Excellent performances are required to the NA�� calorimeter also to

considerably reduce this error�

E�ciency and accidental activity� both of these e
ects are canceled� at least to

the �rst order� by the simultaneity of data taking� However� to avoid second�

order biases� the trigger systems have been designed to have very low ine��

ciency� while high segmentation and excellent time resolutions are required to

the main detectors in order to discriminate accidental activity�

��� The Beam

The beam lines for the NA�� experiment have been designed to ful�ll the following

requests�

� the two beam must illuminate the detector in the same way%

��



� the kaon beam energy must be high enough �� �

 GeV� to have a good

detector acceptance though covering small solid angles and to allow� in virtue

of the relativistic lifetime dilation� the proper collimation of KS beam without

losing the short�lived component� High energies are also required to obtain

the required beam rate and resolution of the calorimetric measurement� The

spectra of the two beams should be as similar as possible in a wide energy

range%

� the observed decay region must be close to the KS target in order to have a

practically pure beam of KS particles% on the other hand the KL target must

be far enough to let the KS component decay away%

� the KS to KL beam intensity ratio should be of the order j�j� � �� � �
��
in order to have comparable number of events in the detector from the two

beams%

The beams are produced starting from the ��
 GeV protons accelerated by the

CERN Super�Proton�Synchrotron �SPS�� according to the scheme sketched in �gure

���� The primary beam� having a nominal �ux of ��� � �
�� protons per SPS pulse

���� s spill every ���� s cycle�� is focused onto the KL target� a � mm diameter� �



mm long rod of beryllium� followed by a copper collimator of �� mm aperture and

a sweeping magnet to de�ect charged particles away from the beam line�

The KL beam is produced with an angle of ��� mrad� in order to increase the

ratio of K� particle with respect to neutrons and photons� It is collimated in three

stages� a �rst collimator de�ning the beam divergence �� 
��� mrad�� a �cleaning�

collimator to stop particles generated or scattered in the de�ning collimator�s lips�

and a �nal collimator located � meters upstream the beginning of the decay region�

The non�interacting protons �� �
 �� cross a bent crystal� illustrated in �gure

���� that� through the phenomenon of channeling� takes care of splitting o
 a small

�� � � �
��� fraction of proton beam� The method used has the advantage to de�ect

the protons with a well de�ned angle� resulting in a beam with small emittance� A

mono�crystal of silicon having dimensions of �
 � �� � ��� mm� is used to obtain

�A charged particle can be channeled by the collective Coulomb �eld inside a crystal� if it enters
with a small angle with respect to its planes� The crystal can be mechanically bent with an angle
chosen according to the beam energy� such that the particles will follow the planes and a beam
de�ection is obtained�

��



F
ig
u
re
��
��
L
ay
ou
t
of
th
e
K
S

"
K
L

b
ea
m
�f
ro
m
��
��

��



a de�ection of 	�� mrad� which can be �ne�tuned by rotating the crystal through a

motorized goniometer ����� The resulting secondary beam� made of � � ��

 protons
per pulse� is then de�ected by a set of magnets and transported parallelly to the KL

beam onto the KS target� which is located ��
 m downstream the KL one� Along

the transport line� the secondary beam protons cross the tagging station� which is

described later on�

θo = 18.7 mrad

Φ = ± 28.7o

56 mm

Φ 

R = 3.0 m

Deflection:
θ = 9.6 mrad

PROTON
   BEAM

Si cut // to (110) planes

[60 mm x 18 mm x 1.5 mm]

Figure ���� sketch of the bent crystal arrangement

The KS beam is obtained from a target analogous to the KL one� followed by

a sweeping magnet and a collimator� The latter de�nes a production angle of ���

mrad that has been chosen in order to make the ratio of KS and KL decay spectra

approximately equal� in a �ducial region chosen with length proportional to the

energy�dependent KS lifetime� and in a energy range of �
 to ��
 GeV �see �g�

����� The beam divergence is � 
���� mrad�

The decay region begins right after the KS collimator� � meters downstream the

KS target� Since the two kaon beams are vertically separated by ��� cm at this

point� the angle between the two beam axes is chosen to be 
�� mrad� so that the

beams converge in the region of the central detector� about ��
 m downstream the

KS target�

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

inner diameter of ��	� m at the beginning� increasing up to ��� m to follow the

��



Figure ���� KS and KL decay spectra in a region within � KS lifetimes from the �nal
collimator �from the NA�� proposal ����� The plotted region� where the di
erence
of spectra is ��
�� de�nes the nominal energy range of the experiment

beam divergence� The size is chosen in order to allow the useful decay products

to propagate in vacuum� The tank is closed by a Kevlar window that separates it

from the spectrometer volume� which is �lled with helium gas at � atm pressure�

The window�s average thickness is 
�	 mm� corresponding to � � � �
�� radiation

lengths� The vacuum region continues inside a ��� mm diameter beam pipe that

crosses all the succeeding detectors to avoid interactions in the detector volume of

the undecayed particles �including gammas and neutrons�� The pipe is connected

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

����� The Tagger

The tagging station is required to measure the time of each proton of the KS beam

line with minimal ine�ciency and deadtime� and with a time resolution � �

 ps�

It has to stand rates of order �
 MHz and a radiation exposure of � Gy per burst�

The detector material must be light in order to preserve the beam quality� This

�	
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Figure ���� Artist�s view of the NA�� tagging station �from �����

requirement� together with the radiation�hardness one� excludes the use of silicon

or crystal counters�

The chosen setup consists in two arrays� one for each view� of �� very thin

plastic scintillators �NE�
�A� placed one after the other to share the beam �ux�

Their thickness varies from the �

 �m of the most inner one to the ��

 �m of the

most outer one� according to the beam pro�le �see �g� ����� in order to equalize the

rate of each counter to about � MHz� There is an overlap of �
 �m between each

couple of adjacent counters to avoid acceptance losses� Along the beam direction�

the counters are � mm long and �� mm laterally wide to reach the supporting

mechanical structure� that can be remotely moved with high precision�

The counters are readout by photomultipliers� placed in front of the �� �� mm�

surface� The light from the counters is collected onto the photocatode by lucite

light guides through a � mm air gap� in order to avoid the e
ect of beam halo�� The

�some background due to Cerenkov light emitted by halo particle in the light guides was actually
seen� but it is easily discrimated because of the very di�erent timing shape of the readout signals

�




readout electronics samples the PM pulses using � bit� 	�
 MHz FADC� chips� that�

with respect to conventional TDCs�� are virtually deadtime�free� The amplitude

and arrival time of the pulses with respect to the clock are obtained by �tting their

shape�

The shortness of the photon optical path to the photocatode ���� cm� allows

for an excellent light yield �about �

 photoelectrons per pulse�� resulting in a time

resolution of �

 ps�

Landau tails in the pulseheight distribution were considerably suppressed due

to the scattering of � rays out of the thin scintillator foils� allowing to reduce the

dinamic range of electronics and� together with the very high readout frequency� to

obtain a two pulse separation of � ns�

2500     mμ

500     mμ

400     mμ

300     mμ

200     mμ

vertical scintillators, 4 x 15 mm2

Beam

7 
m

m

T1 T2

A1 A2

T1,T2  : Trigger Counters
A1,A2  : Anti-counters

Figure ���� Schematic view of the tagger pro�le �from �����

����� Beam Monitors

Informations about the overall beam intensity �essentially given by the KL beam�

are recorded by a beam counter �BCTR� located in the monitor station at the very

end of the neutral beam line� where a mylar window closes o
 the beam pipe� It

�Flash Analog�to�Digital Converter
�Time�to�Digital Converter
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Figure ���� Schematic layout of the KSM detector �from �	��

consists in scintillating �bre bundles� of �� �bres each� sampling the horizontal and

vertical projections of the neutral beam �ux and spaced ��� mm apart� Each group

of � bundles is read out by a single photomultiplier�

A counter telescope �KSM�� located in the vicinity of the KS target� is used to

monitor the KS beam intensity by counting the particles emitted from the target

perpendicularly to the beam direction� It consists in four plastic scintillators� sur�

rounded by larger veto counters �see �g� ����� Three scintillators are read out by

photomultipliers at both ends� the fourth at one side only because of space limita�

tions�

These two monitors are helpful in tuning the beams� It is particularly important

to render the intensity ratio stable along the spill time� to avoid e
ects related to

di
erences in the instantaneous rates of the two beams� Time�variations of the

intensity ratio are primarily caused by the sensitivity of the KS beam intensity to

the angle of the proton beam to the bent crystal� which can drift during the spill

��



if the trimming magnets of the proton extraction from the SPS are not properly

tuned�

The monitors are also used to trigger the acquisition of �random� events� useful

to study the accidental activity in the detector �see section ��	�� and for o'ine

studies of e
ects related to beam intensity�

����� AKS counter

The beginning of the �ducial region for the KS beam line is de�ned by a detector

that vetoes all the decays occurring upstream it� As discussed in the next chapter�

this is useful to avoid the e
ect of di
erent vertex position resolution for KS charged

and neutral events� and to adjust the reconstructed distance scales�

The detector is placed a few

Figure ���� Schematic view of the AKS detector

cm after theKS collimator end�

It consist in an photon converter

followed by three � mm thick

scintillators of ����� mm trans�

verse size� A fourth scintilla�

tor with a central hole acts as a

veto for the halo particles� The

converter is made of a � mm

thick iridium mono�crystal that�

if its planes are aligned with the beam direction� provides ���	 radiation lengths�

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

length to scattering length�

��� The detector

The layout of the central detector is shown in �gure ���� It consists of a magnetic

spectrometer for the reconstruction of charged pion tracks� a Liquid Kripton electro�

magnetic calorimeter �LKr� for the photon reconstruction� a charged and a neutral

hodoscope system �CHOD� NHOD� for the precise measurement of event time� an

hadron calorimeter �HAC� that complements the calorimetric measurement for pi�

ons� a set of muon counters �MUV� to veto K�� decays and a set of anticounters
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Figure ���� Layout of the NA�� central detector�
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�AKL� to veto �� decays�

The x� y� z directions of the reference frame used throughout this thesis are de�

�ned in �gure ����

����� Magnetic Spectrometer

The momentum of charged particles is measured by a spectrometer� consisting in

a dipole magnet and two couples of drift chambers �DCH� that track the particles

before and after they are bended by the �eld of the magnet� Since the chamber

walls cannot stand a large pressure gradient� the detector volume is at atmospheric

pressure� �lled with helium in order to reduce the multiple Coulomb scattering�

The magnet aperture measures ���� x ���
 m�� It provides an integrated �eld of

about � Tm� corresponding to a momentum kick of ��
 MeV�c �����

mylar foils
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48
0 

m
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m
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sense  wires

10 mm5 mm

t
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Figure ��	� Schematic arrangement of the drift chamber wires used for one view�

The chambers are operated with a mixture of Argon and Ethane " �� of H�O

and have a gain of about � � �
�� In order to stand high accidental rates� the

��



maximum drift distance is limited to � mm ��

 ns�� Each chamber performs a

redundant measurement of the position of passing particles� which are detected in

Y�X�U� V views �with angles 
�� 	
� and ���� with respect to the vertical direction��

except for chamber � that has only X and Y views� There are two scattered planes

for each view� in order to resolve the ambiguity between the two possible positions

compatible with the measurement of a single wire �see �g� ��	�

The ���
 channels are read by �
 MHz TDC with ����� ns �ne time�

The resulting space�point resolution is 	
 �m both in x and y�

The momentum resolution is measured to be

��P �

P
� 
���� � 
�

	 P �GeV�c�� �����

where the �rst term is due to Coulomb scattering and the second one to space reso�

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

of the observed pion �� �
 GeV�c��

����� Charged Hodoscope

The event time of the ���� events is measured by the charged hodoscope� consisting

of two planes of plastic scintillators� separated by �
 cm� Each plane is formed by

�� counters� divided in � quadrants and readout at their outer edge ��g� ���
��

The fast signals are used for the �rst level of charged trigger� To this extent� the

geometrical division in quadrants is useful to select ���� events that� due to the

transverse momentum balance� hit typically opposite quadrants�

The readout electronics is hosted in some

to
time

TIME MEASUREMENT

Figure ����� Time measurement from
ramp �tting

VMEmodules called PMB �Pipeline Mem�

ory Board�� whose conceptual design is il�

lustrated in �g� ����� The analog signal

is �rst discriminated and sent to a �
 bit

�
 MHz FADC�FTDC card together with

the discriminator output� While the ana�

log signal is shaped and digitized to get the signal pulseheight� the digital input

signal triggers a TDC ramp counting between two �xed levels� that is also sampled�

By �tting the ramp ��g� ����� it is possible to reconstruct the time with better accu�

racy than from the sampled pulse shape� The PMB modules have been speci�cally

��
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LKr  CALORIMETER  ELECTRODE  STRUCTURE

CuBe ribbons Beam tube

Back plate

Front plate

Outer rods

Spacer plates

Figure ����� Section of a LKr calorimeter quadrant

designed for the charged hodoscope system� but are also used for the readout of the

AKS� AKL� NHOD� KSM detectors and of the Neutral Trigger �NUT� system�

The typical time resolution for a single counter� after o'ine correction� is ��


ps� The ine�ciency of each counter is tipically ��� per mill�

����� Liquid Krypton Calorimeter

This cold homogeneous calorimeter is undoubtedly the masterpiece of the exper�

iment� In order to e�ciently reject ��� background and to control the absolute

energy scale at the level of a few �
��� the calorimeter is requested to ful�ll the

following requirements in the useful energy range ����

 GeV��

� excellent energy resolution �better than � � above �
 GeV�%

� excellent position resolution �about � mm�%

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

of � m%

��



� response non�uniformity and non�linearity should not exceed 
�� ��

A high segmentation is required also to reduce the e
ect of accidental activity� An

excellent time resolution �� �

 ps� is needed for event tagging and to have further

rejection of background and accidentals�

Density ���� g�cm�

Radiation length ��� cm
Moli(ere radius ��� cm
Boiling point at � bar ��	�� K
Radioactivity �

 Bq�cm�

Electron drift velocity at ��� kV�cm 
��� cm��s
� kV�cm 
��� cm��s

Dielectric constant � ���

Table ���� Properties of liquid Krypton �from ������

To meet all these requirements an homogeneous ionization detector based on

liquid Krypton with tower readout was chosen� The physical properties of liquid

Krypton are listed in table ���� The detection technique o
ers high resolution and

stability� The large signal to noise ratio allows short shaping time�

The design of the readout cells is shown in �gure ����� Each cell has a transverse

size of � � � cm�� de�ned by �
 �m thick ribbon electrodes made of Cu�Be� The

ribbons are stretched between the front and back plates� and guided in accordion

geometry by � spacer�plates� longitudinally spaced by �� cm ��g� ������ The

accordion angle ���� mrad� is introduced in order to reduce the non uniformity

caused by the response dependence from the position of the shower with respect to

the electrodes� The total length of the active volume is ��� cm� corresponding to

�� radiation lengths�

The detector surface has octagonal shape with ��� cm apothem� The total num�

ber of cells is ������ Their transverse size increases linearly along the longitudinal

direction� with a total variation of ��� �� in order to achieve a projective geome�

try� i�e� the photons originated in the observed decay region� ��
 � � m upstream�

develop their showers parallelly to the electrodes independently from their impact

positions� This is essential to not introduce an uncertainty in the reconstructed

position due to the �uctuation of the depth of the shower maximum�

�	



The precision used to machine each individual ribbon and the spacer plates

guarantees the required level of uniformity and accuracy in the knowledge of the

transverse scale�

The detector is contained in a cryo�+/-  0.048 rad

cathodes

anodes

2 cm x 2 cm
 ce l l

DETAIL  ON  RIBBONS
AND  SPACER-PLATE

beam

Figure ����� Sketch of the readout cells with
ribbon electrodes and spacer plate�

stat� formed by an outer aluminum

vessel and an inner steel vessel� which

maintains about 	 m� of liquid Kryp�

ton at a temperature of ��� K� Front

windows are � mm �Al� and ��	 mm

�steel� thick and� together with the

�� mm thick front plate� made of �ber�

glass reinforced epoxy� constitute 
���

radiation length of material upstream

the active volume�

The front�end �cold� electronics is directly

Figure ����� Scheme of the LKr readout
electronics�

mounted on the detector back�plate in or�

der to minimize noise and timing of sig�

nal extraction� It includes a preampli��

cation stage and a calibration system �see

�g� ������ Just outside the detector� a

transceiver drives the output signals to cus�

tom readout modules� called CPD �Calori�

meter Pipeline Digitizer�� where they are

shaped and sampled by a �
 bit �
 MHz

FADC� Since the required range ���� MeV

to �
 GeV� corresponds to �� bits� the gain

of the ampli�er is switched among four

possible values� depending on the signal amplitude� The selected gain is recorded

through � additional bits� The CPDs also provides the input signals for the neutral

trigger�

During �		� data�taking� some problems with the electrode decoupling capac�

itors were experienced and the detector had to be operated at half of the nominal

�




Figure ����� Reconstructed positions of clusters in the LKr during �		� data�taking�
The dead column at x � �
 cm is clearly visible�

� kV High Voltage� A � cm wide column �called dead column in the following� was

not connected to HV because of a broken capacitor� Other �
 channels were not

working �dead cells in the following�� The reduced HV caused a � �
 � increase in

the electronic noise and a small �� ���� space charge e
ect� that has been corrected

o'ine�

The electronic intercalibration of cells was regularly done along the data�taking�

and stability in time was at the 
�� � level� A correction factor was computed for

each cell using electrons from Ke� decays �the measured energy of electrons can be

compared with the momentum measured by the spectrometer��

The measured performances achieved during the �		� run are the following�
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Energy resolution

��E�

E
�

�
���p

E�GeV �
� 
�
�

E�GeV �
� 
���

�
�

Position resolution

�x �

�
���p

E�GeV �
� 
��

�
mm

�y �

�
���p

E�GeV �
� 
��

�
mm

Time resolution

�t � ��� ps

Linearity

maximum non linearity is 
�� � over the range � to �

 GeV

����� Neutral Hodoscope

Though the LKr calorimeter is able to reconstruct the time of neutral events with

excellent resolution� another detector was foreseen to do another time measurement�

completely independent from the energy measurement� It consists of ��� bundles

of scintillating �bers� each one contained in a epoxy��berglass tube having � mm

diameter and � m length� immersed in the LKr volume� The tubes are �xed to the

second spacer�plate� at a depth of 	�� radiation lengths� and extend horizontally

from the center to the outer edge where the signals are readout by �� PMs�

The time resolution on the event time is � �

 ps for energy � �� GeV�

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

to measure the neutral trigger e�ciency�

����� Hadronic Calorimeter

A conventional iron�scintillator sandwich calorimeter� ��� interaction lengths thick�

follows the LKr detector� to contain the hadronic showers leaking out from the

electromagnetic calorimeter� It is formed by two modules �front and back�� each

made of �� scintillator planes� arranged alternatively along the x or y direction�

Signals from groups of planes are readout by ��� channels�

��



1 m

Photomultipliers

Scintillators

Light guides

Figure ����� Schematic layout of the hadronic calorimeter�

The energy resolution is ����
p
E�GeV ��

Its main use is to provide� together with the LKr� the total energy of the event

�ETOT �� that is used by the �rst level charged trigger�

����� Muon Veto Counters

Three planes of scintillators� each one preceded by an �
 cm thick iron layer� are

located at the end of the NA�� detector to detect� thus identifying� the muons�

The �rst two planes� each measuring the position in one view� are segmented in ��

counters� �� cm wide� The third plane consist of � horizontal counters� All counters

are readout at both sides to keep the K�� veto ine�ciency at per mill level� The

readout TDCs provide a time reconstruction with resolution below � ns�

��
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Figure ����� Position of the AKL rings around the decay region�

����� Anticounters

A system of anticounters surrounding the decay region was foreseen to �ght the

background from KL � �� and particularly the ��� that was expected to be the

most dangerous background source� Seven rings of scintillators were instrumented�

covering an acceptance region which is complementary to the central detector one�

as shown in �gure ���� �where the AKL rings are marked as Anti ����� Each ring

consists in two planes of counters� each of which is preceded by a ��� cm thick iron

layer� acting as photon converter with � 	� � e�ciency� A total of ��� counters are

present� all readout on both sides�

An important use of the AKL regards the study of accidental activity�
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��� Data	ow

The counting rates of the various detectors are of the order of � MHz� The trigger

and data acquisition �DAQ� systems are required to cope with this amount of data

with high e�ciency and minimum deadtime� To this extent� the online selection

performed by the trigger should reduce the rate to about � kHz and the DAQ was

designed to stand peak rates of �
 kHz�

The data volume is about �
 kbytes per event ��
 bytes � � �
� channels�

reduced on average by a factor �
 after zero suppression�� so that a bandwidth of

�

 Mbytes�s is requested to the DAQ�

One of the key�feature of the acquisition system is the pipeline architecture�

that allows to virtually suppress the deadtime� The signals from all detectors are

digitized� tipically with �
 bits� using a unique �
 MHz clock signal� that is broad�

casted to all readout systems� The sampled signals are stored in a pipeline �i�e� a

circular bu
er�� whose deepness of �

 �s determines the maximum data latency

time� In the meantime� the various trigger sources provide their informations� that

are processed and correlated by a digital pipelined system called Trigger Supervisor

�TS�� that is in charge to decide if the event has to be accepted� In the positive

case� the TS broadcasts to all the detector readout systems a request containing

the trigger code� the event number and a timestamp� that is the event time mea�

sured in units of clock pulses from the beginning of the burst� The readout systems

asynchronously extract the event information around the requested timestamp and

send them through an optical link to another pipelined system� the Data Merger

�DM�� that is in charge to synchronize the data coming from di
erent subdetectors

and to format and compress them� The complete event is then sent to the Front

End Work Station �FEWS� that� after checking the integrity of data� sends it to the

CERN central computing facility through a Gigabit link� without signi�cant local

data storage�

Starting from �		�� the DM and FEWS systems have been replaced by a more

powerful Linux PC farm� allowing to increase the DAQ bandwith from �
 to ��


Mbytes�s�

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

unix workstations �called cs��� gradually replaced since �		� by a Linux pc farm�
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through a software third level trigger �L��� The L� divides the events in various

streams according to their characteristics and performs a �rst processing resulting

in a reduced output� but no further selection is done to avoid unrecoverable biases

due to software bugs� The data are �nally sent to tape servers for tape storage�

The whole sample of data taken in one year is reprocessed one or more times after

the end of the run� as soon as the reconstruction program and the calibrations are

optimized�

The scheme of data recording as for the �		� run is showed in �gure ���	�

During the �� days of �		� run �� Tbytes of data were written on tapes� and

about other ��
 Tbytes were acquired during the longer �		� and �			 runs� To

cope with these huge amount of data� massive distributed computing resources have

been allocated both at CERN and in the outer laboratories�

��� The Trigger

The main components of the multilevel trigger system of the experiment� illustrated

in �g� ���
� are a charged branch� a neutral branch� and the already cited Trigger

Supervisor�

����� Charged Trigger

The charged chain of the NA�� trigger has been designed to e�ciently select the

K� � ���� events out from a �
� times larger background of events having charged

tracks� To this extent� it is mandatory to reconstruct online the decay vertex and

the two pion invariant mass�

This operation� that requires to process a large amount of informations from

the drift chambers through complex algorithms� is performed by the so�called Mass

Box �MBX�� a mixed hardware and software real�time processing system based on a

farm of programmable processors� Since this system cannot stand the �

 kHz rate

seen by the drift chambers� a �rst fast selection is needed and the MBX is indeed

used as a second level charged trigger �L�C��

The �rst level charged trigger �L�C� aligns in time some signals coming from the

hodoscopes� the hadronic calorimeter� the muon veto and the AKL� and produces ��

logical combinations� useful for various trigger conditions� The signal for the ����
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� Logical scheme of the NA�� trigger system�

trigger is the so�called QX� that is the time coincidence of signals from opposite

quadrants of the charged hodoscope� To form this signal� the quadrants of each

plane are extended to include the closest counter of the adjacent quadrant� in order

not to lose events having tracks passing close to the quadrant boundaries� The OR

of two planes is then used to suppress ine�ciencies�

The timeslice ��� ns� of the QX signal gives the trigger time� but� since the

Mass Box needs a more precise time information� a further division of the timeslice

in steps of ���� ns is provided� through two additional bits� by a Fine Time �FT�

module� which uses a ��
 MHz clock synchronized with the �
 MHz main one�

The level � Trigger Supervisor �L�TS� is a digital� fully pipelined system that is

in charge to send the requests to the L�C trigger� It receives every �� ns the output

of L�C as well as a track multiplicity trigger signal formed from the DCH� and a

total energy signal �ETOT� formed by the neutral trigger from the informations of

��



both calorimeters� The ETOT signal is found on when the total energy is above

about �
 GeV�

For the ���� trigger� a narrow coincidence between the ETOT and QX signals

is required�

During the �		� run� the QX was downscaled by a factor of � in order to reduce

the input rate to the L�C to about �
 kHz� This does not a
ect very much the

statistical error of the double ratio measurement�that is limited by the KL neutral

mode�

If the trigger condition is satis�ed� the L�TS sends a request to the DCH readout

and to the L�C with a �xed delay of � �s with respect to the event time�

The L�C trigger system �Mass Box�� provides the online reconstruction of ����

invariant mass� using the data from the drift chambers ��� and �� It consists of four

subsystems �����

the Coordinate Builder �CB� that receives the hit times from the drift chambers and

computes the coordinates� relying on the event time provided by the L�TS as

the timestamp and the �ne time bits%

the Event Builder and Dispatcher �EBD�� consisting of a programmable switch with

�� channels that builds the event by putting together the �� coordinate packets

�� planes x � chambers� that are serialized and sent to the processing stage%

the Event Worker Farm that computes the space�points� tracks and magnetic de�

�ections and checks if they are compatible with the kaon invariant mass� as�

suming a ���� decay� It consists of eight parallel event workers �EW�� each

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

�since �		� run� to a �

 MHz PowerPC%

the Event Worker Farm Manager that receives the EWs output� communicates to

the EBD the list of free EWs and interfaces the system with the level � Trigger

Supervisor�

The L�C response must arrive within �

 �s from the event time� The maximum

rate it can stand was above �

 kHz before the upgrade� about �

 kHz afterward�

The online resolution on the kaon mass is � MeV�c�� allowing for an output rate

�	
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Figure ����� Logical scheme of the neutral trigger chain�

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

longitudinal position�

����� Neutral Trigger

The neutral trigger system �NUT or L�N� is in charge to identify ���� events with

minimal ine�ciency and deadtime� by processing the information from the �����

cells of LKr� It is required to have an output rate � � kHz� starting from the ��


kHz rate of the events releasing at least �
 GeV in the LKr�

To this extent� the system is implemented as a deadtime�free �
 MHz pipeline�

that� every clock pulse� computes the total energy� the center of gravity �cog�� the

vertex position and the number of peaks� starting from the two orthogonal projection

of the energy releases in the calorimeter�

Its input signals are formed in the CPD boards� that provides the analog sum of

�� ��x�� cells to form super�cells� The pulse of each cell is used twice to get both

the x and y orientations�

The trigger chain is formed by three electronic subsystems ���� �as sketched in

�




�g� ������

the Filter Module �FM� digitizes the analog input signals using a �
 bit FADCs and

applies a zero suppression� The �ltered super cells are then added to form ��

projections for each view%

the Peak Sum System �PSS� looks for maxima in time for each projection� By inter�

polating the rising edge of the pulse� a � bit �ne time information is obtained

for the peak reference time� so that the number of peaks is counted in bins of

����� ns in order to better resolve accidentals� The system also computes the

total energy m� and the �rst and second moments of position m� and m� for

both projections

mnx �
X
i

xni Ei mny �
X
i

yni Ei % n � �� �

the Look�Up Table �LUT� computes the relevant physical quantities allowing to

take the �nal trigger decision� the total energy ELKR obtained from three

timeslices around the maximum using a parabolic �t� the center of gravity of

the energy deposits

cog �

q
m�

�x "m�
�y

ELKR

and the decay vertex �obtained imposing the K� mass to the invariant mass

of the photon clusters� see discussion in section ����

zV � zLKR "

q
ELKR�m�x "m�y�� �m�

�x "m�
�y�

mK

The LUT de�nes the ���� by conservatively cutting on these quantities and

on the number of peaks� Other trigger con�gurations are de�ned as well� for

di
erent decay modes such as Dalitz and ����

The total latency time is below �

 �s� The obtained online resolution for the

kaon energy is ��� � over the full energy range� Conservative cuts on number of

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

� kHz�
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The NUT also computes in similar way the total energy of the hadron calorimeter�

that is summed to ELKR to form the ETOT signal� All the measured variables are

recorded using some dedicated PMB boards�

The output of the L�TS� L�C and L�N systems is sent to the last trigger stage�

the level � Trigger Supervisor �L�TS�� that correlates all the informations to

build the �nal trigger word� The main trigger conditions for the ���� analysis are�

� the ���� MBX trigger%

� the control trigger for the Mass Box� de�ned as

QX�� � ETOT "QX�D

where the time coincidence is looser than the one formed by L�TS and the

downscaling factor D was �� in the �rst part of the run and ��� afterwards%

� the ���� NUT trigger%

� the control trigger for the NUT� de�ned as �the overline stands for anti�

coincidence�

NHOD � �� � AKL

for the �rst part of the run� and only by NHOD for the second part�

��



Chapter �

Measuring ���� � the strategy

The data analysis for the ���� measurement must be very accurate to exploit all

the experiment capabilities and take into account all e
ects perturbing the mea�

sured double ratio at � �
�� level� This chapter is devoted to outline and justify

the analysis procedure adopted in NA��� All the systematic corrections and uncer�

tainties that have been obtained through detailed studies by experts� and must be

considered in the �nal analysis of �		� data sample� are also given�

��



��� Charged reconstruction

The two charged tracks of the K� � ���� decays are reconstructed using the

magnetic spectrometer� by building� from the drift chamber hits and drift times� the

track segments before �DCH � and �� and after �DCH � and �� the magnet� The

track momenta are obtained using a detailed map of the magnet �eld� A vertex is

de�ned at the longitudinal position where the tracks are closest� A small correction

was needed to take into account the presence of a magnetic �eld in the vacuum tube

before the spectrometer��

Being the chamber space�point resolution � 	
 �m and the distance between

the �rst two chambers � 	 m� we get a resolution of the track angle of � �
�� rad�

resulting in a vertex position resolution of � �
 cm in the longitudinal direction

and � � mm in the transverse direction �see �g� ����� This allows to identify with

negligible error the KS and KL events� since the two beams are vertically separated

by at least � cm in the �ducial decay region ��g� �����

ϑ

DCH1 DCH2

~ 100 m ~ 9 m

Z

Y

Figure ���� Vertex reconstruction using the �rst � chambers� Being #� � �
��� � �
�
�� � �
��� we have #Y � #� � �

 m � � mm� #Z � �� Z

�
� �
 � �

 cm

�After observing a dependence of the measured �� invariant mass from the azimuthal angle
of the decay plane� the �eld was accurately measured before the ���� data�taking and its map
included in the reconstruction program� The integral

R j��B ���dl j of this spurious �eld amounts to
� 
 ���� Tm�

��



ZV (cm)

Y
V
 (

cm
)

Figure ���� Reconstructed vertex position in the vertical plane for K� � ����

events�

Entries         1097111
  104.2    /    68

Constant   4927.
Mean -0.1384E-04
Sigma  0.2349E-02

M+- - MK for KL → π+π- GeV/c2

Entries         2134426
  274.3    /    68

Constant  0.3417E+05
Mean -0.2003E-04
Sigma  0.2344E-02

M+- - MK for KS → π+π- GeV/c2

Figure ���� ���� invariant mass for KL and KS events�

��



The resolution in invariant mass is ��� MeV�c� �see �g� �����

��� Neutral reconstruction

The K� � ���� � �� decays are reconstructed starting from the detected showers

in the liquid Krypton calorimeter� The energy of each shower is measured using

the cells within a radius of �� cm around the maximum energy cell� A set of small

corrections is applied to account for�

� the energy lost outside the cluster boundary%

� the energy lost in the dead �not working� cells%

� the energy sharing with the other showers of the event%

� the small residual dependence from the impact point within the cell%

� the small space charge e
ect from accumulation of positive ions� due to the

low drift voltage used during the �		� run ���� kV instead of the nominal �

kV��

The average energy resolution obtained for the kaon energy as the sum of the �

cluster energies Ei is 
�� �� Using the positions xi and yi of each cluster� it is

possible to reconstruct the longitudinal vertex position Zv� by requiring the ��

invariant mass to be equal to the kaon mass MK �

M�
Kc

� �
X
i

X
j	i

�EiEj �� � cos �ij� �
X
i

X
j	i

EiEj�
�
ij �����

being �ij the angle between � photons� usually � �
 mrad� If � is the angle between

the beam axis and the direction of the �� decaying in the two photons detected in

the LKr calorimeter� we have �see �g� ����

�ij � dij cos �

#Z� cos �
� dij

#Z
�� � ��� �����

�
dij �

q
�xi � xj�� " �yi � yj�� #Z � ZLKR � Zv

�
and� since � � �
 mrad� we can write with approximation better than �
��

�ij � dij
#Z

�����
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m

 d  ~ 1 mij

ϑ

ϑ δ L

S

L

ij

ij

Δ

ΔΖ ∼ 100 

Y ~ 6 cm

Figure ���� Comparison of neutral reconstruction in the hypothesis of KS or KL

event�

�� Zv � ZLKR � �

MKc�

sX
i

X
j	i

EiEjd�ij �����

We can also notice from �gure ��� that� in order to discriminate between KS and

KL events� we should be sensitive to

�Lij � �Sij �
dij
#Z

����S � �L� � �
�
rad �����

Thus� even with the very good performances of the NA�� calorimeter� it is clearly

impossible to distinguish KS and KL as for the charged events� and the use of the

tagging method is mandatory�

A small correction to Z is applied to account for the photon impact angle on the

calorimeter surface� i�e� the deviations from projective geometry due the extension

of the observed decay region�

The resolution of Zv can be naively inferred from equation ��� as

���Zv� �
X
i

��
�Zv

�Ei

��Ei�

��

"

�
�Zv

�xi
��xi�

��

"

�
�Zv

�yi
��yi�

��
�

�����

�Zv

�Ei
� �

P
j ��i Ejd

�
ij

�M�
Kc

�#Z

 � #Z

� � E �
�����

��



�����Zv

�xi

���� �
�����
P

j ��i EiEj�xi � xj�

M�
Kc

�#Z

���� 
 #Z

� � d �
�����

Using typical values #Z � �

 m� ��E��E � � �� ��#x��#x � ��#y��#y � 
��

�� we get ��Zv� � �
 cm� with a similar contribution from energy and position

resolutions� The longitudinal vertex position can thus be measured with about the

same accuracy than for charged events�

Since the neutral reconstruction is not sensitive to the transverse decay position�

we assume all decay to occur along the KL beam axis� so that the kinematics is fully

described by Zv and the four photon quadrimomenta� This corresponds to �� real

variables� that are reduced to �
 by the mass constraints �the kaon� the � �� and the

� ��� Since we measure �� real quantities �� energies and � positions�� we still have a

redundancy of � variables� In fact� we have not used the �� mass constraints yet� so

that to check against background that the event is a well reconstructed K� � ����

decay� we can verify that� for one of the three possible ��gamma pairings� the ��

invariant masses

m�� �
p
E�E�

d��
#Zc�

�

p
E�E�MKd��qP
i

P
j	i EiEjd�ij

���	�

m�� �
p
E�E�

d��
#Zc�

�

p
E�E�MKd��qP
i

P
j	i EiEjd�ij

����
�

coincide with the �� mass�

However� because of the kaon mass constraint� m�� and m�� are anticorrelated� For

example� for the dependence on energy�

�m��

�E�
� M
�

�E�

�
�� ���

M�
K

�
������

�m��

�E�
� �M
�

�E�

���
M�

K

������

�
��� �

E�

P
j ��� Ejd

�
�j

�#Zc���
� M�

K

E�

P
j ��� Ejd

�
�jP

i

P
j	i EiEjd�ij

�

The quantity ����M
�
K varies by construction between 
 and � and is expected to

�uctuate symmetrically around the value 
��% therefore� the two derivatives always

have opposite sign� If we now consider

m� �
m�� "m��

�
m� �

m�� �m��

�

��



we get

�m�

�E�
� M
�

�E�

�
� � ����

M�
K

�
������

�m�
�E�

� �M
�

�E�
������

so that we expect the sum and the di
erence of m�� and m�� to be essentially uncor�

related and to have a di
erent resolution �lower for the sum�� Similar conclusions

can be drawn for the dependence from xi and yi�

Eventually� we introduce a �� variable to test the ��� hypothesis�

��
�
� �

�
m� �M
�

��m��

��

"

�
m�

��m��

��

������

where for the resolutions ��m�� and ��m�� we use values parametrized as a function

of the lowest photon energy� Typical values are ��m�� � 
��� MeV�c�� ��m�� � ���

MeV�c�� The �� paring is chosen according to the best �� value� that will be used

to reject background� The ellipses drawn in �gure ��� de�ne events with a given

best ��
�
� value�

��� Quality cuts and background rejection

����� Charged events

Good K � ���� candidates are �rst selected through a set of quality cuts�

� closest distance of approach �CDA� of the two tracks � � cm� This cut is

e
ective against bad track association and events with pion decay%

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

must be �tted with good ��%

� pion momentum � �
 GeV�c%

� the center of gravity �cog� of the event� built from the momentum�weighted

track positions at LKr surface Xi� Yi� extrapolated from DCH � and �� as

cog �

s�P
i����XijPij

��

"

�P
i���� YijPij

��

P
i���� jPij

������

�	
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RMS

 0.1350
 0.1174E-02

mγγ for KS → π0π0 GeV/c2

Figure ���� Reconstructed �� mass for KS � ���� events�

m34  vs  m12  for KS → π0π0 GeV/c2

G
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/c
2

χ2 =2

χ2 =13.5

χ2 =25

2π0

2π0

2π0

Figure ���� Correlation between the invariant masses of the two �� couples for
KS � ���� events�
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must be � �
 cm� This cut cleans the sample from kaons scattered in the KS

collimator and in the AKS� and also improves background rejection%

� time di
erence between the tracks � � ns to avoid accidental tracks%

� vertex time within � �
 ns from the center of the trigger timeslice� This avoids

events triggered by QX afterpulses �a
ecting �� � of charged events �����

and not triggered by the main pulse because of the downscaling factor of �

that was applied to QX�

To reject the large amount of ��tracks background events �mainly from K�� �

Ke� and ������ decay of KL � having branching ratios up to �

 times larger that

������ the following cuts are applied�

� the ���� invariant mass M�� is required to be equal to the kaon mass within

� times the resolution� that has been parametrized as a function of the energy%

� the reconstructed kaon transverse momentum is required to be null within

errors� Due to the fact that the distance between the target and the spec�

trometer di
ers by a factor � between KS and KL � some care is needed to

choose the most appropriate kinematical variable in order to have a symmet�

ric cut for KS and KL � For a good event� a transverse momentum can be

generated because of an error #� �� �
�� rad� in the kaon direction� as re�

constructed by the spectrometer� and an error #X �� �

 �m� in the kaon

position at the chamber �i�e� the center of gravity at DCH��� Thus� the kaon

transverse momentum pT with respect to the direction given by the target and

the reconstructed vertex position will be �see �g� ���a��

pT � PK sin� � PK
#X "#��ZDCH� � ZV �

ZV � ZT
� PK

#��ZDCH� � ZV �

ZV � ZT

������

which is strongly dependent from the target position ZT � chosen according to

the vertex identi�cation of the event� Since the error on the reconstructed

vertex position comes from #� more than from #X� we see that a better

and� what is more important� KS �KL symmetric reconstruction of transverse

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

��



the target and the kaon reconstructed position at DCH� ��g� ���b��

p�T � PK sin � � PK

�
#�"

#X

ZDCH� � ZT

�
� PK#� ������

We see that p�T is to a good approximation independent from the target posi�

tion� so that we can apply a cut �p�T �
� � 
�


� GeV��c�� that produces a

symmetric loss of good events � 
���� mainly due to misreconstruction tails%

p’
T β

DCH1

p
Tα

α−Δϑ

a)

b)

T V

V
P

XΔ

Δϑ

rec

rec

P

T V

V
P

XΔ

Δϑ

rec

rec

P

Figure ���� De�nitions of the pT and p�T variables� describing the reconstructed kaon
transverse momentum� V and P are the true kaon vertex and momentum� Vrec and
Prec the reconstructed ones� The misreconstruction e
ects are clearly exaggerated
in this sketch�

� the electrons from Ke� are rejected by comparing the track momentum P

�expressed in GeV�c� measured by the spectrometer with the track energy E

�expressed in GeV� measured by the LKr calorimeter� that� contrary to the

case of pions� contains all the energy of electrons� A cut E�P � 
��� having

��



an e�ciency of 	� � on good events and a rejection factor �

 on Ke� � has

been chosen� In order to make this cut e
ective� track extrapolations to the

LKr surface are required to be within the detector acceptance and to be at

least � cm far from the dead column and the other dead cells%

� events having tracks that match both in space �with a momentum�dependent

cut to account for multiple scattering� and time �with a cut at �� ns� a hit in

the muon veto detector are rejected� Track extrapolations are required to be

inside the acceptance of the muon counters� The rejection factor of K�� events

is about �

� while a few per cent of good events are lost� mainly because of

pion decay%

� to reject )� � p�� decays from the KS beam� we apply a cut on the momen�

tum asymmetry jP
� � P
� j�jP
� " P
� j� which is typically larger than 
��

for such events� An energy dependent asymmetry cut� that is also useful to

minimize the KS � KL acceptance di
erence� will be discussed in section ���%

After these cuts� Montecarlo simulations show that the residual background is at

the level of a few per mill and is dominated byKe� and K�� events� As will be shown

in section ���� it is possible to directly measure the background contamination in

the �nal KL charged sample� by selecting high�statistics samples of Ke� and K��

events and using the di
erent shape of the ��dimensional �M��� p�T
�� distribution

for K�� � Ke� and signal events� The resulting error on the double ratio is limited

to a few �
���

����� Neutral events

The quality cuts applied to the reconstructed neutral events are the following�

� photon energy � GeV � E� � �

 GeV%

� distance between the two closest clusters � �
 cm%

� clusters must be within the �ducial volume of the calorimeter and be at least

� cm far from the dead column and the others dead cells%

��



� the di
erence between any cluster time and the average time of the four clusters

must be � � ns%

� the center of gravity �cog� of the event

cog �

s�P
i���� xijEij

��

"

�P
i���� yijEij

��

P
i���� jEij ����	�

must be � �
 cm� The cut must be the same than for charged event� A

possible bias from di
erent resolution is expected to be negligible� and will

anyway be included in the acceptance correction�

The main source of background for the neutral case comes from the � �� decays

of KL � Two cuts are applied in order to minimize it�

� events with an extra�cluster of sensible energy �� ��� GeV� which is in time

�� � ns� with the time average of the four photon candidates are rejected%

� �� invariant masses must agree with �� masses� best ��
�
� � ����

Since the surviving ��� events have � clusters undetected in the calorimeter�

their energy is underestimated and consequently their reconstructed vertex is shifted

toward the calorimeter� Therefore� we expect to obtain a better rejection of this

background also by tightening the cut on the maximum allowed Zv� that will be

discussed in the next sections�

Anyway� the residual background is of order 
��� and can be directly measured

from data� In fact� Montecarlo simulations show that the ��
�
� distribution for

background events is approximatively �at� so that the background contamination in

the signal region can be obtained by extrapolating the number of events in the tails

outside the signal region� after subtracting the true signal contribution obtained

from KS events� As will be shown in section ���� the error introduced in the double

ratio is � � �
���

��� Energy binning and KL weighting

After having shown how it is possible to reconstruct and purify from background the

K � �� events� we now come to discuss how to minimize the two main di
erences

between the samples of KS and KL decays�

��



Energy spectrum� in order to avoid the e
ect of di
erent spectrum distributions

without relying on their a priori knowledge� it is su�cient to perform the

analysis in energy bins� provided we limit ourselves to the energy range

for which the beam lines have been designed� namely �
 to ��
 GeV� where

the spectrum di
erence is contained within � �
�� To avoid any residual

e
ect� a number of bins larger than �
 is su�cient� as can be checked through

Montecarlo simulations or� more directly� by plotting the result as a function

of the number of bins used� The double ratio in each bin must be estimated

from the four event counts using an unbiased estimator of lnR�

Lifetime� the distributions of longitudinal vertex position z are clearly very di
er�

ent for KS and KL events because of the lifetime ratio �L��S � ��	��� To avoid

the resulting large acceptance di
erence� the two distributions are equalized

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

time

t �
Z MK

PK
����
�

with the function

w�t� � N e
�t
�

�
�S
� �
�L

�
������

where N is an arbitrary normalization constant� In chapter � we will show

how this weighting function has to be modi�ed in order to take into account

the residual pure KS and KS �KL interference in the KL beam�

The weighting procedure avoids to rely on the accuracy of the Montecarlo

simulation of the experiment� In fact� as discussed in detail in chapter �� the

residual acceptance di
erence after weighting is of the order of per mill� thus

it can be computed with a large relative error� Furthermore� the weighting

minimizes all the e
ects related to geometry� as the detector e�ciencies� and

considerably suppresses the neutral background� because of the shift on the

Z decay position for the ��� events� The price to pay is the loss �� �
�� in

statistical power of the KL samples�

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

in bins of Z as we do for the kaon energy* The problem has to do with

��



the de�nition of decay �ducial region� that� in the case of the analysis in

bins of Z� should be done through the reconstructed Z position in the same

way for KS and KL � In this case� the e
ect of di
erent resolution in Z for

charged and neutral events could become dangerous for KS events due to the

steepness of the Z distribution�� This is one of the main motivations� to put

an anticounter� the AKS� on the KS beam line in order to veto all the decays

occurring upstream� thus de�ning the beginning of �ducial region without any

bias from reconstruction� For the KL beam the anticounter method cannot

be applied because of the much higher beam intensity� and it is mandatory to

use Z � zAKS � However� since the vertex distribution is approximatively �at�

we expect the event gains and losses due to resolution e
ects to be equal�

The length of the �ducial decay region is chosen as a number n� of KS life�

times� For n� � � the statistics of good events after weighting is not critically

dependent from the chosen cut�

The �ducial regions de�ned via AKS for the two decay modes are actually

shifted by ���
�
�� mm� namely the width of the AKS scintillators� In fact�

the AKS won�t detect neutral decays occurring inside the scintillators� be�

ing negligible the photon conversion probability inside it� while it will detect

charged decays� This causes a distortion of the ratio of charged to neutral KS �

that is compensated by weighting� provided that the same �ducial region is

chosen for KL and KS � and that the weighting is a function of the absolute

z position �i�e� the normalization constant N in eq� ������ is the same for

charged and neutrals��

�The distribution ofKS reconstructed vertex g
z� is given� for an energy bin� by the convolution
of the true exponential distribution f
z� � �

�
e�

z

� with a gaussian function�

g
z� �

Z
�

	
p

�

e�
�z�z���

���
�



e�

z
�

� dz�

we can neglect the distortion due to the resolution 
i�e� we have g
z� � f
z�� only in the limit
	� 
� In our case 	 � ��	 ��� cm while 
 � ���	 ��� cm and the distortion is not negligible

�The other main reason is that the AKS is essential to �x the neutral energy scale and to reduce
its impact on the double ratio� as discussed in next section�
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R �

R ZN�n� c�S
ZN

n��L �Z� w�Z� dZR ZC�n� c�S
ZC

n��L �Z� w�Z� dZ
�
R ZC�n� c�S
ZC

n��S �Z� dZR ZN�n� c�S
ZN

n��S �Z� dZ
�

n��L �
�

n��L �
�

n��S �
�

n��S �
�

������

being w�Z� � nS�Z��nL�Z�� The e
ect on the double ratio from the uncer�

tainty on the two positions ZC and ZN can be neglected� as well as the e
ect of

AKS converter ine�ciency �
���� and AKS counter ine�ciency �
����
�
� �

for ����� 
��� � 
��
 � for ������ being the fraction of reconstructed decays

occurring upstream the AKS � � � ����

��� Energy and geometrical scales

Since two di
erent detectors are used to measure the kaon energy and vertex position

for charged and neutral decays� a di
erence in the absolute energy and geometrical

scales can produce a distortion of the measured double ratio� The error on the

neutral energy scale was in fact one of the main sources of systematic error in the

NA�� experiment�

����� Neutral energy scale

To evaluate this e
ect� let�s de�ne the true decay distributions forKS andKL neutral

events as

dnL
dz

�
�

n��S

dnS
dz

�
e
� z
�S

��� e�n� � �S
������

where �S � PK�S�MK � the AKS position is taken as origin of the z coordinate

�zAKS � 
� and we have neglected the slopes of the KL distributions ��L � �S�

Both distributions are normalized so that the total number of events between z � 


and z � n��S are nL � nS � �� The number of KL weighted events will be

nLW �

Z n�
S

�

dnL
dz

e
� z
�S dz �

�� � e�n� �
n�

������

If we now suppose to have a relative error �� realistically � ��� on the neutral

energy scale and we denote with a prime the measured quantities� we have�

P �
K � PK�� " �� �� ��S � �S�� " �� ������

��



and� from equation ������

�zLKR � z�� � �zLKR � z� �� " �� ������

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

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

will be

n�S �

Z z��n� 
�S

z��

dnS
dz

dz � �

Z n�
S��zLKR������

�

e
� z
�S

�� � e�n� � �S
dz

� � "
e�n�

� � e�n�
�

� " �

zLKR

�S

������

n�LW �

Z n�
�S

�

dnL
dz�

e
� z�

��
S dz� �

�� � e�n� �
n�

� nLW ������

�� n�LW
n�S

� nLW
nS

�
� � e�n�

� � e�n�
zLKR

�S
�

�
����	�

Thus� the e
ect of an error � on the energy scale causes a distortion ��"!�� on

the double ratio with

! � � e�n�

�� e�n�
zLKR

�S
����
�

We see that the e
ect can be suppressed by enlarging the �ducial region� but this

con�icts with the need to reject neutral background that populates regions with

large Z� The chosen value n� � ��� is a compromise between the two requests�

For such value� ! varies between �
�� and �� depending on the kaon energy� We

conclude that

�#R�energy scale������ � � � ������

It is important to stress that if we had not used the AKS to de�ne the initial

KS decay region� the e
ect would have been much larger�

n��S �

Z n�
S��zLKR������

�zLKR������

e
� z
�S

��� e�n� � �S
� e

� �zLKR
������S � � � �

zLKR

�S
������

We also notice that n�L � nL� so that the KL events are not a
ected by the error

on energy scale independently from the fact that the weighting is applied or not�

��
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Figure ���� E
ect of bin migration due to the error on the energy scale� expressed
through the parameter ) of equation ������

We have not considered so far a second e
ect of energy scale� namely the mi�

gration of events from an energy bin to another one� that� due to the fact that the

spectra of KS and KL are di
erent� can introduce a distortion of the double ratio�

Let�s denote with sL�S� � dnL�S��dE the energy spectra and with Ei� �E�Ef the min�

imum� mean and maximum energy of a given energy bin� The relative error � on

the energy scale will cause the observed spectra for neutral events to shift by the

quantity �E� Therefore� the e
ect on R can be estimated� neglecting acceptance

variations inside an energy bin� as

Rmeasured

Rtrue

�
hR Ef

Ei
sL�E�dE " �sL�Ei�� sL�Ef��� �E

i
hR Ef

Ei
sS�E�dE " �sS�Ei�� sS�Ef��� �E

i
hR Ef

Ei
sS�E�dE

i
hR Ef

Ei
sL�E�dE

i �

� � " )�

������

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

) �
�

�

sS� �E�

dsS
dE

� �E�� �

sL� �E�

dsL
dE

� �E�

�
�E ������

We have extracted ) from linear �ts of the measured spectra in � GeV wide bins�

The result is shown in �gure ���� Since the KS � KL di
erence of spectrum slopes�

thus )� changes sign along the nominal energy range �see �g� ����� the migration

manifests itself mainly by introducing an energy dependence of the measured R

�	



value� while the variation of the average value is less important than the previous

e
ect� In fact� the weighted average of ) between �
 and ��
 GeV is �
���

As already mentioned� the AKS can be used to de�ne the energy scale with

great accuracy� In fact� the longitudinal decay vertex distribution of the events

passing the AKS veto should exhibit a sharp edge corresponding to the anticounter

position� Thus� the energy scale correction factor �� � ��� that must be applied to

the reconstructed cluster energies� can be obtained by �tting the decay distribution�

in energy bins� with the function

	�Z� � B "N

Z 	

�	
e�

�Z�Z���

��� 
�Z ��dZ � ������

where


�Z� �

�

 if Z � � zLKR

�
�����

e
� MK
PK�S

�Z�ZLKR
�

���� if Z �� � zLKR
�

�����
������

where the other �t parameters are ��
�

� the normalization factor N %

� the baseline B that accounts for a possible error in subtracting the KL events

that have been mistagged as KS and for the AKS ine�ciency%

� the vertex resolution �%

� the KS lifetime c�S that is usually left free to account for shape distortion due

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

An example is showed in �gure ��	�

The result is stable with the kaon energy within �� � �
��� Variations of � along

the run were within �� ��
��� re�ecting the level of stability of calorimeter response�

The �t function described above doesn�t take into account non�gaussian reso�

lution tails� that were observed from the distribution of E�P for electrons and are

presumably due to the e
ect of hadroproduction in the electromagnetic showers �����

These tails were modeled in a simple Montecarlo simulation and � was corrected in

order to match the average Z position in a region around the AKS obtained from

the Montecarlo� The correction amount to � � �
���

�




Entries           63313
  30.13    /    19

N   15.01  0.3855
α -0.2575E-02  0.2843E-04
σ   63.71   1.719
cτS   2.647  0.5395E-01
B   9.739   6.566

KS → π0π0   135 GeV < Ekaon < 140 GeV

Z vertex (cm from KS target)

ev
en

ts

Figure ��	� Example of AKS �t in an energy bin for neutral events� The �t param�
eters are described in the text�

Further studies have been done using data from some special runs where a ��

beam was sent on a thin target placed in a known position in the vicinity of the AKS�

The decay distribution for the reconstructed �� � ���� � �� and � � ��� � ��

decays is expected in this case to be a gaussian centered in the target position� Using

these data� the energy scale has been studied for wider ranges of energy and inter�

cluster distance �the latter is much larger on average for � � �� than �� � ���� so

that the e
ect on the scale of various reconstruction e
ects �as non�gaussian tails

and residual e
ect of energy sharing and non�projectivity� could be investigated�

The �nal uncertainty on the energy scale was estimated to be ��
� �
�

#� � � � �
��

��



����� Charged energy scale

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

the chamber geometry� If we write the ���� invariant mass as

M�
��c

� � �M�

c

� " �
�
E
�E
� � P
�P
�c

� cos �
�

� �M�

c

� " �P
�P
�c
�

��
� "

M�

c

�

�P �

�

"
M�


c
�

�P �

�

�
�
�
�� ��

�

��
������

and we de�ne � � P
��P
� � PK � P
� " P
� � we get

cPK �
�� " ��

�
p
�

s
�MKc��� � �M
c���

�
� " �"

�

�

�
������

so that the kaon energy is obtained only in terms of the ���� opening angle � and the

momentum ratio � which is independent from the spectrometer magnetic �eld� In

this way the accuracy of the geometry� which is known from precision measurements�

�xes not only the transverse scale� but� similarly to the neutral case� the energy and

longitudinal geometrical scale �ZDCH �ZV ertex � �� at the same time� The AKS �t

can be used as a check� as well as the position of the reconstructed kaon mass �in

this case the knowledge of magnetic �eld is also needed��

The uncertainty on the geometry� combined with the residual e
ect of the mag�

netic �eld in the decay region� produces a systematic error on the double ratio that

has been estimated to be

�#R�charged scale � � � � �
��

The accuracy in the knowledge of the transverse geometrical scale of the

spectrometer can be also used to check the calorimeter transverse scale� From equa�

tion ��� we see that a distortion of the neutral transverse scale has the same e
ect

that a distortion of the energy scale� Thus� to contain the e
ect on the double ratio

to a few �
��� the scale of the distance among photon clusters must be known to an

accuracy of a few hundred �m over � m� Though the detector has been machined

with this level of accuracy� the geometry has been also checked at the level of �



�m�m by comparing the extrapolated tracks and the calorimeter shower positions of

electrons acquired during a special run without magnetic �eld in the spectrometer�

with a resulting uncertainty on R

�#R�transverse scale � � � � �
��

��



A cross�check of the neutral and charged longitudinal scales can be obtained

from events with a �� Dalitz decay� where the vertex position is measured by both

the charged and the neutral reconstruction� They are found to agree within the

uncertainties quoted above�

��� Other systematic e
ects from neutral recon�

struction

Calorimeter non�linearity� The linearity of the calorimeter has been extensively

studied using E�P for electrons from Ke� decays� and also using ��� and

� decays� In the useful range �� to �

 GeV� the maximum non�linearity

amounts to 
�� �� The e
ect on the double ratio can be estimated by looking

at the changes of R after applying a similar distortion to the measured energies

and is found to be

�#R�non�linearity � � 	 � �
��

Calorimeter non�uniformity� The uniformity of the calorimeter response is guar�

anteed at the level of per mill by the continuous electronic intercalibration of

cell and by checking it with Ke� data� The resulting uncertainty on the double

ratio is

�#R�non�uniformity � � � � �
��

Corrections of neutral reconstruction� The uncertainties in the corrections ap�

plied to account for energy sharing between clusters� space charge e
ect and

deviations from projectivity produce an e
ect on R estimated to be

�#R�neutral corrections � � � � �
��

��� KS tagging

The identi�cation of KS and KL events through the tagging technique can fail for

two reasons�

� the accidental coincidence between a proton in the tagger and a KL event in

the detector� causing a KL event to be mistagged as KS with a probability

�LS %

��
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Figure ���
� De�nition of the �LS and �SL mistagging probabilities�

� the lost of time coincidence between a KS event and its proton� causing a KS

event to be mistagged as KL with a probability �SL�

The meaning of the two parameters is illustrated in �gure ���
�

If we neglect all modulations of beam rates� we expect both e
ects to be equal for

charged and neutral events� In fact� with a �at time distribution for the accidental

protons� �LS is independent from the event time resolution�� that is di
erent for

charged and neutral events� By choosing a tagging window of � ns� �SL is dominated

by the tagger ine�ciency�� that is independent from the kaon decay mode�

Nevertheless� rate e
ects can produce some asymmetry� if the instantaneous

rate seen by charged and neutral events is not the same because of trigger e
ects

�for example� di
erent dead times�� the e
ective rates of accidental protons and the

e
ective tagger ine�ciencies can turn out to be di
erent� Furthermore� modulation

of accidental proton rate can introduce a dependence of �LS from the event time

resolution�

In order to have the best symmetry of e
ects� the tagger will be used to

identify both charged and neutral events� and all the cuts that can a�ect

the rate �as the over�ow cut� see section ��	� are made symmetric�

�In fact� the convolution of a �at and a gaussian distribution still results in a �at distribution
with the same level�

�In fact� the resolution is ���� ps for both charged and neutral event time reconstruction� and
the tails have been checked through detailed study to give a marginal contribution�

��



Both �LS and �SL can be measured with an error of order �
�� for charged events�

by comparing the tagging result with the vertex identi�cation� which has negligible

error� For a tagging window of � ns it turns out that �LS � �
� �meaning that the

e
ective proton rate in the tagger is � �� MHz�� while �LS � �
���

Let�s now give an a priori evaluation of the e
ect of mistagging on the double

ratio� If we de�ne

N
������
L�S� as the measured event counts%

n
������
L�S� as the true event counts� unweighted%

n
������
L�S�w as the true event counts� weighted%

nL�S�m as the true �mistagged� counts� i�e� the KL �KS � events� treated as

if they were KS �KL� for what concerns the weight and the de�nition of the

decay region%

we get

Rmeasured �
N��
L

N��
L

N��
S

N��
s

�
n��Lw��� ���

LS� " ���
SLn

��
Sm

n��Lw �� � ���
LS � " ���

SL n
��
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� n
��
S �� � ���

SL � " ���
LS n

��
Lm

n��S �� � ���
SL� " ���

LSn
��
Lm

�

� Rtrue
�� ���

LS " ���
SLn

��
Sm�n

��
Lw

�� ���
LS " ���

SL n
��
Sm�n

��
Lw

� � � ���
SL " ���

LS n
��
Lm�n

��
S

�� ���
SL " ���

LSn
��
Lm�n

��
S

����	�

The e
ect of weighting� neglecting ���L with respect to ���S and acceptance e
ects�

is

nSw � ns�� ����
�

nLw � nL�n� ������

where n� is the size of �ducial region in KS lifetimes ���� in the present analysis��

Therefore� we can write

n��Lw
n��S

� RI j���j� � I

�
�� �Re

�
��

�

��
������

n��Lw
n��S

� RI j���j� � I

�
� " �Re

�
��

�

��
������

where RI accounts for the KL to KS beam intensity ratio and I � RI j�j� � 
���

��



ALL Z    /    Z > 0ALL Z    /    Z > 0

KL → π0π0

ALL Z    /    Z > 0

KL → π+π-

Ekaon (GeV)

Figure ����� Ratio of KL events before and after the Z � zAKS � The average is ���

for the neutral case and ��
	 for the charged case� This is the main acceptance e
ect
that contributes to the di
erence of ratio between the �mistagged� KL and the KS

events� expressed in the text with the parameter #u�

The �mistagged� KL events nLm� compared to the unweighted events nL� contain

a relevant fraction of events with Zvertex � zAKS � because the beginning of �ducial

region is erroneously de�ned using the AKS veto instead of the reconstructed Zvertex�

This fraction is di
erent for the charged and neutral cases� due to the di
erent

acceptance �see �g� ������ that also a
ect the ratio of unweighted KL to KS � Thus�

we write

n��Lm
n��S

� u�� In�

�
�� �Re

�
��

�

��
������

n��Lm
n��S

� u�� In�

�
� " �Re

�
��

�

��
������

where the factor u takes into account the acceptance e
ects� The di
erence u���u��
can be of order �
��� The analogous e
ect for mistagged KS events is smaller� and�

�in fact� using Zvertex � zAKS instead of the AKS veto produces an event loss of only ���
Furthermore� the ratio nSw�nLw is less distorted by acceptance e�ects than the ratio nL�nS �

��



being also �SL �� �LS� will be neglected�

n��Sm
n��Lw

� W

In�
�
�� �Re

�
��

�

�� ������

n��Sm
n��Lw

� W

In�
�
� " �Re

�
��

�

�� ������

where the factor W � n��� is due to the weighting�

Finally� we disentangle the common and the asymmetric part of the e
ects by writing

���
LS �

���
LS " ���

LS

�
"
���
LS � ���

LS

�
� �LS "

#�LS
�

������

���
LS �

���
LS " ���

LS

�
� ���

LS � ���
LS

�
� �LS � #�LS

�
����	�

and the same for �SL and u� so that

Rmeasured �Rtrue �
�� �LS � ��LS

�
" ��SL���SL���W

In� ����Re� ��� ��

� � �LS " ��LS
� " ��SL���SL���W

In� ����Re� ��� ��

�

� � � �SL " ��SL
� " ��LS � ��LS

� �In��u� �u
� �
�
� " �Re

�
��

�

��
� � �SL � ��SL

� " ��LS " ��LS
� �In��u" �u

� �
�
�� �Re

�
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�
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����
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We develop now to �rst order all the terms � �
��� using

�LS � �
�� �SL � �
�� #�LS�#�SL � �
�� #u � �
��

Rmeasured � Rtrue �
�
� "

#�LS " �SL
W
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W
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�

�
� " In��LS u

�
������

and we �nally write the equation in the form

Rmeasured � A

�
� � �Re

�
��

�

�
�� �D�

�
������

with

A � � "

In�#u�LS��� " �LS��#�LS�� " In�u� " #�SL

�
� " W

In�
" �LS �Wu� ��

�
� � �LS �� � In�u�

������

D � �LS In� u

� " �LS In�
������

From these last equations we conclude that�
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� the mistagging produces a dilution D of the measured value of ���� � amounting

to � �LS�� � ��� This small e
ect� that can be corrected with negligible

error� would be the only one if we had a perfect symmetry between charged

and neutral events �#�LS � #�SL � #u � 
�%

� the large value of �LS in conjunction with the charged�neutral asymmetry of

acceptance produces a sizeable �In� �LS#u � 
���� systematic distortion to

the double ratio� However� after subtracting the �mistagged� events from the

measured event counts using the known value of �LS
� the e
ect is corrected

with accuracy 
��� � ���LS���LS � �
��%

� the most dangerous e
ect of mistagging comes from the charged�neutral dif�

ference of �LS and �SL� causing a systematic on the double ratio

#R � ���� #�LS " � #�SL ������

we notice that the weighting increases the sensitivity to #�SL �from � to ���

while n� has an opposite e
ect on #�SL and #�LS�

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

measure #�LS and #�SL�

The di
erence of accidental proton rate between charged and neutral events is

obtained by measuring the average number of o
set coincidences between a tagged

KL event and a proton in � ns windows outside the tagging window� but still close

to the event time �i�e� applying an o
set to the event time in the range ��
 ns��

as shown in �gures ���� and ����� To check that the measured di
erence in the

o
set windows reproduces the di
erence inside the tagging window� vertex�identi�ed

KL � ���� events and KL � ��� �� that can be selected from the sample acquired

with the neutral trigger� are used� The result is ���� �	�

#�LS � ��
 � �� � �
�� ������

�It is worth stressing here that the accuracy of this correction depends essentially from the
accuracy to which �LS is known� since the �mistagged� events are measured with large statistics�
No a priori knowledge of the �u quantity is thus required�


To this extent� the KS � ��	 branching ratio can be neglected� while the small fraction of KL

events from KS target is accounted for�

��
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Figure ����� Accidental proton rates �per event� for tagger�identi�ed KL events� A
modulation due to the �

 MHz SPS frequency is clearly visible�
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Figure ����� Average number of protons per event in � ns wide windows� In order to
follow the SPS frequency the windows are centered on the maxima of the modulation�
The arrow marks the region used to derive #�LS� being exempt by biases from QX
afterpulses and di
erence in the readout windows for charged and neutral events�
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The ���
SL parameter can be directly measured from the sample of K � ���� �

e�e��� Dalitz decays� that can be identi�ed using the e�e� vertex� Unfortunately�

the statistics of this sample is poor �the branching ratio for �� Dalitz decay being

��� �� and the error on ���
SL is � � �
�� ����� Nevertheless� the contribution to �SL

coming from the tagger ine�ciency is found to be the same for charged and neutral

events using data from KS only runs� while the comparison of the reconstructed

charged and neutral time� in KS "KL run condition� is investigated using neutral

events containing �� Dalitz decays or photon conversions� These studies lead to the

result ��
�

j#�SLj � �
�� ������

��� Trigger e
ciencies

Due to the simultaneity of data�taking and the weighting procedure that equalizes

the illumination of the various detectors by the two beams� the e
ect of e�ciency

for KS and KL events is expected to cancel in the double ratio� However� possible

asymmetries may be caused by the di
erence of the instantaneous rate seen by the

two classes of events� Thus� the ine�ciencies of the charged and neutral triggers have

been kept as low as possible and have been continuously monitored by acquiring a

fraction of events using downscaled control triggers�

��	�� Charged Trigger e
ciency

As explained in section ������ the charged trigger for the �		� run was formed by

the coincidence of the QX�� and ETOT signals �L�C� and by the MassBox �L�C��

The main control trigger was QX���ETOT � but with a wider coincidence window

to avoid any bias� and also events triggered by QX only were taken to check the

ETOT e�ciency�

The measured ine�ciency of the charged trigger was around �
 � for most of

the run� Its main sources were �����

� the �pure� MBX ine�ciency� coming �in about equal parts� from the drift

chamber and the reconstruction algorithm ine�ciencies and varying during

the run from � � to the optimized level of � ��

	




� the unperfect alignment ��edge e
ect�� of L� signals� causing the MBX to be

ine�cient� since its reconstruction algorithm strongly relies on the information

from the hodoscope �ne time bits� This ine�ciency was also varying during

the run� depending on the alignment quality� around ��� ��

� the limited time budget allowed to the MBX to complete its reconstruction�

This ine�ciency changed from � � � to � � � during the run� according to

the changes of time budget�

� the ine�ciency of the QX��� ETOT time coincidence� that was rather tight

in order to keep the L� rate low� Usually around � �� this e
ect amounted to

� � for part of the run� because of a bad alignment�

We should also mention that the MBX had a dead time of � � due to the

limited rate �� �

 kHz� it could stand� The signal sent in this case to disable

L� triggers is recorded� so that the dead time can be applied o'ine also to neutral

events to avoid rate e
ects�

Ine�ciencies of ETOT � QX �using the neutral control triggers� and the coinci�

dence used in the control trigger �using a dedicated special run� were also measured

to be at the per mill level� and their e
ect on the double ratio can be neglected�

Anyway� no statistically signi�cant asymmetries betweenKS and KL events were

found �see section �����

��	�� Neutral Trigger e
ciency

The neutral trigger �NUT� was checked using a completely independent trigger

formed from the signals of the neutral hodoscope� The ine�ciency is very small�

around 
�� � with negligible impact on the double ratio �see section �����

��� Accidental activity

Accidental events that superimpose on the triggered events are essentially coming

from the KL target and their e
ect is expected to be made symmetrical for KL and

KS by the simultaneity of data�taking�

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

time activity in the detectors �as for the case of protons in the tagger�� being the
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detector readout windows at least ��
 ns wide �up to ��� �s in the case of DCH��

The largest e
ect on the detector response is the over�ow condition in the drift

chamber read�out� that a
ects about �
 � of charged events� This condition occurs

when more than seven hits are recorded in a plane within �

 ns and is caused by

electromagnetic showers produced upstream the spectrometer� The events with an

over�ow within � ����� ns are rejected to avoid the bias from the loss of information�

The over�ow rate is found to be the same for KS and KL within the statistical error

of 
�� �� However� the cut is applied also to neutral events to obtain the best

symmetry of rates seen by neutral and charged events�

A KS �KL asymmetry dur to accidentals can be generated if the ratio of the two

beam intensities is not constant in time� In fact� if we denote with dnL�S��dt the

event rates and we assume that the probability to lose an event is proportional to

the KL beam intensity� the number of lost events LL�S� will be in the ratio

LL

LS
�

R
dnL
dt

�t�
dnL
dt

�t� dtR
dnS
dt

�t�
dnL
dt

�t� dt
������

In principle� the simplest way to correct for this e
ect would be to weight the KS

events with the ratio of KL to KS beam intensities� but this requires a reliable

way to measure the instantaneous intensities for each event on a �

 ns time scale�

Unfortunately� this is not possible because of the limited counts of the available

beam monitors�

Instead� event losses and gains are measured with the overlay method� It con�

sists in simulating the e
ect of accidentals by arti�cially overlaying good events

with events recorded using �randomly� triggered events� In order to realistically

represent the accidental activity �seen� by the two beams� the �random� KL and

KS triggers are actually generated by the intensity monitors �KL monitor� KSM��

The trigger from the KL monitor signal is taken with a �xed delay of �	�� �s� cor�

responding to the periodicity of the slow SPS proton extraction �three revolutions��

in order to avoid correlations with events in the detector� This is not needed for

the KSM signal� since it is sensitive only to the KS beam halo� which is essentially

uncorrelated with the activity in the detector� Random events are acquired without

zero suppression� with a rate of about �
 per burst for each type�
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About �
 � of the normal events are overlayed o'ine� at raw data level� with

the random that is closest in time� The contribution of noise is subtracted from

random events before the overlay� The resulting event is then processed like normal

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

Actually� the correlation of the two beam intensities is very high �the correlation

factor is found to be 		 � ����� so that no large KS �KL asymmetry of the e
ect

is expected� Indeed� the time distributions inside the burst of KS and KL randoms

is the same to a very good approximation� so that we can overlay also events of

di
erent type �KS with random KL � and vice versa�� gaining a factor
p
� on the

statistical error of the computed e
ect�

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

this way results compatible with zero�

The overlay method doesn�t account for the possible �in�time� accidental activ�

ity� i�e� the accidentals coming from the same proton that produced the triggered

event� This is a potentially dangerous e
ect� since it can realistically a
ect only KS

events� It has been investigated mainly by mean of the AKL counters� and results

to be negligible�
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Chapter �

The acceptance correction and its

systematic error

Due to the principles of the experiment �namely� the collinearity of beam lines and

the weighting procedure�� the correction to the double ratio induced by the di
erent

acceptance for KL and KS events is expected to be small and understandable by

mean of a relatively simple Montecarlo simulation�

In this chapter we present our estimation of this correction and a study of its

stability against �reasonable� changes of the simulation parameters and of the ac�

ceptance cuts�
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��� Montecarlo generators

Two di
erent Montecarlo programs where developed inside the collaboration�

� the NA�� SIMulation �NASIM� program� based on GEANT ����%

� the New Montecarlo Program �NMC� ����� written from scratch and intended

to be faster and simpler than the GEANT program�

In order to avoid the time�consuming tracking of showers in the calorimeters� a set

of showers for electrons and pions of various energy was generated once for all using

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

The e
ects that are included in the simulation used for this analysis �thus� in

the resulting acceptance correction� are the following ones�

� the geometry of the beam lines� including KS halo from scattering in the

collimator and in the AKS%

� the detector geometry%

� the secondary interactions upstream the LKr calorimeter �as multiple scatter�

ing� nuclear interactions� gamma conversions� and the pion decay%

� the reconstruction of charged tracks and LKr clusters�

while the following ones are not included�

� detector ine�ciencies� that can be measured by mean of downscaled triggers%

� e
ect of accidentals� measurable using overlayed events%

� mistagging� intrinsically independent from decay topology%

� tails of E�P and of the event time reconstruction� that cannot be easily sim�

ulated� However� these e
ects are known to be smaller than 
�� � and are in

principle KS � KL symmetric%

� KL scattering and regeneration in the collimators �see section �����
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��� Correlated Montecarlo

The Montecarlo data samples used for most of this analysis have been generated

using version �� of the NASIM generator� modi�ed in order to produce correlated

couples of KS and KL events� The variables which are common to the couple are�

� the true Kaon energy� This makes sense because the e
ect of the di
erent

energy spectra of the two beams is avoided by performing the analysis in

energy bins%

� the true decay position along the beam direction z� This is also not the case in

true life� but is justi�ed by the weighting procedure that is applied on real data

to equalize the reconstructed decay Z distributions� The events are simulated

according to the KS lifetime� starting from the AKS position �end of counters

for charged and end of converter for neutrals�� up to � c�S %

� the K � �� and �� � �� decay kinematics in the K� rest frame%

To account for the di
erences of the beam lines� the transverse decay vertex

position and the kaon direction are simulated independently� as well as the event

propagation inside the detector�

The high degree of correlation obtained with this technique �i�e� the � events

of a couple are usually both accepted or both rejected� has two obvious advantages

with respect to uncorrelated Montecarlo �

� the reduction of statistical error on the KS � KL acceptance ratio%

� the possibility to disentangle more easily the sources of KS � KL asymmetry�

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

introduced�

� the residual di
erence of energy spectra after binning is neglected%

� the di
erence of the distributions of the true z vertex position at the beginning

of the �ducial region �de�ned using the AKS veto for the KS beam and the

reconstructed vertex for the KL � is not taken into account%
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� the correction� that is applied to bins of reconstructed energy� must be com�

puted in bins of true energy� neglecting the e
ect of energy smearing�

The e
ect of these approximations will be discussed in section ����

Let�s now de�ne how the correction is computed in this framework� For each of

the N event couples we de�ne a variable X
S�L�
i which is � if the event is accepted

and 
 otherwise� This variable follows a binomial distribution with expectation value

equal to the acceptance AS�L�� Thus� we will use the following estimators for the

acceptances and their covariance matrix�

aS�L� �

P
iX

S�L�
i

N
�����

��aS�L� �
aS�L���� aS�L��

N
�����

Cov�aS� aL� �

P
i�X

S
i � aS��XL

i � aL�

N�
�����

The error on the acceptance ratio r � AL�AS will be

��r
r

��
�

�
�aL
aL

��

"

�
�aS
aS

��

� �
Cov�aS� aL�

aSaL
�����

and with the approximation a � �aS " aL��� � aS � aL

��r � �
��a
a�

��� �� �����

where � � Cov�aS� aL����aS�aL� is the correlation factor�

Finally� the correction factor to be applied to the double ratio and its error will be

estimated as �

�MC �
a��S
a��L

a��L
a��S

�����

���MC � ��MC��
���r��

r��

��
"
��r��
r��

���
� �

��a��
a��

��
��� ���� " �

��a��
a��

��
�� � ����

�����

Figure ��� shows the correlation factors measured on the produced data samples�

which allow to obtain the same precision of an uncorrelated MC that uses a number

of events larger by a factor ����

�due to the high statistics of the Montecarlo sample� the bias of this simple estimator is found
to be � � � ���� for all bins�
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Figure ���� Correlation factor for the generated samples of K� � ���� and K� �
���� events as a function of energy�

Using the naive values a�� � 
�� and a�� � 
���� one gets from the formula

above ��MC �p
�	�N�� " ����N���

The sample used in this analysis consists of � � �
� charged couples and ��� � �
�
neutral ones �corresponding to about � GBytes of data�� allowing to reach a precision

of � � �
�� on the correction to the double ratio �to be compared with the statistical

error of �		� data� that is �� � �
����

The correction will be computed in �
 energy bins between �
 and ��
 GeV� The

�nal correction to the average double ratio R is obtained from the di
erence of the

R values measured on real data with and without the acceptance correction applied

to each bin�

		



��� Acceptance cuts

The Montecarlo events that are reconstructed �i�e� at least one reconstructed vertex

with two tracks for charged events� at least four photon candidates for neutrals� are

selected with the same cuts that are applied to the real data�

The geometrical acceptance of the NA�� detector is de�ned by the standard cuts

listed below�

CHARGED EVENTS� tracks must fall in the acceptance of spectrometer� LKr

calorimeter �to identify electrons from Ke� � and MUV counters �to identify muons

from K�� �

� �� cm � radial track position at DCH ����� � ��
 cm%

� track extrapolation inside standard LKr �ducial volume� including inner radial

cut at �� cm%

� distance from closest LKr dead cell � � cm� The list of dead cells �not including

the dead column� changes along the sample�s statistics following the actual

situation of 	� run%

� dead column cut� remove events having track extrapolation at LKr with

jX � �
cmj � � cm %

� MUV �ducial volume� remove events having track extrapolation inside a

square with side of �� cm and outside a square with side of ��
 cm�

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

far enough to be resolved

� standard LKr �ducial volume� with inner radial cut at �� cm%

� distance from closest LKr dead cell � � cm%

� dead column cut� remove events having clusters with

jX � �
cmj � � cm %

� distance between � clusters � �
 cm�

�





The largest acceptance di
erence between KS and KL is expected to come from

the inner hole of drift chamber �� where the two beams are still vertically separated

by � ��� cm� This asymmetry is evident by looking at the distributions of the

momentum asymmetry variable

ASP �
jP
� j � jP
� j
jP
� j" jP
�j �����

which isKS �KL symmetric by construction� being simply proportional to the cosine

of the �� production angle in the K� rest frame �� The drift chamber hole produces

an acceptance di
erence for events with large ASP � having a track close to the beam

pipe �see �g� ����� Nevertheless� a cut against large ASP values is needed to reject

)� � p�� events in the KS beam� Figure ��� shows how the energy�dependent

ASP cut

ASP � MIN�
���� ��
� � �

�� � Ekaon�

can be used to minimize the acceptance di
erence betweenKS and KL � by removing

the events with tracks close to the central hole in a symmetric way� The same

e
ect cannot be achieved using the radial position of tracks� which is not KS � KL

symmetric� as shown in �gure ����

The other standard cuts of the ���� analysis� mainly motivated by background

rejection� which have been included in the acceptance correction� are the following

ones�

CHARGED EVENTS�

� pion momentum �P
� � �
 GeV�c %

�In fact� if p is the modulus of the pion momentum and � the �� production angle in the K	

rest frame� in the lab frame we will have

jP�� j �
r�


Kp cos � � �K
K
p
p� � 
cm���

��
� 
p sin ��� � p
K

�q
� � 
cm��p�

� � cos �

�

jP�� j �
r�

�
Kp cos � � �K
K
p
p� � 
cm���

��
� 
p sin ��

� � p
K

�q
� � 
cm��p�

� � cos �
�

ASP � cos �q
� � 
cm��p�

�
�

cos �p
m�
K�
m

�
K � �m�

��
� ���� cos �
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ASP (before cut)ASP (before cut)
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KS/KL

100 < Ekaon < 110 GeV

ASP (before cut)ASP (before cut)
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130 < Ekaon < 140 GeV

ASP (before cut)ASP (before cut)
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160 < Ekaon < 170 GeV
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Figure ���� Comparison of ASP distributions for KS and KL in various energy bins�
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KS - KL relative difference (unit=σ)KS - KL relative difference (unit=σ)KS - KL relative difference (unit=σ)KS - KL relative difference (unit=σ)KS - KL relative difference (unit=σ)KS - KL relative difference (unit=σ)KS - KL relative difference (unit=σ)
Ekaon (GeV)

A
S

P

Figure ���� KS � KL relative di
erence� expressed as a number of �� as a function
of kaon energy and ASP � The line drawn on the plot shows the applied ASP cut�

� track �t quality � �
 � %

� closest distance of approach �CDA� of the tracks � � cm %

� time di
erence of tracks � � ns %

� center of gravity �cog� at LKr surface � �
 cm %

� lifetime cut c� � ��� where c� � Z���c�S %

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

timing cut is not simulated�� to take into account pion decay%

� jM
�
� �MK�j�c� � � � ������MeV " Ekaon � 
�

����� MeV %

� �p�T �
� � 
�


� �GeV�c�� �

NEUTRAL EVENTS�

� � � E� � �

 GeV %

� cog at LKr surface � �
 cm %
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70 < Ekaon < 80 GeV
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100 < Ekaon < 110 GeV

track radial position at drift chamber 1track radial position at drift chamber 1 cm

KL
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KS/KL
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130 < Ekaon < 140 GeV

track radial position at drift chamber 1track radial position at drift chamber 1 cm

KL
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160 < Ekaon < 170 GeV

track radial position at drift chamber 1track radial position at drift chamber 1 cm

KL
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KS/KL
cm

Figure ���� Comparison of radial distributions of tracks at drift chamber � in di
er�
ent energy bins�
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Figure ���� Acceptance for KL events as a function of energy and c� for various
energy bins�
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DATA
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Mean
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         430781
  2.446
 0.9635

cog for KL→ π0π0cog for KL→ π0π0 cm

Figure ���� cog distributions for the four decay modes for both real data and MC
events� We see that the pro�les of the two beams are quite di
erent� but the distri�
butions for neutral and charged events are very similar so that the e
ect of the cut
cancels in the double ratio�
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Figure ���� MC distributions of �P �
T �

� for KS and KL events before and after the
rejection of �� �
� decay
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DATA
MC
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Mean
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           7350
 0.2247E-04
 0.1569E-04

(PT’)2   3 < cog < 6(PT’)2   3 < cog < 6
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Mean
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           7350
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Figure ���� �P �
T �

� distributions �in GeV ��c�� for real KS data� in di
erent ranges
of cog� The Montecarlo distributions are also shown �normalized to the real data
for the �rst plot�� Though the simulation of tails for �P �

T �
� � 
�


� GeV ��c� is

not accurate� one can see that� as expected from the Montecarlo� they are generated
essentially by misreconstruction and not by the halo�
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Figure ��	� Acceptance correction from charged and neutral events separately� as a
function of kaon energy� The cog cut is not applied in this plot�

� no extra clusters with energy � ��� GeV within � � ns %

� c� � ��� %

� best ��
�
� � ����

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

�gure ����

Table ��� shows the KS �KL symmetry of each cut� The asymmetry introduced

by the cog cut is due to the KS beam halo and is expected to be compensated

between charged and neutral events �see �g� ����� The p�Tp
�
Tp
�
T variable has been de�ned

in order to be symmetric for ���� events� but it introduces an asymmetry for events

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

pion decay �CDA� MUV� M
�
�� are also applied �see also �gure �����
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cut ��AKS ��� ��AKL ��� � ��� � �AKS�AKL ���
CHARGED EVENTS

reconstructed ��� � vertex� ����
� � 
�
�
 ����	� � 
�
�
 �� �
���� � 
�
��
P
 � �
 GeV�c� track Q � 
�� ��
�� � 
�

� 
�		� � 
�

� �
 
�
	� � 
�

�
CDA � � cm ����� � 
�

� ����� � 
�

� 
 
�
�
 � 
�

	
#Ttrack � � ns 
�
�� � 
�

� 
�
�� � 
�

� 
 
�

� � 
�

�
RDCH cut ����� � 
�
�� ����� � 
�
�� �� �
�
�� � 
�
��
ASP cut �����	 � 
�
�� �����
 � 
�
�� �
 
���� � 
�
��
cog cut ����� � 
�

	 ����� � 
�

� 
 ����
 � 
�
��
LKr �ducial volume 	���� � 
�
�� 	��	� � 
�
�� �
 �
�
�� � 
�
�

LKr dead cells ����� � 
�

� ����� � 
�

� �	 
�

� � 
�
�

LKr dead column ����� � 
�
�� ����� � 
�
�� �
 �
�
�� � 
�
��
c� � ��� 
�	�� � 
�

� 
�	�� � 
�

� �� 
�

� � 
�

�
MUV �ducial volume ����� � 
�
�� ��	�� � 
�
�� �	 
���� � 
�
��
MUV hit rejection ����� � 
�
�� ����
 � 
�
�� 
 
�

� � 
�
��
M
�
� cut ���	� � 
�
�� ����� � 
�
�� 
 
�
�
 � 
�
��
�p�T �

�cut ����� � 
�
�
 ��	
� � 
�
�� 
 ������ � 
�
��
�p�T �

� " anti���decay cuts 	�
�� � 
�
�� 	�

� � 
�
�� 
 
�
�
 � 
�
��
NEUTRAL EVENTS

reconstructed ��� � clusters� ������ � 
�
�
 ������ � 
�
�
 �� 
�
�� � 
�
�	
� � E� � �

GeV 	���
 � 
�
�� 	���� � 
�
�� �� 
�
�� � 
�
��
LKr �ducial volume �
���� � 
�
�� �
���� � 
�
�� �� �
�
�� � 
�
��
LKr dead cells ����� � 
�
�� ����� � 
�
�� �� 
�
�� � 
�
��
LKr dead column ����	� � 
�
�
 ����
� � 
�
�
 �� �
���� � 
�
��
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 cm ����� � 
�

	 ����� � 
�

	 �� 
�
�
 � 
�
�

cog cut ������ � 
�
�
 ���
�
 � 
�
�	 � ���	� � 
�
�	
no extra cluster ����
 � 
�
�� ����� � 
�
�� �� �
�

� � 
�
��
c� � ��� ������ � 
�
�� ������ � 
�
�� �� 
�
�	 � 
�
��
��
�
� � ���� ���
�� � 
�
�� ���	�� � 
�
�� �� 
���� � 
�
��

Table ���� Fraction of lost events from each cut �independently from the others��
with respect to the number of reconstructed events� The fraction of reconstructed
events with respect to the generated sample is given in the �rst row� The correlation
factor and KS � KL symmetry are also shown�
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Figure ��� shows that the tails in transverse momentum going over the p�T cut are

not essentially enhanced by the KS halo �events with high cog� so that there is no

evidence for interference between the cog and p�T cuts� This means that a detailed

simulation of the halo and of the tails in the spectrometer reconstruction are not

essential for the acceptance correction� The systematic uncertainty in the correction

coming from the halo simulation will be discussed in section ����

The �nal acceptance correction as a function of kaon energy is plotted in �g�

��	� without applying the cog cut in order to disentangle the charged and neutral

contributions� One can see that the acceptance di
erence mainly comes from the

charged events in the hardest part of the spectrum�

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

table ����

Energy bin �MC

�
 � �
 GeV ��


� � 
�

��
�
 � 	
 GeV 
�		�� � 
�

��
	
 � �

 GeV 
�			� � 
�

�	
�

 � ��
 GeV ��

�� � 
�

��
��
 � ��
 GeV 
�			� � 
�

�	
��
 � ��
 GeV ��

�
 � 
�

�

��
 � ��
 GeV ��

�� � 
�

��
��
 � ��
 GeV ��

�
 � 
�

��
��
 � ��
 GeV ��
�
� � 
�

��
��
 � ��
 GeV ��

�� � 
�

��

global ��

�� � 
�


�

Table ���� Acceptance correction in energy bins

��� Some data�MC comparison

In �gures ���
 to ���� the distributions of the most important variables �such as

Rdch and ASP for charged tracks� X and Y LKr cluster position for neutral events�

obtained with the Montecarlo simulation are compared to the distributions of real

data� after normalizing to the same number of events for each bin�

Though the e
ect of ine�ciencies is not taken into account in the simulation�

the distributions for KS ad KL are well reproduced and� what is more important�

��




70 < Kaon Energy < 80 GeV

ASP  KS → π+π-

MC

ASP  KS → π+π-

DATA

ASP  KL → π+π-ASP  KL → π+π-

KS/ weighted KLKS/ weighted KL

100 < Kaon Energy < 110 GeV

ASP  KS → π+π-

MC

ASP  KS → π+π-

DATA

ASP  KL → π+π-ASP  KL → π+π-

KS/ weighted KLKS/ weighted KL

130 < Kaon Energy < 140 GeV

ASP  KS → π+π-

MC

ASP  KS → π+π-

DATA

ASP  KL → π+π-ASP  KL → π+π-

KS/ weighted KLKS/ weighted KL

160 < Kaon Energy < 170 GeV

ASP  KS → π+π-

MC

ASP  KS → π+π-

DATA

ASP  KL → π+π-ASP  KL → π+π-

KS/ weighted KLKS/ weighted KL

Figure ���
� DATA�MC comparison of the ASP distributions before the ASP cut�
The contribution of )� not present in the simulation� is evident in the real KS

sample�

���



70 < Kaon Energy < 80 GeV

R at drift chamber 1  KS → π+π-

MC

R at drift chamber 1  KS → π+π-

DATA

cm

R at drift chamber 1  KL → π+π-R at drift chamber 1  KL → π+π- cm

KS/ weighted KLKS/ weighted KL cm

100 < Kaon Energy < 110 GeV

R at drift chamber 1  KS → π+π-

MC

R at drift chamber 1  KS → π+π-

DATA

cm

R at drift chamber 1  KL → π+π-R at drift chamber 1  KL → π+π- cm

KS/ weighted KLKS/ weighted KL cm

130 < Kaon Energy < 140 GeV

R at drift chamber 1  KS → π+π-

MC

R at drift chamber 1  KS → π+π-

DATA

cm

R at drift chamber 1  KL → π+π-R at drift chamber 1  KL → π+π- cm

KS/ weighted KLKS/ weighted KL cm

160 < Kaon Energy < 170 GeV

R at drift chamber 1  KS → π+π-

MC

R at drift chamber 1  KS → π+π-

DATA

cm

R at drift chamber 1  KL → π+π-R at drift chamber 1  KL → π+π- cm

KS/ weighted KLKS/ weighted KL cm

Figure ����� DATA�MC comparison of track radial position at drift chamber ��

���



70 < Kaon Energy < 170 GeV

R at drift chamber 1  KS → π+π-

MC

R at drift chamber 1  KS → π+π-

DATA

cm

R at drift chamber 1  KL → π+π-R at drift chamber 1  KL → π+π- cm

KS/ weighted KLKS/ weighted KL cm

Figure ����� Detail of radial position distribution in the most inner region of drift
chamber �� where we �nd the largest acceptance asymmetry� that is well reproduced
by the Montecarlo� The distributions contain all the energy bins� but a momentum�
dependent weight has been applied to the MC events in order to match the energy
spectra of real data�

���



70 < Kaon Energy < 80 GeV

X at LKr calorimeter  KS → π0π0

MC

X at LKr calorimeter  KS → π0π0

DATA

cm

X at LKr calorimeter  KL → π0π0X at LKr calorimeter  KL → π0π0 cm

KS/ weighted KLKS/ weighted KL cm

100 < Kaon Energy < 110 GeV

X at LKr calorimeter  KS → π0π0

MC

X at LKr calorimeter  KS → π0π0

DATA

cm

X at LKr calorimeter  KL → π0π0X at LKr calorimeter  KL → π0π0 cm

KS/ weighted KLKS/ weighted KL cm

130 < Kaon Energy < 140 GeV

X at LKr calorimeter  KS → π0π0

MC

X at LKr calorimeter  KS → π0π0

DATA

cm

X at LKr calorimeter  KL → π0π0X at LKr calorimeter  KL → π0π0 cm

KS/ weighted KLKS/ weighted KL cm

160 < Kaon Energy < 170 GeV

X at LKr calorimeter  KS → π0π0

MC

X at LKr calorimeter  KS → π0π0

DATA

cm

X at LKr calorimeter  KL → π0π0X at LKr calorimeter  KL → π0π0 cm

KS/ weighted KLKS/ weighted KL cm

Figure ����� DATA�MC comparison of the X cluster position distributions for neu�
tral events� The presence of the dead column is evident

���



70 < Kaon Energy < 80 GeV

Y at LKr calorimeter  KS → π0π0

MC

Y at LKr calorimeter  KS → π0π0

DATA

cm

Y at LKr calorimeter  KL → π0π0Y at LKr calorimeter  KL → π0π0 cm

KS/ weighted KLKS/ weighted KL cm

100 < Kaon Energy < 110 GeV

Y at LKr calorimeter  KS → π0π0

MC

Y at LKr calorimeter  KS → π0π0

DATA

cm

Y at LKr calorimeter  KL → π0π0Y at LKr calorimeter  KL → π0π0 cm

KS/ weighted KLKS/ weighted KL cm

130 < Kaon Energy < 140 GeV

Y at LKr calorimeter  KS → π0π0

MC

Y at LKr calorimeter  KS → π0π0

DATA

cm

Y at LKr calorimeter  KL → π0π0Y at LKr calorimeter  KL → π0π0 cm

KS/ weighted KLKS/ weighted KL cm

160 < Kaon Energy < 170 GeV

Y at LKr calorimeter  KS → π0π0

MC

Y at LKr calorimeter  KS → π0π0

DATA

cm

Y at LKr calorimeter  KL → π0π0Y at LKr calorimeter  KL → π0π0 cm

KS/ weighted KLKS/ weighted KL cm

Figure ����� DATA�MC comparison of the Y cluster position distributions for neu�
tral events�

���



a good agreement is found for the ratio of KS to KL� showing that the acceptance

di
erences are well understood in the simulation� In all plots the real KL events

are weighted� For the real events� the e
ect of mistagging is subtracted from the

neutral KS events� while the charged events are identi�ed by mean of the vertex�

��� Systematic error from beam geometry

The imperfection in the simulation of the beam line geometry can produce a system�

atic bias of the calculated acceptance correction� To give an estimate of such e
ect�

the geometry of the two beams has been changed in the simulation until the agree�

ment with the real data is lost� to see the corresponding changes of the acceptance

correction�

We have tried to shift the beams along the x and y coordinates and we see that

the simulation reproduces the vertex position distribution within � � mm �see �g�

������

To evaluate the e
ect of such small displacements we don�t need di
erent sets

of Montecarlo data� because the events which are not reconstructed before the shift

�due� for example� to a track missed in the beam pipe� are too far from the �ducial

volume to be accepted after the shift� Thus� we apply the shift to the tracks and

clusters of the same set of events before applying the acceptance cuts�

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

Montecarlo events with the function

w��� � � "A � exp��� � ���������� �� ���	�

�� � x or y generated vertex position for KS or KL �

�to conserve the correlation the same weight must be applied to both events of each couple�
but� because of the uncorrelation of the transverse vertex position� the weight changes the e�ective
position distribution for one beam only�
The equations ������� become

aS�L
 �

P
i wiX

S�L

iP

iwi
	�aS�L� �

N
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i
wiX
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i �� � 
PiwiX

S�L

i ��

N 

P

iwi�
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so that the events in the peak have a weight �� " A� with respect to the events in

the tails�

We see that a conservative range for A is � �
 � �see �g� ������

The variations of the correction with these changes in the simulation are shown

in �gure ����� The order of the e
ect is a few �
��� similar for KS and KL� We

observe that the shift has a larger e
ect than the change of shape� and that the

beam x position is the most critical variable� To understand why� the exercise has

been repeated after releasing one by one the main acceptance cuts �see table �����

This shows that the sensitivity to the shift comes essentially from the presence of the

dead column �see �gure ������ In fact� in the absence of this sharp dishomogeneity

of the calorimeter surface� all variations are within �� � �
���
X shift Y shift X shape Y shape

�� mm �� mm �� mm �� mm A����� A����� A����� A�����
KS

all cuts �
�� �
�� ���� ���� ���� ���� ���� ����
all cuts but DCH accept� �
�� �
�� ���� ���� ���� ���� ���� ����
all cuts but LKR accept� ���� �
�� ���� ���� ���� ���
 ���� ����
all cuts but dead column ���� ���� ���� ���� ���
 ���� ���� ����
all cuts but dead cells ���� �
�� ���� ���� ���� ���� ���� ����
all cuts but MUV accept� �
�� �
�� ���� ���� ���
 ���� ���� ����

KL

all cuts ���� �
�� ���� ���� ���
 ���� ���� ����
all cuts but DCH accept� ���� �
�� ���� ���� ���� ���
 ���� ����
all cuts but LKR accept� ���� �
�� ���
 ���� ���� ���� ���� ����
all cuts but dead column ���� ���� ���� ���� ���
 ���� ���� ����
all cuts but dead cells ���� �
�� ���� ���� ���� ���
 ���� ����
all cuts but MUV accept� ���� �
�� ���� ���� ���� ���� ���� ����

Table ���� Variations of the acceptance correction �units �
��� after changing the
beam geometry� with di
erent sets of cuts�

����� The e�ect of dead column

In the sample used so far� we have applied geometrical cuts against the dead

calorimeter cells �including the dead column�� but the missing cells were not sim�

ulated in the Montecarlo� Thus� the photon energy misreconstruction around the

dead column is not taken into account and a possible underestimation of its e
ect

could arise�

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

dead cells� With this new sample the correction becomes ��

�� � 
�


�� which

���



X vertex KS

Entries
Mean
RMS

        3195855
-0.7978E-01

 0.4321

MC

DATA

cm

X vertex KS
cm

X vertex KS
cm

Figure ����� X vertex distribution for real and Montecarlo KS events� In the bottom
plots� the MC distributions have been shifted by � � mm� producing a sizeable loss
in agreement with real data�

Y vertex KL

Entries
Mean
RMS

        3192159
 0.1629E-01

  1.068

DATA

MC  A= 0

MC  A= 0.3

MC  A=-0.3

Figure ����� Y vertex distribution for real data and Montecarlo events with di
erent
weight parameter A�
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KL
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Figure ����� E
ect on the acceptance correction of the changes in the simulated
beam geometry�

X shift

all cuts
no dead column cut
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C
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Y shift
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A  for X shape
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A  for Y shape
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C
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) 
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4

Figure ����� Sensitivity of the correction to theKS beam geometry with and without
the cut against dead column
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is compatible� within statistical errors� with the previous value� Nevertheless� the

sensitivity to the shift along x of the beams is much larger ��g� ���	�� but is over�

estimated because the photons that are not properly reconstructed because of the

dead column� but would have been after the shift� cannot be recovered� However�

the result should be reasonable if the shift is small with respect to the cell size ��

cm��

To summarize� the estimation of the systematic from the beam geometry in

connection with the presence of the dead column is too optimistic when using the

�rst sample and too pessimistic using the second one� From the plot of �g� ���	 we

conclude that a conservative estimate of this e
ect is an uncertainty of �� � �
���

X shift

sample 1

sample 2

mm

(α
M

C
-1

) 
10

4

Figure ���	� Sensitivity of the correction to the shift along x of KS beam with the
two sample of neutral events �sample � includes the simulation of dead cells��

��




��� Other possible sources of systematic error

����� KS beam halo

In the previous section we have tried to change the shape of the beam core� We

try now to estimate the e
ect of the uncertainty in the simulation of the KS beam

halo� which� as discussed in section ���� could generate some asymmetry in the p�T

distributions�

We consider as halo particles the KS having �K � 
�� mrad� where

�K �

s�
Px
Pz
� ��
�� � �
���

��

"

�
Py
Pz
� ����� � �
���

��

����
�

is the angle between the kaon direction and the nominal KS beam axis�

From the data�MC comparison of the �K distributions ��g� ���
� we see that the

halo is reproduced within � �
 �� Thus� we estimate the systematic error from the

variation of the acceptance correction after applying a weight to the halo events in

the simulation between 
�� and ���� From the result shown in �g� ���� we conclude

that the error is �� � �
���

����� Invariant mass cut

The cut on the ���� invariant mass around the K� mass for the charged events�

has been included in the simulation� though the resolution of the spectrometer is

not well reproduced in NASIM� Although no KS �KL asymmetry is expected to

be produced by this cut� we have checked for a possible e
ect by varying the mass

window of the cut�

The result ��g� ����� shows that the e
ect should not exceed �� � �
���

��� Comparison with uncorrelated MC

The o�cial Montecarlo sample of �		� analysis consists of �
 � �
� events for each

of the � decay modes �corresponding to �� GBytes of data�� generated using NMC

without KS �KL correlation�

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

acceptance correction is the inverse of the double ratio obtained from the Montecarlo

���



Entries
Mean
RMS

        2102433
 0.2758E-03
 0.1309E-03

θK for KS events

DATA

θK for KS events

MC

halo

DATA/MCDATA/MC

± 50 %

Figure ���
� Comparison of the �K distributions for Montecarlo and real KS events
for events selected without the cog and p�T events�

Weight for the KS halo

(α
M

C
-1

) 
10

4

± 50 %

± 2 10-4

Figure ����� Behavior of the acceptance correction with the weight applied to the
halo events �having �K � 
�� mrad��
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Mππ cut σ

(α
M

C
-1

) 
10
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Figure ����� Behavior of the acceptance correction with the width of the mass
window for ���� events� expressed in � of spectrometer resolution�

events� We get

��MC�uncorr� � ��

�� � 
�

�� ������

that is compatible� within the statistical error� with the correction computed with

correlated NASIM ���

�� � 
�


��� No disagreement is found between the two

simulations also after plotting the correction as a function of energy ��g� ������

As discussed in section ���� some approximations are introduced by the corre�

lation method which are not present in the uncorrelated Montecarlo� To evaluate

their e
ect� the uncorrelated events have been analyzed as the correlated ones� in

order to introduce the same approximations� the correction has been computed in

bins of true energy and the �ducial volume for KL events has been de�ned using the

generated z vertex position instead of the reconstructed one� We obtain that the

global correction changes by ��� � �
�� �see also �g� ������ showing that the error

introduced by the correlation technique can be neglected with respect to the total

statistical and systematic error quoted so far�

���



Uncorrelated NMC

correlated NASIM

Kaon Energy (GeV)

αM
C

Figure ����� Comparison of the acceptance correction obtained with correlated
NASIM and uncorrelated NMC

�
Uncorrelated NMC

standard analysis

″correlated-like″ analysis

Kaon Energy (GeV)

αM
C

Figure ����� Comparison of the acceptance correction obtained from the uncorre�
lated NMC sample using two di
erent analyses� the standard one �equivalent to
the analysis on real data� and the correlated�like one� where the approximations
described in section ��� are introduced�

���



��� Stability of the double ratio with the accep�

tance cuts

We perform now a check of the behavior of the acceptance correction by varying the

main acceptance cuts in both real data and MC events and looking at the stability of

the measured double ratio� We expect that the �raw� double ratio changes mainly

because of the acceptance e
ects� though other systematic e
ects possibly depending

on the geometry� as trigger ine�ciencies or accidental activity� could arise�

In �gures ���� and ����� the double ratio R� corrected only for mistagging and

background� is plotted as a function of the radial cuts at drift chamber � and LKr

calorimeter� before and after the acceptance correction�

By varying the DCH radial cut between �� and ���� cm� we get a maximum

variation of R of �� � �
�� before the acceptance correction� that becomes 	 � �
��
after it is applied� For the LKr cut between �� and ���� cm� we pass from �	 � �
��
to �� � �
���

From the di
erence #N of the statistics in each decay mode between the two

extreme cases� we can naively estimate the expected statistical �uctuation of R as

�R �

s
#N��

L

�N��
L ��

"
#N��

S

�N��
S ��

"
#N��

L

�N��
L ��

"
#N��

S

�N��
S ��

������

In both cases we �nd �R � � � �
���
We conclude that no evidence for systematic e
ects larger than �
�� �and not

necessarily coming from the acceptance correction� is found�

��� Conclusions

The acceptance correction to the double ratio has been evaluated using a correlated

sample of Montecarlo events�

The main contribution to the systematic error is found to come from the uncer�

tainty in the simulation of beam geometry� estimated to be �� � �
���
This error is due essentially to the presence of the dead column� so that is expected

to become � � � �
�� for the analysis of �		� data�

No other e
ect producing a systematic beyond ���
�� has been found� By adding

in quadrature the contributions of beam geometry and KS halo� we quote a total

���



Rdch (cm)

R

Before acceptance correction

After acceptance correction

Figure ����� The double ratio R� measured on 	� data �corrected only for mistagging
and backgrounds�� as a function of the inner radial cut at the �rst drift chamber for
charged events�

Rlkr (cm)

R

Before acceptance correction

After acceptance correction

Figure ����� The same as previous plot varying the inner cut at LKr for both charged
and neutral events�
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systematic error of �� � �
���
The correction computed using the correlated Montecarlo sample is thus

��MC�corr� � ��

�� � 
�


� �stat��� 
�


� �syst�� ������

Since we have veri�ed that the correlated Montecarlo method does not introduce

relevant biases� we quote the �nal acceptance correction as the weighted average of

the correlated and uncorrelated samples�

�MC � ��

�� � 
�


� �stat��� 
�


� �syst�� ������

���





Chapter 	

KS�KL interference and pure KS

in the 
KL� beam

So far� we have silently assumed to deal with two pure beams of KS and KL

particles� Actually� a relevant fraction of the K� � �� events from the highest

energy part of the KL beam is due to pure KS and KS�KL interference� The

size of the interference term depends from the production asymmetry parameter

D � �NK� �N �K����NK� "N �K��� whose a priori knowledge is rather approximate

�� �
 ��� In this chapter we present our analysis aimed to measure D directly from

the �		� data and to estimate the e
ect on the ���� measurement of the interference

and KS terms �including the uncertainty on D��

��	



��� Introduction

The time evolution of a particle state initially created as a K� � �K�� is

j
�t�i �
N

��� ��

�
e�i

c�MKSt

� e
� t
��S jKSi � e�i

c�MKLt

� e
� t
��L jKSi

�
�����

where t is the kaon proper time and N a normalization constant� The rate of ��

decays for a K� � �K�� can thus be written as

!

 � jh��jT j
�t�ij� �

�
jN j�
j� � �j�

�
e
� t
�S " j�j�e� t

�L � �j�jcos
�
c�#Mt

�
� 	

�
e
� t
�

�
�
�S

� �
�L

�� �����

where

� �
h��jT jKLi
h��jT jKSi � j�jei� #M � MKL �MKS

If we deal with a mixture of NK� K� and N �K�
�K�� the number of decays in the

laboratory frame with kaon momentum PK at a distance Z from the production

target� will be� neglecting terms of o�j�j��

r

�Z�PK� � e
� ZMK
�SPK " j�j�e�

ZMK
�LPK "

� �D�PK�� �Re���� j�je�
ZMK
�PK

�
�
�S

� �
�L

�
cos

�
c�#M

�

ZMK

PK
� 	

� �����

where

D�PK � �
NK� �N �K�

NK� "N �K�

�����

In �g� ��� the relative contribution of not�pure�KS in the KS beam and not�

pure�KL in the KL beam has been computed after integrating the di
erent con�

tributions between zAKS and zAKS " ��� c�S � assuming a constant value of 
�� for

D�PK� �� We get that the �impurity� of the KS beam is at the level of a few �
���

while for the KL beam it reaches �� � in the highest energy part of the spectrum� so

that it should be considered in the ���� analysis� by including it in the KL weighting

�the other constants used in equation 
���� are 
from PDG 	�����

MK � ������
 MeV�c
� c�S � 
����
 cm c�L � ���� cm

c�M�� � ����� cm�� j�j � 
�
� � ���� � � ��� rad

��




function�

w�Z� �
r

�Z � ZKST �

r

�ZAKS � ZKST �
� r

�ZAKS � ZKLT �

r

�Z � ZKLT �
� e

� �Z�ZAKS�MK
c�S PK � r

�ZAKS � ZKLT �

r

�Z � ZKLT �
�����

where ZKST and ZKLT are the positions of the beam targets�

The largest uncertainty in estimating this contribution comes from the produc�

tion asymmetry parameter D� whose value in the energy region relevant for NA��

can be inferred from NA�� measurements and theoretical models with � �
� accu�

racy� From now on� we will neglect �Re��� with respect to D�

��� Measurement of the production asymmetry

parameter D

We now try to extract D directly from the �		� data sample� by comparing the Z

vertex distributions of the events N�Z� from the two beams� in energy bins� Being

the acceptances the same to a �rst�order approximation� the ratio of KS to KL

distributions can be �tted with the function

f�Z%A�D� � A
r

�Z � ZKST � PK%D�

r

�Z � ZKLT � PK %D�
� A

exp
�
� �Z�ZKST �MK

c�SPK

�
r

�Z � ZKLT � PK%D�

�����

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

beams� that is momentum dependent�

The �t has been done in �
 energy bins between �
 and ��
 GeV� The charged

decays are identi�ed by mean of the vertex� while for the neutral decays we have to

correct for the mistagging� so that the quantities to be �tted with f are

R���Z� �
N��
S �Z�

N��
L �Z�

�����

R���Z� �
N��
S �Z�

N��
L �Z�

��� �LS�� �LS �����

Due to the di
erent way in which the beginning of the �ducial region is de�ned

for the two beams� the two distributions have very di
erent shape close to the AKS

position� Thus� the �t must begin at a distance from the AKS dAKS much larger
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Figure ���� Fraction of �impure� � pion decays within ��� c� from AKS� A constant
value of 
�� for D has been used in both cases� Note the di
erent scale in ordinate�
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than the Z vertex position resolution� We choose dAKS � ���m for charged events

and dAKS � ��
m for neutral events� after having checked the stability of the result

with this parameter �see �gure �����
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Figure ���� Behavior of the D values �obtained for the range ��
 � EK � ��
 GeV�
varying the beginning of the �ducial region� The arrows mark the �nal choices�

To check for the possible e
ect of the acceptance di
erence� the acceptance ratio

AL�AS as a function of PK and z has been computed using the sample of correlated

MC events used in the analysis of previous chapter� that gives a small statistical

error with respect to the real data� We �nd that for charged events the acceptance

ratio tends to increase with z� producing a possible underestimation of D� Thus�

the measured ratio has been corrected for the acceptance ratio ��

Figures ��� and ��� show the result of the �ts for some energy bins� As we could

expect from �g� ���� we obtain sensible values forD only for kaon energy� ��
 GeV�

�To contain the statistical error� the acceptance ratio has been obtained in bins of 
 m� The
correction applied to a given z value is obtained by linear interpolation of the closest 
 points�
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Figure ���� Ratio of KL to KS acceptance as a function of z for the highest energy
bins�

To test the coherence of this procedure� the values of the normalization parameter

A�p� obtained independently using charged and neutral events� are compared in �g�

��� and they show to be compatible�

The e
ect of the acceptance correction is shown in �g� ���� As expected� we get

a relevant e
ect only for charged events�

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

�g� ��	� From the weighted average of the two measurements we get the following

results�
Kaon energy �GeV� D

��� 
��� � 
���
��� 
��	 � 
�
�
��� 
��� � 
�
�
��� 
��� � 
�
�

The systematic error can be conservatively estimated as the size of the acceptance
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Figure ���� Results of the �t for charged events� For each energy bin� the vertex
distributions of KL events are also shown� overlayed with the distributions of KS

events divided by the �tted ratio� The two parameters of the �t are A ��P� ��
���
and D ��P���
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Figure ���� Results of the �t for neutral events� The two parameters of the �t are
A ��P� ��
��� and D ��P���
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Figure ���� Comparison of normalization constants obtained from the �ts of charged
and neutral events�
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Figure ��	� Final values of D obtained from charged and neutral events�
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correction� that is 
�
��

The results are in good agreement with the expectations from the NA�� mea�

surements ���� ���� as shown in �g� ���
�

expected from NA31

NA48

Ekaon (GeV)

D

Figure ���
� Comparison of measured D values with expectations from NA�� mea�
surements�

��� E
ect on ����

If we explicit the ���� parameter in equation ����� using

��� �
�
� "

��

�

�
��� �

�
� � �

��

�

�

��	



and we neglect Im����� � �	�� � 	�� � 	�� we can write the measured double ratio

for a given bin as

R �
R Z��

f

Z��
i

a���Z�w�Z�
��
�� �Re

�
��

�

��FL�#ZL� "
�
�� �Re

�
��

�

��FI�#ZL� " FS�#ZL�
�
dZR Z��

f

Z��
i

a���Z�w�Z�
��
� " �Re

�
��

�

��FL�#ZL� "
�
� "Re

�
��

�

��FI�#ZL� " FS�#ZL�
�
dZ

�

R Z��
f

Z��
i

a���Z�FS�#ZS�dZR Z��
f

Z��
i

a���Z�FS�#ZS�dZ

���	�

where

� Zi and Zf de�ne the �ducial decay region%

� #ZL � Z � ZKLT and #ZS � Z � ZKST are the distances from the beam

targets%

� a�� and a�� are the acceptances for neutral and charged events� assumed to

be equal for KS and KL%

�
w�Z� �

r

�Z � ZKST �

r

�ZAKS � ZKST �
� r

�ZAKS � ZKLT �

r

�Z � ZKLT �

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

trarily� normalized to � at the AKS position%

�

FL�Z� � j�j�e�
ZMK
�LPK ����
�

FS�Z� � e
� ZMK
�SPK ������

FI�Z� � D�PK�j�je�
ZMK
�PK

�
�
�S

� �
�L

�
cos

�
c�#M

�

ZMK

PK
� 	

�
������

After de�ning the integrals of the di
erent contributions

LX �

Z Zf

Zi

a�Z�w�Z�FX�#ZL�dZ SX �

Z Zf

Zi

a�Z�FX�#ZS�dZ �X � L� I� S�

��




we get� to the �rst order in ���� �

R �
L��
L " L��

I " L��
S

L��
L " L��

I " L��
S

� S
��
S

S��
S

��
� � �Re

�
��

�

��
�

�

L��
L " L��

I ��

L��
L " L��

I " L��
S

"
�

�

L��
L " L��

I ��

L��
L " L��

I " L��
S

��
�

� A �
�
�� �Re

�
��

�

�
� ��� ��

� ������

Thus� two e
ects can be disentangled�

a� a systematic e
ect on R if the weighting function� due to the uncertainty on

D� doesn�t take into account the interference term correctly� producing A �� �%

b� a dilution of ���� by the factor ��� ���

����� Systematic on R

The ratio A has been computed in �
 energy bins between �
 and ��
 GeV� A

di
erence between the true D and the values used in the weighting function has

been simulated�

#D � �D�true � �D�estimated

where for �D�estimated we use the values of NA�� �	� obtained in section ��� for

EK � ��
 GeV� and those inferred from NA�� for lower energy�

The acceptance functions have been computed using version �� of the NASIM gen�

erator�

The result is shown in �gures ���� and ����� Being the e
ect dominated by the

last three energy bins� we can use an uncertainty� � 
�
� for D� resulting in an error

of � � � �
�� for the average double ratio�

The smallness of the e
ect is due to the similar behavior with Z of the accep�

tances for charged and neutral events ��g� ����� in the highest energy bins� The

computation of A has been repeated after applying a distortion function

	�Z� � � " �a

�
�

Z � Zmin

Zmax � Zmin
� �

�
������

�We add in quadrature the statistical error obtained from the �t and the estimated systematic

������

���



independently to a�� and a��� varying �a between � � � �this uncertainty has

been estimated from data�MC comparison of z vertex distributions for KS events��

The resulting changes of A are contained within a few �
��� so that the size of the

systematic on R is not essentially changed�

In �g� ���� the exercise has been repeated without taking into account the

interference and KS terms in the weighting function�

w�Z� � e
� �Z�ZAKS�MK

PK

�
�
�S
� �
�L

�
������

In this case a correction to the measured R value should be applied� amounting to

����� �� �
�� for the last bin and ������ ��
� �
�� on average�

����� Dilution of �
��

The dilution factor ����� has been obtained� varying the trueD value as before �see

�g� ���� and ������ This term depends very weakly on the acceptance functions�

The e
ect reaches �� � in the last bin but on the average is

� � ����� 
��
 �

that is negligible for NA���

��� Conclusions

The presence of KS�KL interference and pure KS decays in the KL beam must be

considered in the ���� analysis by including it into the KL weighting function �or�

less naturally� by applying an energy�dependent correction to the measured double

ratio��

The production asymmetry parameter D can be directly measured from the

NA�� data with the same level of accuracy of the values inferred from the NA��

measurements� We get a con�rmation of the expectations that make us more con��

dent about the values to be used in the analysis�

The systematic e
ect on the double ratio from the uncertainty on D turns out

to be limited to � � �
���

The dilution of ���� due to the interference and KS terms� integrated between �


and ��
 GeV� is also negligible� being ���� � 
��
 ��

���
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Figure ����� Systematic e
ect on the double ratio induced by an error #D on the
production asymmetry parameter used in the weighting function�
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Figure ����� Systematic e
ect on the average double ratio� The lines mark our
choice of � 
�
� for the uncertainty on D�

���



ΔD=-0.1

ΔD=-0.05

ΔD=0

ΔD=0.05

ΔD=0.1

Ekaon (GeV)

(A
-1

) 
   

 (
10

-4
)

Figure ����� The same as �g� ����� but without taking into account the interference
and KS terms in the KL weighting function�
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Figure ����� E�ciencies as a function of c� for charged and neutral events
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Chapter �

The measured value of ���� from
�

� data

During a �� days run in September � October �		�� NA�� took the �rst data with

all its detector components successfully installed� We have derived the double ratio

from these data� by computing all the needed corrections� introduced in chapter ��

according to the procedures developed inside the collaboration� The obtained result

for Re������ is given�

���



��� Summary of cuts

The data are �rst selected by rejecting all the runs and single bursts where some

pathological behavior in one or more detector was identi�ed�

We summarize in the following all the cuts that were applied at event level� Most

of them have been already described and justi�ed in the previous chapters�

COMMON CUTS�

the event time is given by the charged hodoscope for charged events and by the LKr

for neutral ones�

� no DCH over�ows in the range � ����� ns around the event time%

� no MBX deadtime bit at event time%

� KS events are identi�ed by the presence of a proton in the tagger within � �

ns around the event time%

� no hits in the AKS within � � ns around the event time for identi�ed KS

events�

CUTS FOR CHARGED EVENTS�

cuts are applied for each identi�ed vertex in the event� If more than one vertex

passes the cuts� the event is counted only once�

� event acquired by MBX trigger%

� kaon energy obtained from angle �equation ����� between �
 and ��
 GeV%

� the reconstructed charges of the two tracks must have opposite sign%

� track momentum � �
 GeV�c� �� of track �t must be good%

� closest distance of approach � � cm %

�
ASP �momentum asymmetry� � MIN�
���� ��
� � �

�� � Ekaon�

� position of tracks at DCH ����� must be at least �� cm away from the center

of chamber%

���



� jM
�
� �MK�j�c� � � � ������ MeV" Ekaon � 
�

����� %

� �p�T �
� � 
�


� �GeV�c�� with the production target chosen according to vertex

identi�cation%

� center of gravity at LKr �see eq� ����� � �
 cm %

� track extrapolations within LKr acceptance� including an inner radial cut at

�� cm� and a minimum distance of � cm from the dead column and the other

dead cells%

� E �in GeV from LKr� � P �in GeV�c from DCH� � 
�� �clusters are matched

with tracks with a cut of �
 cm on the distance between the cluster center of

gravity and the extrapolated track position�%

� track extrapolations within MUV acceptance �outside a square of side �� cm

and inside a square with side of ��
 cm� both centered on the KL beam axis�%

� track extrapolations must not match MUV hits� both in space and time �within

� � ns�%

� c� � ��� �using energy from angle�%

� hodoscope time must have been reconstructed�%

� di
erence of track times within � � ns %

� vertex time within � �
 ns from the center of the trigger timeslice�

CUTS FOR NEUTRAL EVENTS�

� event acquired by NUT ���� trigger%

the following cuts apply to single clusters �the cluster center of gravity is used to

de�ne the position��

� photon energy between � and �

 GeV %

�the ine ciency of hodoscope time reconstruction is around ��
 � and has been checked to be
the same for KS and KL with negligible error

��	



� cluster inside LKr �ducial volume� at least � cm away from the dead column

and the dead cells%

for events having at least four photon candidates� the following cuts are applied to

all the possible ��cluster combinations�

� distance between any two photon candidates � �
 cm %

� time di
erence between each cluster and the average of the four � � ns %

� total energy between �
 and ��
 GeV %

� center of gravity �see eq� ���	� � �
 cm %

� c� � ��� %

� no extra clusters with energy � ��� GeV within � � ns the average time%

� ��
�
� � ����

If more than one combination pass all cuts� the one with lower ��
�
� is used�

Selected events for the four decay modes are counted in �� energy bins� The KL

events are weighted with the function in ������

��� Mistagging

Since the events are identi�ed by mean of the tagger� the KS events NS and the

weighted KL events NLw must be corrected for the mistagging� To this extent�

we also count the �mistagged� events NSm and NLm� namely the events which are

tagger�identi�ed as KL �KS � but are treated as KS �KL � for what concerns the

weight and the Z � 
 cut� Following the notations of section ���� we denote with n

the corresponding true quantities and with �LS and �SL the mistagging probabilities�

����

����
NLw � nLw��� �LS� " �SLnSm

NS � nS�� � �SL� " �LSnLm

NLm � nLm��� �LS� " �SLnS

NSm � nSm��� �SL� " �LSnL

�����

��
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Figure ���� Mistagging probabilities for charged events� measured as a function of
energy�

These relationships can be inverted to get the correction formulae

nLw �
��� �SL�NLw � �SLnSm

� � �SL � �LS

nS �
��� �LS�NS � �LSnLm

� � �SL � �LS

�����

The �LS and �SL parameters are measured for the charged mode by identifying

the events with the vertex and by looking at the tagger response� We �nd

���
LS � 
����
 � 
�


� �

���
SL � ����� 
�
�� � �
��

They are found to be independent from energy� as expected ��g� �����

These values are used to correct the event counts in each energy bin for both

charged and neutral modes� while we treat the di
erences #�LS and #�LS �see ����

and ����� as systematic corrections� Their e
ect on the double ratio is estimated

by changing ���
LS and ���

SL within the estimated range and looking at the resulting

variations of R� We obtain�

#�LS � ��
 � �� � �
�� �� #R � ��� � 	� � �
��

���



#�SL � � � � �
�� �� #R � � � � �
��

in good agreement with the expected e
ect �eq� ������ The statistical errors on

���
LS � �

��
SL � nLm� nSm lead to an uncertainty of � � �
�� on R�

��� Charged Background

In order to estimate the background contamination of the KL � ���� sample� that

is expected to come only from Ke� and K�� decays� two samples of KL events with

a well identi�ed electrons or muons are selected� The Ke� sample is obtained by

applying all cuts of the charged selection but the invariant mass� p�T � and E�P cuts�

and requiring instead a well identi�ed electron using E�P � 
�	� The same is done

for the K�� sample� where the anti�� cut is released instead of E�P �and the muon

is identi�ed asking for a time coincidence of � � ns between event and MUV hit

times� The events in this sample are weighted as the KL ones�

The di
erent shape of the �M���p�T
�� distributions for the � samples �KS � KL �

Ke� � K�� � can be used to derive the background levels by �tting theKL distribution

as the sum of the other � distributions with free coe�cients� in some control region

where the shapes are very di
erent� The distributions are shown in �gure ���� Events

in all four samples are vertex�identi�ed�

In the present analysis we use a simpler and robust method� consisting in inte�

grating the distributions in the signal region� and in the two control regions shown

in �g� ���� These are chosen in order to have a small contribution from signal �ob�

tained from the KS � and di
erent ratios of K�� to Ke� contributions� They have to

be out of the kaon mass region in order to avoid the e
ect of high�pT events from

the collimators of the KL beam line �discussed in section ����� The KL events in

the control regions will be the sum of three contributions�

�
NL� � 	�N�� " 	eNe� " 	sNS� �CR��

NL� � 	�N�� " 	eNe� " 	sNS� �CR��
�����

The contribution of signal �	s parameter� can be obtained by normalizing the KS

and KL distributions at the peak �p�T
� � � � �
�� �GeV�c��� jM�� � MKj � ���

MeV�c�� and is found to be relatively small �� �
��� so that the uncertainty in the

���
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Figure ���� Distributions of p�T
� versus M�� for the four event samples used in

charged background analysis� The signal and control regions are also shown�
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Figure ���� Computed fractions of K�� and Ke� events to be subtracted from KL

charged events�

normalization does not introduce a signi�cant error� The other two parameters are

obtained by inverting equations �������
	� � �NL���sNS��Ne��Ne��NL���sNS��

D

	e � N���NL���sNS����NL���sNS��N��
D

�����

where

D � N��Ne� �Ne�N��

is the determinant of the equation system� that is inversely proportional to the

errors on 	� and 	e� This is why the control regions have been chosen in order to

have a very di
erent ratio of the Ke� to K�� events �N���Ne� � N���Ne� � �

��

The resulting values of 	e and 	� allow to compute the number of K�� and Ke�

events in the signal region� The result is shown in �g� ���� as a function of energy�

The background turns out to be dominated by Ke� events and amounts� on the

full energy spectrum� to 
��� � 
�
� �� where the error is the statistical one� The

systematic error is estimated to be � � � �
�� by repeating the computation with

di
erent control regions and looking at the corresponding change of the result� The

���



computed fraction of background events is subtracted from the KL charged sample

for each energy bin�

��� Neutral Background

As anticipated in section ������ the contamination of KL � ��� events in the neutral

sample can be directly measured on the data themselves by looking at the tails of

the ��
�
� variable using the following procedure�

� a control region �CR� is chosen in the ��
�
� distribution� well outside the signal

region ��
�
� � ����� We will use �� � ��

�
� � ��� %

� the amount of signal in the control region� due to misreconstruction� is esti�

mated from the selected KS � ��� events� after having subtracted the con�

tribution of mistagged KL � The KS and KL distributions are normalized

in each energy bin using the events having ��
�
� � ���� that have negligible

contamination%

� the di
erence between the KL and KS events in the CR results� as expected

from MC simulations� in a nearly �at distribution that is linearly extrapolated

backward to get the background level under the signal region� An extrapola�

tion factor of ��� � 
��� obtained from Montecarlo to account for uncertainty

in the shape of the background ��
�
� distribution� is applied�

Fig� ��� shows the KL and normalized KS distributions for two di
erent bins

and for the full energy range �the KS one is obtained as a sum of all the distributions

normalized in each bin��

The use of the KS events as an estimator for the signal requires some con�

siderations� Bad �� for good ��� events are produced by the tails of the energy

reconstruction� that are not symmetric� being the main source the already cited

energy underestimation due to hadron photoproduction� This means that signal

events in the CR are shifted on average towards the calorimeter by the reconstruc�

tion� distorting the decay z distribution� For the KL case� being the original decay

distribution nearly �at� the events that� though generated at z � 
� enter the �ducial

region� are compensated by those leaving the �ducial region at the opposite bound�
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80 GeV < Ekaon < 85 GeV

KS

80 GeV < Ekaon < 85 GeV

 KL

χ2

150 GeV < Ekaon < 155 GeV150 GeV < Ekaon < 155 GeV χ2

70 GeV < Ekaon < 170 GeV70 GeV < Ekaon < 170 GeV χ2

CR

Figure ���� Distributions of ��
�
� for KL events� compared with the same distribution

for KS events� normalized to KL in the very �rst bins� The di
erence of the two
gives the level of background in the KL sample�
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Zvertex  80 GeV < Ekaon < 85 GeV

 KL

Zvertex  80 GeV < Ekaon < 85 GeV

KS

cm

a)

AKS

Zvertex  150 GeV < Ekaon < 155 GeVZvertex  150 GeV < Ekaon < 155 GeV cm

b)

Zvertex  70 GeV < Ekaon < 170 GeVZvertex  70 GeV < Ekaon < 170 GeV cm

c)

Figure ���� Reconstructed Z vertex distributions �in cm from KS target� for the KS

and KL events in the control region �� � ��
�
� � ����
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Fraction of neutral background in weighted KL
Ekaon (GeV)

Figure ���� Computed level of ��� background in the �nal KL sample� as a function
of kaon energy�

ary �c� � ���� though generated inside�� For the KS beam� the AKS veto avoids to

have gains and losses around z � 
 and the only e
ect is the average event loss from

c� � ���� statistically negligible because of the KS lifetime� In fact� if we compare

the Z decay distributions for KS and KL in the CR� we see that the distributions

are quite di
erent� but for the low�energy bins for which no relevant background

is expected from Montecarlo� the integrals are indeed compatible within errors �see

�g� ���a�� For higher energies� the background appears at large values of Z ��g�

���b�� Thus� it is strongly suppressed by the KL weighting�

The fraction of background events as a function of energy is showed in �g� ����

It is subtracted in each energy bin from the KL � ���� sample� The average on

the whole energy spectrum is ��
 � �� � �
��� where the error is dominated by the

�This is strictly true only if we neglect the acceptance variation with Z� Since a �� � accuracy
on the background estimation is su cient� the approximation is fully justi�ed�
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Figure ���� Measured charged trigger e�ciency for KS and weighted KL events
�identi�ed by mean of the vertex��

uncertainty on the extrapolation factor�

��� Charged Trigger E
ciency

The e�ciency of the trigger chain can be measured separately for KS and weighted

KL events �vertex�identi�ed� using the control triggers� as discussed in section ������

We get

KS � 
�	��� � 
�

�
 weighted KL � 
�	��� � 
�

��

The correction coming from the measured di
erence is applied for each energy bin

�see �g� ����� and the e
ect on the average R is

�#R�charged trigger � ��� ��� � �
��

��� Neutral Trigger E
ciency

The e�ciency for KS and weighted KL � measured by mean of the NHOD triggers�

are

KS � 
�		�� � 
�


� weighted KL � 
�		�� � 
�

�


��	



Though the comparison is limited by the statistical accuracy of the control sam�

ples� the smallness of the ine�ciency makes the possible e
ect on the double ratio

negligible� since rate e
ects are not expected to generate a di
erence of ine�ciency

larger than �
 ��

��� Accidental activity

The events overlayed with random events �described in section ��	� are used to

account for a potentially di
erent accidental activity a
ecting KS and KL events�

We use all the overlayed events� independently from the random type� rejecting

only random events containing a dead time condition �over�ow or MBX dead time

bit�� Events are identi�ed with the tagger for both decay modes� and then corrected

for mistagging�

The selections of events before and after the overlay are compared� and the

following quantities are computed for each decay mode�

the number of lost events Nl� i�e� the events accepted before the overlay and

rejected afterwards%

the number of gained events Ng� i�e� the events rejected before the overlay and

accepted afterwards%

the di
erence of the weights for events accepted both before and after the

overlay�

#W �
X

w�Z ���
X

w�Z�

The resulting values� normalized to the events before the overlay �
P

w�Z�"Nl��

are shown in �gures ��� and ��	�

The total variation �gains"#W�losses� is about �� � for charged events� dom�

inated by the DCH over�ows that arise after the overlay� and ���� � for neutrals�

dominated by the ��
�
� cut�

In the neutral case there are more losses and gains for KL than for KS � This is

due to the average increase of energy in LKr after the overlay� that moves backward

the reconstructed vertex� causing event losses at the beginning of the �ducial region�

and gains at its end� Neglecting the acceptance variation with Z� the losses are
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KL  → π0π0 Ekaon (GeV)
KL  → π0π0KL  → π0π0KL  → π0π0KL  → π0π0KL  → π0π0KL  → π0π0 KS  → π0π0 Ekaon (GeV)

KS  → π0π0KS  → π0π0

fraction of losses

KS  → π0π0KS  → π0π0

fraction of gains

KS  → π0π0KS  → π0π0

Δweight

gains + Δweight - losses
Ekaon (GeV)

gains + Δweight - lossesgains + Δweight - losses

KL

gains + Δweight - lossesgains + Δweight - losses

KS

Figure ���� E
ect of overlays for neutral events� The total losses� gains and change
of weight are normalized to the number of events before the overlay� The last bin
�after the vertical line� refers to the full energy spectrum
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KL  → π+π- Ekaon (GeV)
KL  → π+π-KL  → π+π-KL  → π+π-KL  → π+π-KL  → π+π-KL  → π+π- KS  → π+π- Ekaon (GeV)

KS  → π+π-KS  → π+π-

fraction of losses

KS  → π+π-KS  → π+π-

fraction of gains

KS  → π+π-KS  → π+π-

Δweight

gains + Δweight - losses
Ekaon (GeV)

gains + Δweight - lossesgains + Δweight - losses

KL

gains + Δweight - lossesgains + Δweight - losses

KS

Figure ��	� E
ect of overlays for charged events�
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exactly balanced by the gains and the average increase of the event weight �the

e
ect is analogous to the one discussed in the neutral background section�� In fact�

the total event variation �gains"#W�losses� is found to be the same for KS and

KL �

The total energy variation after the overlay causes� especially in the neutral case�

event migration from one bin to another� This is taken into account in #W when

doing the analysis in energy bins �indeed� its value can be non null also for KS

events�� We can also notice the increase of losses and gains in the �rst and last bins�

due to migration across the energy range boundaries� However� the average shift

of the energy spectrum is limited to a few �
 MeV� so that no signi�cant slope is

generated�

The correction for each decay mode is

Ntrue

Nmeasured
�

P
w�Z� "NlP
w�Z �� "Ng

The correction on the double ratio results to be compatible with zero and no

trend with energy is observed� Thus� we apply a global correction to R� computed

to be

�#R�accidentals � �� � ��� � �
��

��� Regenerated KS in the KL beam

The charged events that are rejected by the p�T cut were expected to be background or

badly reconstructed signal events� The invariant mass distributions for such events

shows instead a clear signal peak ��g� ���
�� only in the KL case� The number of

events under the peak is obtained by �tting the mass distribution with a gaussian

plus a linear function� The result is that the signal events are 	�� � � � of the

high�pT events �p�T
� � 
�


� GeV��c�� that pass the invariant mass cut �in�mass

events��

The origin of these events has been identi�ed ���� by extrapolating the recon�

structed kaon direction back to the position of �nal collimator� After subtracting the

contribution of background� obtained from the properly normalized distribution for

high�pT out�of�mass events� a peak corresponding to the position of the collimator

border is observed �see �g� ����� � The decay distribution can be obtained in the
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  25.32    /    46
Norm   62.88   10.11
MK  0.4976  0.2630E-03
σ  0.1445E-02  0.2192E-03
Const   2281.   22.49
Slope  -4297.   44.80

High pT KL events M+- (GeV/c2)

Figure ���
� Mass distribution for high pT KL events�

Radius at final col.  high pT  out of mass cm

Radius at final col.  high pT  in mass cm

Radius at final col.  high pT  in mass corrected cm

Figure ����� Distributions of radial kaon position� extrapolated backward at the
position of the �nal collimator� The �rst two plots are for the high pT out�of�mass
and in�mass samples� The third one is obtained by subtracting the out�of�mass
distribution� normalized to the 	
�� � of the in�mass events� from the second plot�
The hatched region corresponds to the lips of the collimator�
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same way and is compatible with the KS lifetime ��g� ����a�� Thus� the e
ect is

presumably due to KS regeneration in the lips of the �nal collimator� It is worth to

stress that� due to the geometry of the KL collimators� the regenerated kaons must

have been scattered by both the de�ning and cleaning collimators�

The number of events of these kind that are accepted �having p�T
� �
�


�

GeV��c�� is estimated by extrapolating backward the number of events as a function

of p�T
� ��g� ������ The error is estimated by comparing the results obtained with

di
erent �t functions �exponential or polynomial functions�� We �nd that the total

number of high�pT event is a fraction

f��regen � ��� � �� � �
��

of the charged KL sample� and the accepted events are a fraction

f��regen low pT
� ����� 
��� � �
��

Since the same events are expected to contaminate the neutral sample� where

they cannot be identi�ed� we need to apply a correction to R amounting to

�#R�regen �
� " f��regen low pT

� "A f��regen

where the factor A accounts for the acceptance e
ect� In fact� since the KS regener�

ated events have in principle a di
erent energy spectrum ��g� ����b� and a di
erent

decay distribution than the KL ones� their neutral and charged acceptances are not

in the same ratio than for the KL sample�

A �
R Emax
Emin

dE
R ���
S
�

dZ a���Z�E�e��Z�
S�E� �dN�dE�regenR Emax
Emin

dE
R ���
S
� dZ a���Z�E�e��Z�
S�E� �dN�dE�regen

� N
��
L

N��
L

where a�Z�E� are the acceptance functions� �dN�dE�regen the energy decay spectrum

of regenerated events� and the factor e��Z�
S�E� comes from the product of the nat�

ural decay distribution and the weighting function� The spectrum can be extracted

from the energy distribution of the charged events� that has been parametrized

�hatched curve of �gure ����b��

Using the acceptances derived from our Montecarlo sample� we have computed

A � 
�	�
��� where the error is dominated by the uncertainty on the spectrum �we

have applied an extra slope of ��
 ���

 GeV��

���



  32.42    /    33
Constant   4.128  0.1049
Slope -0.9990  0.1488

cτ  high pT  in mass corrected

a)

Energy high pT in mass corrected GeV

b)

Energy high pT in mass corrected

Figure ����� Longitudinal decay vertex �in KS lifetimes� and energy distributions
for the high�pT events after background subtraction� A cut on the radial position
at �nal collimator between ��� and ��� cm is also applied�

high pT events from mass fit

 0.6971    /     4
P1   5.053  0.3628
P2  -509.0   117.4

pT′2 (Gev2/c2)

Figure ����� Number of �tted high�pT events in bins of p�T
��
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We conclude that the correction is

�#R�regen � ���
� �� � �
��

��� Energy scale

The e
ect of the uncertainty on the neutral energy scale #� � �� � �
�� given in

section ����� has been measured by repeating the analysis after applying a scale

factor ��� ��
�� to the measured cluster energies� and looking at the corresponding

changes of R� As expected from expression ����� we get

�#R�neutral energy scale � � � � �
��

If we combine in quadrature this error with the uncertainties on transverse scale�

linearity� uniformity� photon energy and position corrections� �quoted in section �����

we get to a total systematic error from neutral reconstruction

�#R�neutral reconstruction � � �� � �
��

���� The result

The statistics of the selected events from the �		� run is shown in table ��� before

any correction� leading to a double ratio� averaged over the energy bins� of 
�	���

� 
�

�� �

mode KL � ���� KL � ���� KS � ���� KS � ����

unweighted ����� 	���
 �
�	�	 ���
�	
weighted �����	 ������

Table ���� �		� event statistics in thousand of events�

The set of corrections that have to be applied� described throughout this thesis�

are listed in table ����

We de�ne the �systematic� error on R as the uncertainties on these corrections�

even if most of them are of statistical nature� since the accuracy of the corrections

is often limited by the statistics of the control samples �it is the case for the e
ects

of charged trigger and accidentals� that are the largest sources of uncertainty��

���



The double ratio is plotted as a function of energy in �g� ����� after all the

corrections that have been obtained in energy bins� The �� for the hypothesis of

a value independent on energy is ���� with �	 degrees of freedom� A suspected

energy dependence of the result has been ruled out after extensive checks on all

the sources of systematic error� Furthermore� this apparent trend with energy is

strongly disfavored by the three additional data points outside the nominal energy

range that are shown as well in �g� ���� but have not been used in the analysis�

E
ect per bin Correction ��
�

mistagging using ���
LS � �

��
SL yes " �� � �

mistagging #�LS no " �� � �
mistagging #�SL no � �
���� background yes " �� � �
���� background yes � � � �
charged trigger e�ciency yes " � � ��
acceptance yes " �� � �
accidental activity no " � � ��
KS regeneration no ��
 � �
Neutral reconstruction no � ��
Charged reconstruction no � �
Total "��� � ��

Table ���� Systematic corrections applied to the double ratio� In the �per bin�
column we have speci�ed which correction are applied in energy bins� In this case
the correction to R is obtained from the di
erences of the averaged values before
and after the correction�

The corrected double ratio is R � 
�	��� � 
�

�� � 
�

��� leading to�

Re

�
��

�

�
� ����� � ��� � ���� � �
��

By adding the statistical and �systematic� errors in quadrature� we get the �nal

result

Re

�
��

�

�
� ����� � 
��� � ����

�the small di�erence between the result of the present analysis and the published one 	
��� that is
well within the systematic uncertainties� is due to small di�erences in the methods used to compute
the corrections and to the di�erent Montecarlo sample we have used 
only the uncorrelated MC
was used in the o cial analysis��
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Figure ����� Result for the double ratio in energy bins� The corrections and uncer�
tainties that have been applied for the full energy spectrum� and not on a bin by
bin basis� are not included� Three energy bins outside the nominal energy range of
the analysis ��
 to ��
 GeV� have been added as a check against a possible energy
dependence of the result�
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Conclusions

This thesis was devoted to the �rst result of the NA�� experiment on direct CP

violation in kaon decays� It is the �rst outcome of a large experimental project�

started in �		
� involving �� institutions��

We have entered the collaboration in �		�� when the detector was completed

and the data used in this analysis were being acquired� Thus� though we have

participated to the data�taking during �		� and �			� our work in the experiment

was mainly devoted to o'ine data analysis�

The determination of the value of Re������ from the �		� data sample involved

the long and accurate work of many people� In this thesis we have introduced the

analysis by summarizing our understanding of the strategy adopted in the collabo�

ration to deal with the various e
ects that a
ect the measurement�

We have then discussed in detail our personal studies through which we have

contributed to the �nal result� The di
erences in acceptance for the KS and KL

beams have been investigated using a correlated Montecarlo technique that helped

us in disentangle the various e
ects and allowed to obtain the required statistical

accuracy with a relatively small sample� We have shown that the systematic uncer�

tainty on this correction is limited to less than � � �
�� on ���� � Furthermore� it is

dominated by the discontinuity in the active calorimeter volume due to a column

not connected to HV during the �		� data�taking� so that the error will be smaller

for the analysis of the data acquired afterwards�

We have also investigated the e
ect on the analysis of the �impurities� in the KL

beam� namely the contribution to �� decays from pureKS and KS �KL interference�

�The NA�� collaboration is� Cagliari� Cambridge� CERN� Dubna� Edinburgh� Ferrara� Florence�
Mainz� Orsay� Perugia� Pisa� Saclay� Siegen� Torino� Vienna� Warsaw�
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We have directly measured the amplitude of the interference term that is found to

be consistent with the expected mixture of K� and �K� in the KL beam line� We

have also shown that� if the impurities are properly taken into account in the KL

weighting function� the e
ect on ���� � averaged over the nominal energy range� is

limited to a few �
���

Finally� we have developed a computer program to compute the double ratio and

all the main corrections that have to be taken into account� following the procedures

developed inside the collaboration� The result is

Re

�
��

�

�
� ����� � ���� � �
��

that reproduces the o�cial result recently published by the collaboration �����

Though the accuracy of the measurement is still poor with respect to the poten�

tiality of the experiment� this result by itself strongly points to a non�zero value of ���

con�rming the result of the foregoing experiment NA�� Re
�
��

�

�
� ����
� ���� � �
��

and the recent result from KTEV Re
�
��

�

�
� ����
 � ���� � �
�� ����

The analysis of the �		� data sample demonstrated the e
ectiveness of the tech�

nique used in NA��� In fact� the accuracy of the result was limited by the statistics

of the main sample and of the control samples used to evaluate the e
ect of the

trigger e�ciency and of the accidental activity� Prospects for the on�going analysis

of the data acquired during the �		� and �			 runs� corresponding to a statistics

about seven times larger than the �		� one� are thus very good� Another year of

data�taking is foreseen to complete the �� program� in order to reach the aimed

accuracy of � � �
�� on Re������ �

���
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