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Abstract

Re(€'/€) is an important parameter to establish the direct CP violation. CERN
NA48 experiment took data, for Re(e'/€), from 1997 to 2001. The decay rates of
neutral kaons (K, ¢) in two pions were measured using two collinear beams and the
four decay modes were collected simultaneously. The experimental design allows the

cancellation of symmetrically contributing systematic effects on the double ratio R

defined as

[(K,—=m7[(Kg—ntn~
R:FEngn%O;FEKf:ww—; ~ 1 —6Re(¢'/¢)

2001 data taking was devoted to take additional data, check the stability of the mea-
sure with respect to preceding years (different duty cycle and longer spill of the SPS
beam, lower primary proton momentum, new drift chambers), and perform refined
studies on accidental activity and beam intensity variations.

The installation of two new beam monitors was required with integrated output
in four different time windows from 200ns to 15us. With these simple new devices
a better understanding has been achieved on the accidental activity related to the
beams and, as a consequence, the error on the corresponding correction to R has been
lowered as expected.

Main subject of this dissertation is my work on:

- new beam monitors installation, their performances and data quality

- study of beam intensity variations

- analysis on beam-induced accidental activity.

Both last two items are based on beam monitors data and other techniques such as

Overlay Monte Carlo.
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Introduction

Contents NA48 is a CERN experiment located on K12 SPS beam line. Until year 2001
the Re(€'/€) measurement in Ky g — 7"~ decays was its primary goal [3, 2, 1].
During 2002 the experiment, named NA48/1 [4], took data according to the Kg rare
decays program and in 2003 NA48/2 [5] will run with K™K~ beams.

Re(€'/€) determination is achieved through the double ratio of decay rates:

'Ky — m7)[(Kg — 7t7r)

R—
['(Kg — 070K, — mtr—)

~ 1 —6Re(€ [e) (1)

As K; and Kgs beams are collinear and the four decay modes are simultaneously
collected in the same fiducial volume, it is possible to cancel systematic effects with
symmetric contributions on Long/Short or Charge/Neutral modes. After background
subtraction we are led to a counting erperiment in which only the number of good
events enter in the double ratio:

N(Kp — 7)) N(Kg — 77 )

f= N(Kg — m71)N(Ky, — ntn) 2)

and the further effort is evaluating the systematics effects due to residual asymmetries.

2001 was the last year devoted to Re(¢'/e) measure. This last run was very
important to reach a precise understanding of beam related accidental activity and
its influence on Re(€'/¢) . It was also a stability test on previous measures since there

were significant differences and improvements with respect to the past:

e the primary proton beam intensity and the accelerator duty cycle were different:
the end of LEP activities granted a longer spill delivered to NA48 with lower
momentum protons. These conditions give lower instantaneous intensity in the

detector.



e new drift chambers, rebuild after the 1999 beam pipe implosion in which all the
four chambers were damaged.

The 2000 run was devoted to systematic checks and others Kg and K, decays.

I report here the NA48 results for the different data taking periods:

sample | Re(€'/e)

1997 | (15.3 +2.3)x107* [1]

199-99 | (15.0 & 2.7)x10~* [2]

2001 | (13.7+3.1)x10* [3]

and the NA48 Re(€'/e) result on overall data taking from 1997 to 2001:
Re(e'/e) = (14.7 £ 2.2)x104[3]

First part of this thesis is devoted to theory and experimental setup: CP vi-
olation in Standard Model with particular attention to the kaon system (Chapter
1), NA48 experimental method, beam lines and detector (Chapter 2). The second
part is focused on beam intensity and accidental activity effects. The beam monitors
and their data quality are introduced (Chapter 3), the way of studying the different
effects due to accidental activity and intensity variations (Chapter 4) are then in-
spected and finally (Chapter 5) the beam monitors applications alone and related to
other techniques to determine the relative correction to R are presented.

In App.A we will see a particular case of event losses: the overflows in drift
chambers read-out and the test on the new read-out prototype. The new read-out,

that is overflow free, has been commissioned and installed during the 2002 run.



Chapter 1

CP violation

1.1 Discrete symmetries P, C, T

Even if continuous symmetries are very important, being related to generalized
current conservation, we will ignore them to concentrate on the discrete symmetries.

The fundamental discrete symmetries are correlated to the following operation:

e Parity P: inversion of space coordinates Zto -2

e Charge conjugation C: exchange a particle to its anti-particle (e.g. e — e,

¢ —1q).
e Time reversal: exchanges t to —t

The mathematics underlying to symmetry treatment is the group theory. We make
use, to describe discrete symmetries, of a finite group containing only two elements:
the identity e and an element g satisfying ¢*> = e (e.g. ¢g=P,C,T). The invariance
under g means that its representative unitary (P and C case) or anti-unitary (T case)
operator U(g) commutes with the physical state Hamiltonian H: [U, H] = 0.[9]
Strong and electromagnetic interactions are both P and C invariant, while weak
interactions violate both P and C and also their product CP, even if this last one is a
very small violation. CP violation, manifests itself as an asymmetry in the properties
of matter and anti-matter, and may concur to explain the enhancement of matter

over anti-matter evolved in the early stage of the Universe ! .

! Sakharov, in 1967, postulated that it was possible to start with a Universe symmetric in matter
and antimatter amounts, and make an asymmetrical one if three conditions are satisfied: 1) baryon
number violation, 2) C and CP violation and 3) deviation from thermal equilibrium [12].



We will ignore for the time being this small CP violation effect. All hadrons
and leptons experience weak interactions hence they can undergo weak decay, but are
often hidden by the much more rapid strong or electromagnetic decays (e.g. 7™ — 7).
However, 7+ and p are special cases: the 7 is the lightest hadron and 7% can not
decay in 27 as m° (charge conservation). For this reason the weak decay 7= — p 7,
is the dominant one ! .

Neutrinos experience only weak interactions (are colorless and electrically neu-
tral) and only Left-Handed neutrino (v;) and Right-Handed anti-neutrino (vg) are
observed: the absence of the mirror’ images (vz) and (7;) is a violation of parity
invariance and we say that weak interactions violate P maximally. The fact that
neutrino is massless  (or if massive its mass can be ignored in this contest) force it
to be in a defined helicity state: negative for v;, and positive for 7g.

The decay 7~ — p~7, is drawn in Fig. (1.1)(d). Performing a parity (momen-
tum inversion, spin unaltered) or charge conjugation transformation (spin inversion,
momentum unaltered, particle to anti-particle) we obtain a neutrino, or anti-neutrino,
in a wrong helicity state.

This is the reason why we can have 7+ — p*v,;, but not the:

e P transformed process 7t — putv,g Fig. (1.1)(b): P violation

e C transformed process 7~ — p~ 7, Fig. (1.1)(c): C violation
while the CP process 7= — 7, Fig. (1.1)(d) is allowed and
I'(rt = pty,) =T(n~ — p v,g) because of CP invariance. 9]

1.2 CP violation in neutral kaon system

1.2.1 A bit of history

In 1964 CP violation has been observed in neutral kaons’ decays [6]. At that

time Christenson, Cronin, Fitch and Turlay recorded the K, , supposed to be a CP

! Due to lepton number conservation the p~ does not decay in the electromagnetic process
1~ — e~ 7, its dominant decay is thus the weak p= — e 7.y,
2 otherwise performing a Lorentz transformation it is possible to change a vrto vg



(@) (¢) Not observed
+ - C _ o =
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Not observed

Figure 1.1: CP example: pion decay

eigenstate, decaying in the opposite CP state 777~ thus showing a CP violation
effect of order ~ 2 x 1073,
The observed violation is now known as indirect CP wiolation because it oc-
curs via the mixing of CP eigenstates K; (CP= +1) and K, (CP= —1): K, and
K , the mass eigenstates, are not the CP eigenstates but a mixture of them. Since
K, =K, +€K; the observed indirect violation is a consequence of the K} (cp—11) =77 (cp=41)

and € = (2.271 £ 0.017)x1073[7] is the indirect CP violation parameter.

1.2.2 CP in the Kaon system [10, 14]

Without the weak interaction the kaon system follows the simple two-state
quantum mechanical description and the two strong eigenstates are
|K° >: (ds), strangeness quantum number S= +1
and its antiparticle CP conjugate

K >: (sd), S= —1

The strangeness eigenstates |[K° > and |F0 > are produced by strong inter-
action, that is flavour conserving. On the contrary weak interactions allow flavour
changing thus K 0—Fomixing. The observed mass eigenstates are Kg and K, and mg
and 7g 1, are their masses and lifetimes, therefore the K° (?0) produced by strong in-

teractions seem to be different kind of particles (Kg ) when we study their weak



decays.
To describe the quantum mechanical behavior of the physical states K and
Kg , we start from the strong eigenstates base. Since weak interactions allow their

mixing, the time evolution of the K 0—Fosystem is described by
() K >

i = Hy(t)  ¢t) = 1.1
=T =] (11)

The effective Hamiltonian H, representing the decay, is not hermitian but it is always

possible its decomposition into two hermitian matrices M and I"
e H=M — %F, where M and I' are respectively mass and decay width matrices

i i
My — 5000 Mig — 5T

H= (1.2)

i i
My — 5T91 May — 2T

Moreover H can also be written as the sum of strangeness conserving (H®)

and strangeness violating (H?)) parts

o H=HO® 4+ H® In in the strangeness eigenstate base:

<K \HO|K* > < K°|H®|K° >

H = o o o (1.3)
<KH?|K*> < KHO|KO >

K%nd K are particle and antiparticle so, they have the same mass M, and

decay width T'y because of CPT invariance. Looking at the diagonal elements in

Eq. (1.2) and Eq. (1.3), we can conclude that
° Mll = M22 = MO and FH = F22 = FO
o M(I')y real and M (T")y; = M(I')}, as the hermicity of the matrix require

Finally we can write:

o My —3To Mz — 5T (1.4)

* LT i
My, — 5T, My — 5T



and diagonalizing H the physical states are found to be:

—0
K® > +q¢|K" >] (1.5)

1
|Kg, >= ————1p|
VIp?+ lgf?

where

pl* + g = 1
p  1+F Mis —Tyo '
€ = VM =Ty — /My — T, (1.7)
VMiz = Tig + /M7y — T,
The corresponding eigenvalues are
. i
ms,r, — is,, = (Mo — §F0) + /(M5 — T15) (M, — T7,) (1.8)

with experimental values Am = mg — my, ~ —3.57 x 10 %V and Am~ —%Afy.
If H® were T invariant, CP conservation would hold, and its out-diagonal

elements would be real: M, = M5 and I'], = I';2 leading to
e q/p=lande=0

e Ks =K, and K; =K, : physical states would correspond to CP eigenstates
—0
|Ksp >= K1y >= (|[K* > £[K >)/V/2

but this is not the case, as we have seen.

We can choose the phase of |[K° > and |F0 > such that
¢ CPIK’ >= K >

e if the angular momentum is zero (L=0) the parity of two and three pions final
state are: P(2m) = (—1)*(=1)% and P(37) = (—1)3(=1)°. The 27 and 37 final

states are CP eigenstates with eigenvalues +1 and -1 respectively *

Lif L#£0 it is possible to have CP(37)=+1 and in this case K; can decay also in 37, but 3r is in
any case phase-space suppressed with respect to 27



Kg = M (1‘9)
1+ [€]?
K, +eK

K, = Sefdh (1.10)

V14 [€?
Because K| —27 and Ky —3m are CP permitted, the phase space suppression of the
37 explains the longer lifetime of K; : 7¢ = 0.9 x 1079, 7, = 0.5 x 107 7s.

So far we have seen that the indirect CP violation is related to the K*-K ' mix-
ing and the out-coming 27 (37) from K, (Kg ) decays are, in this scenario, due to the
K, (K, ) component. The weak interaction mixing KOK" is described by the box
diagrams in Fig. (1.2). Since the transition involves the change in strangeness by two

units these diagrams are also known as AS = 2 diagrams.

s W

s d d s
—-— —-— > »
w§ gw

—— —_ = =
d W' 5 s d

Figure 1.2: box diagrams |AS| =2

CP violation in neutral kaon system is dominated by mixing and the possibility
that this is the only source of violation is referred as superweak theory. We can ask
if there is also a direct CP wviolation, i.e. a violation in the decay process itself: when

a CP-even(odd) state decays into a CP-odd(even) one.

K; < Ky + €K, (1.11)
Direct(€') / \‘Indirect(E)
WIS VWi

To understand this process, first of all we define the ratio between CP violation



and CP conserving amplitudes:

A(Kp —»7mtn7) ™
.= = |ng_|e"P*+- 1.12
N A(Ks o) 7+ le (1.12)
A(Kp — 7°7°) oo
= = v 1.13
Moo A(Kg — 7070) m00le ( )

The actual experimental data are |n, | & |no| = 2.2.8 x 1072 and ¢, = ¢go = 44°
If direct CP violation occurs, a difference between the amplitudes

|A(K® —F)| # |A(?0 —F)| is observed [13]. In general if we have an initial state P

and a final state F and A(P—F)# A(P — F) we should observe a difference in the

corresponding decay rates and therefore have a measurable asymmetry:

AP F)-T(F—>F) (1.14)
[P F)+T(P = TF)

We write the amplitudes as the sum of two terms

AP = F) = Aee 4 Ale? e

AP - F) = Ae e 4 Ale™ el

where €'?, ¢’ and €, e’ describe the weak and strong phase-shifts respectively. The
rate asymmetry:

B —2AA"sin (¢ — ¢')sin (6 — §')
AR+ A2+ 244 cos (¢ — ¢') cos (6 — &)

A (1.15)

shows that in order to generate direct CP violation the following requirements have

to be satisfied:

e at least two interfering amplitudes
e two different weak phase-shifts: sin (¢ — ¢') # 0
e two different strong phase-shifts: sin (6 —¢') # 0

Looking at K(/x = 1/2)—2n (I, = 1) the total isospin of the final state can be
[=0,2 (Q=0, B=0, S=0, I3 = 0) since I=1 is excluded by Bose symmetry. There are
three kind of AS = 1 diagrams contributing to the K—z7w  transitions: penguin,

exchange and spectator ( Fig. (1.3) ).
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penguin exchange spectator

T RTN
«Q
=
=
LR
=
/?j
= =l =

i
I'=0, Complex I=0,Real I'=00or2, Real
(a) (b) )

Figure 1.3: Three subprocesses contributing to K w77 |AS| =1

The final states in (a)(penguin) and (b)(exchange) have I=0, whereas in (c)
(spectator) we can have either I=0 or I=2. Direct CP violation manifests itself as a
non-zero relative phase between I=0 and I=2 amplitudes. In the K—77r  diagrams
the penguin introduces the non zero relative phase between I, = 0 and I, = 2

amplitudes, thus allowing direct CP violation. This is due to the fact that:

e the penguin graph involves three different quark generations in the intermediate
state, as a consequence it can give rise to a decay amplitude which is complex

at the quark level.

IR
—Wy—

A

-
d

-
d
Transitions s — d with emission of at least one gluon lead only to I=0 final state

since it can only change isospin by 1/2 unit

x A(s = d ) x ViV

x A(s — d tt) o< VsV

Where V;; are the quark mixing matrix elements (see next section).
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e since ¢g can not have I=2 the W exchange diagram (sd—ut) leads only to a

L. = 0 final state with real amplitude Aj.

e the free quark transitions (s — utid) in which the d of the initial Kaon acts as a

spectator can contribute in the real part of Ay and A,.

In a graphical way we can represent, in the complex plane, the amplitudes Ag
and Ay as [11]:
1=0 =2

Non—penguin Penguin Spectator=Total

B
-

The gluonic corrections to these diagrams generate strong phases, denoted by

Total

0, independent of the weak Hamiltonian form.
AK® = nr(I)) = A AR — mr(I)) = Alel® (1.16)

The weak amplitude A; would be real if CP invariance held. Using the Clebsch-

Gordan coefficients for the combinations of the two [=1 pions

rtrT > = \/7|7r7r I=0> +\/7|7T7r I=2> (1.17)
|07 > = —\/7|7r7r I=0> +\/7|7r7r I=2> (1.18)

the amplitudes for the k—77w  transitions can be written as:

2 . 1 .
AKY - ntn) = \/;Age“so + \/;AQe“h (1.19)
0 0.0 1 0 2 i0
AK® »7n'n’) = — nge ° 4 51426 2 (1.20)

From 7 — 7 scattering analysis evidence of strongly enhancement of I=0 channel with
respect to =2 is found: in the I=0 channel interactions are attractive while they are
repulsive for I=2. Despite of the experimental evidence this rule, also called AT = 1/2

rule, is not justified by any general symmetry consideration and there is no derivation
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of it from QCD’s first principles. As a consequence of the AT > 1/2 suppression with

respect to AT =1/2

AR, otns)  VIAK, o ) F AR, ot ()
A(K, — w070) —A(K, = 707°(0)) + V2A(K, — m07°(2)) '
P »mim) (1.22)

['(Ks; — w070)
and the measured value is 2.18 + 0.3, thus confirming that the Al = 1/2 rule is
approximately valid at this level [15].

In the following we will show that direct CP violation is strictly related to:

A(KY — nr(I = 2))
A(KO — (I = 2))

A(K® — (I
A(K® — (1

” — 8)) (1.23)

)
To simplify the notation we will use [15]
e 0>=|rm(I=0)> [2>=|tn(I=2)>

e weak transition matrix T: < I|T|P >= Are®® < I|T|P >= A%t

such that the previous equation is given by:

<2IT|K%> | <0|T|K° >
1.24
<2|T|K° > 7 < 0|T|K° > (1.24)
and the CP violating/CP conserving ratio 1, _ oo are described by:
<7t |T|Kg >
T ntn=|T|Kg >
< | T| Ky, >
Noo = 00
< 070 T|Kg >
Introducing now
< 2|T|Ks >
s 7 1.25
< 0|T|Ks > (1.25)
I|T|K
e = < IR, > 1=0,2 (1.26)

< IT|Kgs >
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and by means of the Isospin decomposition as defined in Eq. (1.17)

V2 <O0|T|Ky >+ <2|T|Kp >

V2 < 0|T|Ks >+ < 2|T|Ks >
<0|T|K1> + 1 <2|T|Kp> € + 1 <2|T|Kr>
<0T|Ks> " V2<0|T|Ks> 0 \/_<0\T|K5> o

1 <2|T|Ks> o 14« -
L+ V2 <O0T|Ks> V2
1 <2T|Kp> <2T|Ks>

V2 <O|T|Ks> <2[T|Ks>

1+ % N

- =

€y +

60+%&)62 qﬁ—%weg
1+5%  1+%

—|—€0—€0:

€ + (€2 — €) (1.27)

Sk
Sl E

1+
In the same way

— < O|T|KL, > +V2 < 2|T|K, >

— <O0|T|Ks > +V2 < 2|T|Ks >

<OT|Kp> <2\T|KL> - <2\T|KL>
O[T |Ks> \/_<0|T\K > 6 \/_<0|T\K5> B

5 <2AT[Ks> - _ N
L- \/_<0|T\K§> 1— V2w
—V2we;
1—V2w B

1
— V2w (e — €) (1.28)

The universally adopted notation is the following:

Noo =

€ —

SilE

€E=¢€ € (€2 — €9) (1.29)

in which € and €' are respectively the direct and indirect CP violation parameter. To
have direct CP violation we need €5 # €5. We can see how this is related to the K%and
K transition amplitudes taking into account the relations between mass and strong

eigenstates

Ks> = p|lK°> +q|K’ >

K, > = p|K°> —qﬁo >
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we can write the new quantities as

<2T|K°>

= 1+ 121<2\T|K0> < 2|T|K0 > (1 30)
1 4 107K’ > < O|T|K° > '
p <O0|T|K9>
o Q<I\T|F°>
p <IIT|K9>
€ = ————— (1.31)
<IITK’>
L+ %<I|T\K0>
o 4 <2|T|?0>_<0|T|f0> (1.32)
2T T\ <QTIKY > < 0[T|K° > '
From these equations is evident that to have direct CP violation we need
—0 —0
<2[T'K > ,<0T\K >
7 7 direct C'P wiolation (1.33)

<2T|K°> " <0|T|K°>
In terms of weak amplitudes and strong phases referring to Eq. (1.16) decomposition

the following relations are valid:

.S(A — J(A -
oo pAr —qA; ZEREAS + % _ ZEREAj; T ~ Z%AI
I — — p— ~Y
¥ (A7) p— (A7) -
pAr+qA] 1ot dAane T RA,
i R(A2) - (Ar)
_ (pAy +qAd)e 02 _ R(A) T 'R i(62-00) , T2 ia—s0) .
w = 2 = S € NS € ;o |w| ~1/22
(pAo + qAz)e 1 4 3loe RAo
R(Ao)
m s
0] 5 2= 00 ¥
/ w ie270) RA, (A, SAp
€ = —(62 — 6[]) ~ - -
NG V2 R \ R4, RA,
110) A S A SA
€_§R 2 (SA2 S (1.34)
V2RA, \RA,  RA,

From the expression of € in this form is also possible to notice the requirements
on weak (from A; = A;e®7) and strong phase shifts, to allow direct CP violation, as

seen in Eq. (1.15):
%(6,) +— sin (¢2 — d)o) sin ((52 — (50) 7£ 0& d)g 7£ ¢0 and (52 7£ (50
%(6,) <% sin (¢2 — d)o) COS ((52 — (50) §£ 0 ¢2 §£ ¢0

The indirect CP violation parameter e is related to € by [17]:

_+.%Ao
€ =€) X € 1
0 RA,

(1.35)
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thus € = € only in the Wu-Yang phase convention 34, = 0 !
The CP violating/CP conserving ratio 7, and 7y can be expressed in terms

of indirect € and direct ¢ (¢ < €) parameters:

ni_ = e+€( )~ e+€ (1.36)

1
1+ w/V2

1
Mo = €—2€6(———=) ~e—2¢ (1.37)
1 —wv?2

The direct CP violation parameter €', due to w, is strongly suppressed and in fact
from the measures of n,_ =~ 19 = 2.28 x 1072 we expect € of order 10 3%¢. It is
interesting to notice that the € phase (do — 0y + 7/2) ~ (48 & 4)° [7] is nearly equal
to the € phase ¢(e) = (43.48 £ 0.08)° [7] thus

€ €

) ~

R(— -
( € €
and from this follow that

/

ool & Jel[1 + R(=)]

(1.38)

el[1 — 28(>)]

Q

|77+—|

In NA48 we measure the double ratio R = |ng/n4_|?. Recalling the 1, g definition
in Eq. (1.13), R is simply related to Re(€¢'/¢) by (Eq. (1.39)):

INK OrOD(K T !
R:|7700|2: (Kp, — )T ( S—>7T7T)21—6§R(6—) (1.39)
. ['Kg — %7K, — ntn—) €
1.3 CP violation in the Standard Model

In the Standard Model all matter fields (quarks and leptons) are fermions while
the gauge fields are spin 1 bosons. The coupling between fermions and gauge bosons
can not connect Left-handed to Right-handed fields ? and the absence of right handed

coupling to W bosons implies that the right handed fields are SU(2) singlets while the

I & 4g FAs Se depend on the phase convention choice since the phases on K%and Fochange by
a transformation of |s >=|s > e'® [7]
2 the fermion 1 coupling to gauge fields is proportional to ¥yyy,t. A fermion field can be

projected, via projectors Pr, g = 1i2”5, in left and right handed components. But Prvyyy,Pr =0 ...
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left handed are doublets (two fields) [10, 13, 14]. Since masses are associates to left
and right handed fields, the particles are massless if the gauge symmetry is unbroken.
To generate the fermions’ masses in SM the Higgs mechanism is needed to preserve
SU(2)r, x U(1)y. For three generations of quarks, the general Yukawa coupling (Y)

produces general non-diagonal mass 3x3 matrix M.

£mass = ELzMgd] + ULZMZ;U‘] + h.C. Ml = (140)

v
Vi
where u}, d; are the quarks belonging to SU(2) doublet of i-th generation (i=1,2,3),
Y;; are the Yukawa coupling constants with i=u,c,t and j=d,s,b and v is the Higgs
field vacuum expectation value. The mass terms (terms quadratic in fields) give
the physical masses when they are diagonalized in flavour. To find another basis in
which the M matrices are diagonal, the up quark mass matrix M;; can be chosen
diagonal and the down quark MZ%- is then diagonalized by a unitary transformation
(change of basis) demanding that VMMV be real and diagonal [13]. This unitary

matrix is the Cabibbo-Kobayashi-Maskawa matrix which relates the weak and mass

eigenstates: (qweak)z' = V}k(Qmass)k

d Vud Vus Vub d
s 1= Vea Ves Ve $ (1.41)
v Via Vis Vi b
We have, adapted to their SU(2) properties, the three generations:
Ve u
g t €ER UR dR (142)
er dy,
v c
ne t MR CrR SR (143)
Hr ST,
VrL br
TR tR bR (144)
T )
(1.45)

If we do not choose M;} diagonal then V = VquT where V; and V,, diagonalize the re-

spective mass matrix. Only the coupling to W includes the mixing between families,
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allowing the flavour violation or transition from one flavour to another; the coupling
to Z (neutral current) is diagonal in flavour (V and VT cancel due to unitarity) giving

the absence of flavour-changing-neutral-current (FCNC) or GIM mechanism. [13]

Lii = Leo+ Ly (1.46)
Loo ZﬂLi(VJVd)ik(W)de (1.47)
Lye «— Y (ViV)u(Z,y, - )dee ViV = 6 (1.48)

(1.49)

If there are N, generations then V' is a Ny, x N, unitary matrix. Therefore it
has Ng2 parameters but (2N, — 1) can be absorbed in unphysical phases redefining
the left-handed quark fields. In fact there are N, up-type quarks and N, down-type
quarks that can be rotated to eliminate one phase of one row and one column, but
the entry corresponding to the intersection of row and column can not be rotated
twice thus we can eliminate (2N, — 1) phases.

Part of the parameters can be thought as rotation angles. In an NV, dimension

space there are as many angles as the coordinate planes[16]:

Nongtes = (jgg> = SN, (N~ 1) (1.50)
The unphysical phases excluded, there are still (N, — 1)? physical parameters to be
determined: $ N, (N, — 1) mixing angles and (N, — 1)(N, — 2) phases.

As an example we take Ng=2: there is only one angle, the Cabibbo angle 6., and

there are no phases:

cosfl, sinf,
V= (1.51)
—sinf, cosf,
While if Ny = 3, the Vogas case, there are 3 angles and 1 phase. In the standard

parametrization recommended by Particle Data Group [7], 6;; (i,j = 1,2,3) are the

mixing angles, 0 is the irreducible phase and Vi ps is written as:
—i6
C12C13 S12€C13 S13€

— i6 i6
Vokm = —8512C23 — C12523513€ C12C23 — 512523513€ 523C13 (1-52)

6 6
512523 — C12023513€ —523C12 — 512023513€ C23C13
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where ¢;; = cos8;;, s;j = sinb;; (i,7 = 1,2,3) can all be chosen to be positive; 6 may
vary in the range [0,27] but CP violation measurements in K decays force it in the

range [0, 7]. The advantages of this parametrization are basically the following [22]:

e 513 and sy3 are small numbers ( O(1073) and O(1072) respectively), consequently
c13 = c3 = 1 with good accuracy and the four independent parameters are
s12 = [Vusl, s13 = |Viw|, S23 = V|, 0. These simple relations allow to

measure sio, Si3, So3 independently in three decays.

e the CP violation phase 0 is always multiplied by a very small number (s;3): this

shows clearly the CP suppression independently of the actual size of §

The Cabibbo-Kobayashi-Maskawa matrix elements are free parameters to be mea-
sured. According to PDGI7] the experimentally measured values, of the angles of

S12, S23, S13, are at 90% CL:

0.9745 to 0.9757 0.219 to 0.224  0.002 to 0.005
Vexkmw = | 0.218t0 0.224  0.9736 to 0.9750  0.036 to 0.046 (1.53)
0.004 to 0.014  0.034 to 0.046  0.9989 to 0.9993

Vo 1s the smallest elements in CKM matrix but its knowledge with small uncertainty
is crucial for CP violation since it provides a bound in the upper vertex of the unitarity
triangle (see forward Fig. (1.4)), which area is related to CP violation. The easiest
way to obtain V; and V,; is through semileptonic B decays, anyway V,; is not easy
to measure since ~ 99% of B decays occurs through b—c transition (V) while only
~ 1% through b—u transitions. There are many experimental measures of these
elements: while there is agreement on V,,, the analysis of V,; individually approaches
a 15% uncertainty. The different analyzes agree within this number, but there are yet
uncontrolled uncertainties[8]. The theoretical predictions are also difficult due to the
strong interactions: at these decay energies the strong coupling is large and difficult

to predict with perturbative QCD methods.
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The requirement of the matrix unitarity is stated as VCTKMVCKM =1 and
unitarity constraints follows from it: 37 |Vi;> = 23:1 |Vi;]? = 1' , where the

orthogonality between any two columns is expressed by [18]

o VoV + Vo Vi+VgVi=0 1% and 2™ columns

o V, Vi + V. Vr+ Vi, Vi=0 2" and 3t

o ViV +VegVis +VigVii =0 10 and 3™ most important for us
and between rows:

o VuaVi+ VusVi+ ViV =0 1% and 2" rows

o Vo Vi + Vo ViE+VyVii =0 274 and 3t

o ViV + VusViE+ ViV =0 15 and 3%
The six orthogonality conditions can be drawn as triangles in the complex plane,
requiring the sum of three complex numbers Vj; to vanish. Due to unitarity, for any
choice of 4,7, k,l = 1,2,3 it is possible to define a quantity J [20] such that

3
S(ViiVaVieViy) = 7 Z €ilm€jkn (1.54)

m,n=1

where J is the Jarslkog invariant and it is related to unitarity triangles and CKM

elements by:

7| = 2Ar (1.55)

2 .
j = (12€23C13512523513 sin & (156)

while the sign of J gives the direction of the complex vectors around the triangle.[19]
Therefore in the Standard Model CP is violated if J # 0 and A7 is equal for each
triangle, due to its relation with J .

To have CP violation it necessary to avoid that the CKM phase could be re-
moved by a redefinition of the quark fields: this requirement conditions arise on quark

masses and CKM angles and phase: [19, 20]:

! where a useful relation is [Vyp|® + |Vep|? + |Vip|? = 1 that, due to the small values of |Vy,| and
|[Veb| implies |Vip| = 1
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® My F Mey, Me F My, My F My, Ma F Mg, Mg F My, My, F My
since if two quarks of the same charge have same masses, one mixing angle and

the phase could be removed from CKM: 6 conditions
e the angles must be # 0, 7 otherwise again the phase can be removed: 6 conditions
e from J <> sind the 6 must be # 0, 7: 2 conditions

The eight conditions on angles and phase are incorporated into J # 0 and all the 14

conditions are unified in the single relation det(C') # 0 [21, 7] where

iC = [MM", MM (1.57)
det(C) = —2(mg —mg)(mi — mg)(mi —my) *
(m; = mg)(mjy —m3)(mj; — mg) * J (1.58)

CP is violated if det(C) # 0. This follows from the observation that the mass matrices
commutator gives indications if they can be diagonalized simultaneously.
To have a graphical view of Vg, proprieties and CP violation, we introduce
(w)

the Wolfenstein parametrization Vogay = Vg, + 0Vera in which each element is

expanded as a power series of A = |V,5| ~ sinfc ~ 0.22:

1% A AN (p—in)
Virnr = -\ - AN +O(XY) (1.59)
AN (1 —p—in) —AN 1

The set of four independent parameters is given by A, p, n and A (A ~ 1).
It is evident that the elements get smaller moving away from the diagonal and the
hierarchy between families where elements connecting the first two generations have
size ~ A, the ones connecting second and third of order A\? and the others connecting

first and third of or size smaller than A3. In this contest

A2 A2
| T1 = S(ViViaViiVaa) = S(VVia) AL = ) = AL = =

5 )AZ\%y (1.60)

hence we need 1 # 0 to have CP violation.
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This is an approximate parametrization; an efficient way to find higher order

terms in A is to define the parameters (A, A, p, n) through
S12 = A, So3 = AN, si3e™? = AN (p —in)

therefore to all orders in A

513 513
p= cosd, n=
512523 512523

sin

(1.61)

(1.62)

Making this change of variables in the standard parametrization we find the CKM

matrix as a function of (A, A\, p, n) which satisfy unitarity exactly. In this represen-

tation

Vs = A
Vi = 1—2x2_ Ly + O(\%)

v 2 8

1
Vo = =2+ §A2)\5[1 —2(p—in)] + O\
Vi, = AN+ 0\
1
Vip = 1— §A2)\4 +O0(\%)

Vi = AN[L— (p—im)(1 — 52)] + O)

The unitarity V4V + VeqVi + VigVi = Ocondition’s elements then became:
y ub cb th

o V.,V = AN[p+im + O\
o V,Vi=—AN+ 0O\
o Vi Vi=AN[1- (p+ )]+ O\

where p = p(1 — \?/2) and 1 = n(1 — \?/2).[22]
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It is possible to express sin (2¢;), ¢; = a, B, 7, in terms of (p,7) [22]

27(7* +p° —P)

n(2 = 1.63
) = -+ ) 169
, (1 — 7
, 2pn 2pn
2 = = 1.65
sin(27) 24+ 22 ( )
= [VudVy| e — A2 1 Vi
CA = —/% _— \/p? 2=(1-—2)=|= 1.66
Vargl V7T 0Tl e
A ViaVis| 2 LV
BA = ——— = 1—7)2 2= _|I= 1.67

By a graphical point of view the unitarity condition can be represented by a triangle
in the (p,77) complex plane: the ”unitarity triangle” in 5—7 plane shown in Fig. (1.4).

n

Alp M)
i V, 4 V*, = o 1 *
A?\,?’ ud v ub —, th th =
Fei 1- (54 T)
¥ B
C=(0,0) B=10) "

Figure 1.4: unitarity triangle in (p,77) complex plane

As we have seen before, CP violation is related e.g. to J = S(VuaVisV,5, Vi)
and J = 2Ar <> 1, so CP is violated if n # 0 and that is true if (Eq. (1.62)) 0 # 0.

While if there are only two generations there is no place for CP violation, as
shown by the orthogonality relation between the two columns V4V, + ViV = 0,

represented in Fig. (1.5).

trivial phase =>

VudV:s

Vcd V:s

Figure 1.5: two generations 'triangle’
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Chapter 2

NA48 the CERN experiment

2.1 NA48 experimental method

The relation between the double ratio R and the CP violation parameters, as

we have seen in the first chapter, is given by:

[(K; — mn0)[(Kg — w7 :
R= |02 (Kp — 7% I( S—HTW):l—GRe(G—) (1)
Ny ['(Kg — m070) (K, — mtm—) €

and this is the way NA48 and other experiments (KTev and the ’first generation’
experiments NA31, E731) derives Re(€'/¢) from R. For a single decay rate I'(K; g —
7t %) we have to consider not only our data sample and its background but also

the detector acceptance and the overall efficiency therefore:

Nkm - kag, km
q)k g.Akm Tk

Cim = k=LS, m=CN=n"7",7%%"° (2.2)

where

e Np,: number of events we are looking for

Nikg, km: number of background events

®,.: total kaon flux to which we have to normalize

EAjm: total acceptance and efficiency

7. lifetime

After background subtraction, fluxes and lifetimes cancel in the double ratio, between

Long and Short modes. Charged and Neutral efficiencies (£) cancel between K and
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K decays if Ep(nTn7) = Es(nTn™) and E(m7°) = Eg(w7°). If these conditions
are satisfied:

N(Kj — m1)N(Kg — mtr~) AL A
N(Ks — mOr)N (K — mtr ) AVAL

R= (2.3)

and if Long-Short symmetry holds also for acceptance (A) we obtain a sort of counting

experiment:
N(Kp — 7 N(Kg — nmn7)

R =
N(Ks — 171 N(K; — ntm)

(2.4)

Nevertheless acceptance depends on the vertex coordinate z and on the Ky g
momentum. This in general causes differences leading to a sizeable correction to R.
The asymmetry between Long and Short acceptance is reduced selecting the Kaon

(L,S) momentum in a defined range where they have similar spectra (Fig. (2.1)).

A}i & i] Incidcm protons (p,= 450 Ge¥fe)

X10?= KL.DE!ZAI&m Iength" t(KS) fOHDWIng final collimator/ GeVic.e 7.1 pater.s | X 1012,(0 = 2.4 mrad)
x]l =X§ “ 6.0 m collimator / GeVfc.«63.6 pster.e 2 x 101(9 = 4.2 mrad)

Assuming KL = KS production= 172 (K% + o 1/4 K+ + 3K)
a2NHpdty = 184400 [1.30 exp (-8.5 o 3.0 0% + 435 exp (-13 pip. -3.5 1262

r incident mmn «GeVie » Steradian
inL eff. 1~

(70 Y A LS ) N A, A —
0 70 wo P 170 200 p {Gev /o)

Figure 2.1: K and Kg decay spectra in the selected range

This can be done choosing an appropriate Kg production angle, given the
K, one, and a short (6m~ lerg) distance between the Kg target and collimator
to maximize the Kg flux with respect to the collimator produced background[25].

To be insensitive to remaining energy differences in the K and Kg spectra, the

analysis is performed in twenty bins (5GeV each) of kaon energy and the resulting
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R is plotted for each bin (Fig. (2.2)). The number of 2001 good decays in the four

modes versus the energy bins are shown in Fig. (2.3), where the
e 1.55 x 10% K; — 7%7°
©2.16 x 10 Kg — 770
e 7.14 x 10 K;, — nwtn—
©9.61 x10% Kg — ntn—

are obtained in 93 days of run (and =~ 190-000 good bursts).

30000 [~

g 3 e x10%l.,
5 0] - ., .
[ ) - - 1500 .
[} — 3 -
2 20000 - -
2 g 20000 | - .
- o) . |1000
005 c lo- .,
% 10000 |- 00
+ S K.—»rrn 500 - e
8 .o
%7 0 T R B N 0 [ B B B
i e +++ T 4 #+‘ i 'S 80 100 120 140 160 80 100 120 140 160
L Il L1
= *+*#* T + T T = %102 Kaon energy (GeV) «102 Kaon energy (GeV)
>
+ 8 1500 o 8000 [, ev
o Y le .
0,95 o . -
5 - 6000 -
g 1000 -, -, -
- -
§ - *.  |4000 |-
w500 0.0 ‘e
0.8 L~ L - — Ke—nrn 2000
80 100 20 40 60 s .
Kaon Energy (GeV) ‘ *

P ST B I | I R I N
0
80 100 120 140 160 80 100 120 140 160

Kaon energy (GeV) Kaon energy (GeV)

Figure 2.2: The double ratio R in

20 energy bins, 5GeV each Figure 2.3: K (weighted) and Kg decay

events in 20 energy bins

Reaching the required acceptance symmetry in z is a bit more difficult: at the

same z the collinear K and Kg have the same acceptance but their very different

lifetimes lead to huge difference in the decay lengths. The solution is to weight the

K, with a proper lifetime function such that after the weighting the two shapes are

very similar as shown in Fig. (2.4).

The weighting function, derived from K ¢ — 7 ratio, is given by:

I(7) from Kg target
I(r) from K| target

2 1 1 1
) g T

Wi(r) =

(2.5)

(2.6)

Now acceptance is fairly symmetric between K and Kg and we are in Eq. (2.4)

conditions. The acceptance symmetrization through the weighting procedure is not
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didz

0.8

0.4 _ weighted K| decays

0.2

ﬂ IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII |
0 200 400 800 800 1000 1200 1400 1600 1BG0

decay position along beam axis {em)

Figure 2.4: Ky, , K; weighted and Kg decays position

for free and the price to pay is a decrease in the effective K, statistics within the
3.57s fiducial region, increasing of ~ 35% the statistical error of R [2]. But, as an

advantage, the analysis in not Monte-Carlo dependent.

x
115

* MC R no weighting

11

-+« MCR weighting

1.05 ——

0.95

0.9

085

70 80 90 100 110 120 130 140 150 160 170

Kaon Energy (GeV)

Figure 2.5: Acceptance effect on R (20 energy bins, 5 Gev each) computed from MC

Without the weighting procedure we should have to apply a large correction
to R as can be seen in Fig. (2.5), while a flat distribution is obtained weighting the
K, decays. Only small remaining differences, on beam divergences and beam sizes,

need to be corrected. This is done using a high statistics Monte-Carlo simulation.
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One step back, there are other possible sources of errors and asymmetries that
have been taken into account. According to the NA48 proposal [25] the dominant

error sources are:

e statistics on K; — 27

079 and 7+7~ reconstructed kaon energy scale

possible differences in 7

background to Kj — 27° from K; — 37 if only 4 photons are detected

background to K — 777~ from three body decays K3, K3

different effects of accidental activity in the detector between K¢ and K7,

For a precise measure of Re(€'/e) it is necessary to collect enough CP violating decays
and to minimize every difference between Charge-Neutral and Short-Long that can
yield appreciable errors on R. In this way it is possible to reach the proposed

~ 2 x 107, statistical and systematic combined, on Re(¢'/e) .

To minimize the sensitivity on accidental activity and beam intensity variations
the four decay modes (K, ¢ — 77" ") are collected simultaneously: this is achieved
using simultaneous beams and the same fiducial region for K and Kg decays. One
of the strategies to keep the data taking of 7%7° and 7+7~ simultaneous is to apply
offline the same dead time to all events: if there is a dead time condition affecting one
mode the dead time is applied, offline, to the other to keep the symmetry between the
modes. To reach the proposed statistical error of 1 x 1072 on R a high number of CP
violating decays Kj — 77 is needed. The K; — 7%7° is the lower branching ratio
channel (see Table (2.1)) therefore the most difficult to accumulate enough statistic.

The proposal intended to reach the desired error in three years of data taking,

collecting 1.5x10% K}, — 770 per year. The goal was reached collecting:

e 0.5 million good Kj —27% in 1997,
e 3.3 million good Kj, —27° in 1998 and 1999,

e 1.5 million good K7 —27° in 2001.
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channel decay ratio [7]
Koz mheTv (38.78 = 0.27)%
K3 :mtpFu (27.17 £ 0.25)% channel decay ratio [7]
707070 2112+ 0.27)% Tt | (63.61 = 0.28)%
ntr 0 (12.56 + 0.20)% w00 (31.39 £ 0.28)%
TreTuy (3.62 + 0.22)x1073 mtry | (1.78 £0.05)x1073
Tt | (2067 £0.035)x107° || 47 | (0.178 £ 0.005)x10°°
o070 (9.36 + 0.20)x10 % _
" (5.92 £ 0.15)x10 * Table 2.2: Main KS decay channels

Table 2.1: Main KL decay channels

In November 1999, after the end of the run, all the four drift chambers were dam-
aged by the beam pipe implosion. 2000 was devoted to systematic studies and high
intensity K¢ program, while the drift chambers reconstruction took place. The
1997+1998+1999 total uncertainty on Re(e'/e) was 2.6x10~* and adding the last

run (2001) the low uncertainty suggested in the proposal has been reached.

2.2 NA48 beam lines

The NA48 K and Kg beams are nearly collinear, simultaneous and with very
similar momentum spectra. This guarantee to the four modes, decaying in the same
fiducial region, the best symmetry in Charge-Neutral and Long-Short ratio. Collinear
beams minimize differences in acceptance between K and Kg while the simultaneous
detection of Kj ¢ — 7970, 77~ allows the four modes to see the same accidental
activity and beam intensity variations and to apply the same dead time to all events.

As shown inFig. (2.6) the same primary proton beam from the CERN Super-
Proton-Synchrotron (SPS) is used to produce both K, and Kg beams. This proton
beam impinge on a cylindrical beryllium target (2mm diameter, 400mm long corre-
sponding to 1)\, for protons) located 126m upstream from the last collimator. At
this distance (= 21e¢rg) we can assume that the K beam is free from Kg . The effect

of 7w coming from pure Kg and Kg /K interference in the highest energy part of

K, beam has been studied in [26] where also the production asymmetry parameter !

—0 . L . . .
! K%nd K have different cross-section in matter. This, due to an interference term, gives a
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D has been measured for NA48, and found to be in agreement with the NA31 value of
0.3. The obtained result was a negligible dilution (Re(¢’'/e) —Re(€'/e) (1 —0)) of €' /e
and a limited systematic effect (1 x 10™) on R from the uncertainty on D measure.
It is important to keep the kaon beams as free as possible from unwanted particles

(i.e. neutrons, muons, photons) produced in the target or along the beamline.
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-
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~120m ~120m Nof foscale !

Figure 2.6: The simultaneous and almost collinear K; and Kg beams, converging in
the central detector

To reduce the neutron production at the target the protons impinge with an
angle of 2.4mrad: in this way the neutron flux is a factor &~ 4 reduced with respect
to a # = 0 production angle. The price is a reduction factor (~ 0.25) for the K, too.
The muon flux is reduced by one order of magnitude using the sweeping magnet.

The K, beam pass through three collimator named defining, cleaning and final
placed at 40m, 100m and 125m downstream of the K, target respectively. The first

collimator defines the beam divergence, the second one cleans the particles produced

production probability different from 50% - 50%. The production asymmetry parameter, given by
Nyo—N—o

D(Pk) = N TN, S @ function of K momentum but in NA48 energy range is quite constant.
K K
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or scattered by the previous collimator edges. Their position is such that there are no
particles striking from the target to the second collimator. To prevent the products
of a possible Kg regeneration on the cleaning edges to enter in the fiducial volume
the final collimator is placed ~ 3crg downstream, in this way the regenerated Kg are
decayed and the products stopped. The beam pipe confines the high fluxes of neutrons
and photons such that they do not reach the main detector.

The non-interacting part (=~ 40%) of the primary proton beam is deviated to
a secondary path where the protons are channeled by a mechanically bent silicon

mono-crystal ( Fig. (2.7) ).

BENT CRYSTAL:

Si cut // to (110) planes
[60 romm x 1Smm x 1.5 mm|]

|R =30m, PROTON
BEAM

Projection per pendicular T
to beam direction, z:

dyYdx=

1
Rtan &

= .61 mradfmm

Figure 2.7: The bent crystal for protons deflection

Due to the collective Coulomb field a positive particle, entering in the crystal
with a small critical angles to the crystal planes, can follow them and be deflected.
Protons in a very selected phase space are obtained through the small transmission

efficiency (< 107%). The crystal is designed, fine-tuning the deflection angle, to
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limit the emittance in both horizontal and vertical(bent) crystal plane, and to avoid
heating due to the high incident protons rate. The guiding principle is to use a crystal
bent through a fixed total angle f,, greater than that required, and then rotate the
crystal about a vertical axis such that the beam impinges on one side edge, traverses
the crystal diagonally and exits from the opposite edge [29]. The small fraction of
protons selected (~ 5x1075) travel then toward the Kg target, passing through the
tagging station where each proton’s time is recorded to identify the decay as Kg or
Ky .

The Kg target is identical to the K one, is located 120m downstream the
K target and 7.2cm above the K beam. The production angle is 4.2mrad to have
similar momentum spectra between K and Kg . The Kg collimator let the K beam
converge with the K, in the center of the detector. A finite separation of the Ky target
with respect to Ky beam line is needed to permit different collimator apertures for
the two beams with a minimum of shielding between them.

The beam intensities and their ratio are studied to reach the required number of

K; — 770

collecting a similar number of 77 events from Kg and K, . That is why
high energy protons are used and why a K¢ beam which intensity is ~ 10~* — 10°
lower than K beam intensity is used. Once the two beams are both produced they
enter simultaneously in the fiducial volume. This is far enough from the K target
such that the Kg in this beam are vanished, but closed enough to Kg target to have a
negligible amount of K, decays in this beam ' . The beginning of this decay volume is
defined by an anti-counter (AKS) that vetoes the Kg decaying upstream of it. All the
decay region is contained in a vacuum tank (89 length) to minimize interactions with
air. The K, beam continue his path in the beam pipe, evacuated to avoid accidental
activity due to particle interactions.

Proton momentum and spill length changed from 1999 to 2001 data taking, as
reported in Table (2.3). Until 1999 the proton momentum was 450 GeV/c and protons

were delivered from SPS for a time of 2.4s (spill length) each 14.4s, corresponding to

! The 7 decays in Kg beam due to K, ”impurities” are at the level of few 1073 [26]
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a duty cycle of 0.17.

98-99 2001
proton momentum (GeV/c) 450 400
SPS cycle time (s) 144 16.8
spill length (effective) (s) 2.4 (1.7) 5.2 (3.6)
duty cycle 0.17 0.31
K, beam intensity (ppp) |~ 1.5x10" | ~ 2.4x10"
Ks beam intensity (ppp) ~ 3x107 ~ 5x107

Table 2.3: Beam proprieties in years 1998-99 and 2001

While in 2001, profiting of the end of LEP activity, the SPS provides a 5.2s
spill each 16.8s. The better duty cycle allows to reach the needed amount of data
with 400GeV proton momentum (Fig. (2.8)) giving lower instantaneous intensity in

the detector.
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Figure 2.8: good K —27°/100ms vs time in spill in 1999 and 2001 data

2.3 N A48 detector

2, 3] In Fig. (2.9) and and Fig. (2.10) the different NA48 sub-detectors are
drawn. Charged particles from K decays are measured by a magnetic spectrometer
while a quasi-homogeneous liquid Krypton calorimeter (electromagnetic calorimeter)

takes care of neutral particle decays. The charged hodoscope contribute to trigger de-
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cision and gives the precise time for charged decays. The total energy is reconstructed

by both electromagnetic (LKr) and hadronic (HAC) calorimeters.
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Figure 2.9: NA48 detector

Muon counters are used at the end of the beam line (MUV) to reduce the
K3 background vetoing the muons; while to reduce the Kj, — 37° background anti-
counters are placed at large solid angle (AKL). Upstream the spectrometer are located
two fundamental devices: the AKS (anti-KS) to define the beginning of decay region,
vetoing K¢ decayed upstream it, and the TAGGER (or Tagging Station) along the
proton beam secondary path, between the bent crystal and the AKS, to identify to
which beam the decay belongs. The beam intensity is measured by two kinds of beam

monitors both on K¢ and K7, lines: counters and integrators.
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Muon veto sytem
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Liquid krypton calorimeter

Hodoscope
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Anti counter 6

Drift chamber 1
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Figure 2.10: NA48 detector Geant picture

2.3.1 The Tagging Station or Tagger

The Tagging Station ( Fig. (2.11) ) is located after the bent crystal. Each proton
traveling toward the K¢ target pass through the Tagger where its crossing time is
recorded. The station consists of two scintillator ladders, horizontal and vertical with
a 50um overlap to assure a complete covering of the proton beam, alternate such that
a proton crosses at least one horizontal and one vertical scintillator. To equalize the
proton counting rate in each channel both ladders are equipped with variable width
scintillators. The proton time is defined combining offline the horizontal and vertical

counters informations, where the reconstructed time per counter has resolution of
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~ 140ps and the readout window is ~ 100ns around the trigger time.

| 9/02-d Nd

Aluminized

12 photomultiplier e mylar envelope

for vertical ladder
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Scintillator foils Anticounter
/

14 x 4 mm2, thickness
between 0.2 and 3 mm

12 photomultiplier
for horizontal ladder

Figure 2.11: The Tagging Station or Tagger

The Kg or K decay assignment is based on the coincidence, in 4ns window,
between the protons time and the event time: if least one proton is in coincidence
with the event time the decay is assigned to Kg , otherwise it is tagged as K .
The tagging is not needed for the charged decays, since they can be identified by the
vertex position, but it is for the neutral decay. To avoid asymmetry on the double
ratio measure the tagging is applied to every decay.

This principle is drawn in Fig. (2.12) where the two sources of possible asym-
metries are also shown: one is related to the tagging inefficiency ag;, and the other
one to the accidental tagging ays. The former (agy) is not very dangerous because
the mistagging is due to the tagger inefficiency itself and affects equally charged and
neutral decays. On the other side ayg is related to an accidental coincidence with a
proton that, as a consequence of the high rate, is not negligible. In this last case a

K, decay is identified as Kg . This kind of mistagging, named dilution, is of the oder
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Figure 2.12: Tagging principle

of 10%. We are not afraid of the mistagging in itself but if a difference exists on it
between charge an neutral events.

The measured difference Aajs between charged and neutral samples is mainly
due to the higher sensitivity of charged events to accidental activity both in trigger and
reconstruction. Due to drift chamber read-out overflow (see forward in trigger section)
the charged events can be lost in trigger or in the reconstruction part giving the
undesired asymmetry, although the same dead time conditions and trigger rejection

are applied.

2.3.2 The anti-counters AKS and AKL

The anti-Kg (AKS) is located 607cm downstream of Kg target, at the exit of
the K collimator. Its purpose is to veto all the upstream Kg decays thus defining the
beginning of K¢ decay region. Its component are a photon converter and, following
it, three scintillator counters, as represented in Fig. (2.13).

The converter, 2.96mm thick iridium crystal (1.8Xj), converts photons (7° —

v7) into electron pairs to allow the vetoing of upstream neutral decay. To maximize
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1. The scintillators

the pair production the crystal axis is aligned to the beam axis.
counters detect charged particles coming from charged 7" 7~ decays or from photon
conversion, In this way both charged and neutral decays are detected and vetoed: an
event is rejected if there is an in-time hit in the second scintillator. The time is re-
constructed offline with a resolution of ~ 160ps. Therefore is the second scintillator’s

crystal that gives the geometrical reference to define the beginning of the K¢ decays

fiducial region and to control the LKr energy scale.

NA4S
AKS counter

Figure 2.13: AKS scheme

The reduction of K; — 370 is essential since the rate for this channel is 200
times the K; — 27 rate. To study this background and the accidental activity
seven rings of iron (acting as photon converter) and scintillator act like K anti-
counter (AKL). The rings are placed at large solid angle in suitable position between
the AKS and the end of the spectrometer: from ANTI1 to ANTI7, as are signed in
Fig. (2.9).

1

in crystalline materials the incident field experienced by an incident photon depends on the
photon’s direction to crystal axis, leading to a change in the pair production cross section [30]
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2.3.3 The magnetic spectrometer

Charged events are detected by the magnetic spectrometric. It is housed in a
tank filled with Helium, to lower the scattering probability, at atmospheric pressure.
The spectrometer is defined by a central dipole magnet with two drift chambers on
each side. The required purity in helium would be easily reached filling a balloon
instead of the aluminum tank but the presence of the drift chambers and the beam
pipe is a constraint leading to the tank choice. The tank is also a safer choice in case
of outbreak or implosion, as happened in 1999 [31].

The requirements on momentum and space resolution, track acceptance and
field uniformity leads to the magnet and chambers characteristics. The track posi-
tions, extrapolated downstream, are required to be within the acceptance of LKr and
MUYV system, in order to allow for proper electron and muon identification. The kaon
energy is computed from the opening angle of the two tracks 6 before the magnet and

from the ratio of their momenta py, po:

R PL | P2
Ex =1/ = (m% — Rm2) where R =—+ — +2 2.7
k= /e — Romd) b2 27)

Computing the energy in this way, instead of the simple sum of the two tracks energy,
the effects from uncertainties in magnetic field and multiple scattering in the definition
of the fiducial region are reduced. That is the correction to the energy scale on
momentum measurements is at the level of per mille [32].

As fast trigger requires easy momentum calculation, so the field must be as
uniform as possible. Therefore a large magnet is needed to fulfill field uniformity
and matching the acceptance of the electromagnetic calorimeter requirements. The
integral of the magnetic field between the second and third chamber( Fig. (2.9) ) is
0.83Tm, corresponding to an induced change in transverse momentum of 265 MeV /c
in the horizontal plane. Nevertheless, in uniformity of the field, little imperfections
remain. To avoid this to introduce a bias in the double ratio measure each weak of
data taking the direction of the magnetic filed is inverted.

[34]In order to meet the ~ 2MeV precision on reconstructed kaon mass and
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good background rejection each chamber must have a detection efficiency closed to
100% and provide a reconstruction of hits with a resolution of about 100um. In
addiction fine granularity with maximum drift distance restricted to few millimeters
is necessary to have rate capability higher enough to cope with the high flux of
incoming particle. Drift chamber have been constructed with minimal amount of
material along the beam direction in order to minimize multiple scattering effects.
Each chamber is equipped with 4 views ( Fig. (2.14) ), in each view two 0.5cm
staggered planes, to solve the left-right ambiguity, are grouped together. Chamber
three represent a sort of spare chamber in which only four planes (2 views) are read-
out, it is useful to reach a better resolution but is not as indispensable as the others:
tracks are reconstructed by the first two chamber, before the magnet, and chamber
four after the magnet. Each plane houses 256 grounded sense wires, spaced of lcm,
read-out in 16 group of 16 wires each. The central wires are half wires to allocate
the beam pipe portion passing through the chamber, on this portion set of rings are
located and the central wires soldered on these rings. The four views, named X,Y,U
and V all orthogonal to the beam, follow different orientation as shown in Fig. (2.14):
0°,90°, —45°, +45°. This allows charged tracks reconstruction without ambiguities

and, providing redundant information, the effect of inefficient wires is minimized.

VIEW V
VIEW U
VIEWY
VIEW X
N
N_/
z\
NA48
CHAMBER BEAMS
120 cm

Figure 2.14: DCH: 4 views drawing
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Sense wires, 20pum diameter, are made of gold-plated tungsten (that is stress re-
sistant). The sense wire’s plane is enclosed between two planes of potential wires (Ti-
Cu) with a diameter of 120um [34]. The spacing between two wires, both on the field
and the sense wire planes (Fig. (2.15)), is lem therefore that the maximum transverse
drift distance in a cell is bmm, corresponding to ~ 100ns drift time (180ns/cm). To
shape the electric field and separating two consecutive views thin mylar foils (22m)
coated with graphite are used. The chambers, filled with a (50%)Argon-(50%)Ethane
gas mixture, in usual operation conditions ( -2250V applied on field wires ) the space

resolution is better than 100um. [34].

1§mm Potential Wires

o % X X Graphite Coated Mylar Foils

Sense Wires -

Figure 2.15: DCH sense and potential wires disposition

The track reconstruction provides an event time with a precision of 0.7ns used
to cross-check the event time determined by the charged hodoscope. Track positions
are reconstructed with a precision of 100um per view and the momentum resolution

(from special electron runs) is

o) _ 0 48% 0.009p% (p in GeV/c) (2.8)

p
where the first term is due to multiple scattering effects and the second term is due to
the position resolution in the chambers. The resolution obtained on 77~ invariant
mass is 2.5MeV/c?.

The position of charged decay vertex is measured with high precision: ~500mm
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longitudinally and 2mm in the transverse plane [2]. The geometric accuracy due to
the cumulative uncertainties on the wires position is better than 0.1lmm/m.

Since in the decay region the Kg and K; beams are vertically separated by
about 6¢cm a clean identification of K¢ and K7, decays into 77~ from vertex position
is possible and useful for many studies (e.g tagger inefficiency and dilution). The
separation of the K and K¢ beams gives a geometrical difference in the first chamber
especially around the beam pipe, where the Monte-Carlo simulation is more difficult.
But applying a cut on momentum asymmetry A = |p; — po|/(p1 + p2), thus removing
events with one track closed to the beam pipe, the acceptance error on R due to this

geometrical difference is reduced.

2.3.4 The liquid Krypton calorimeter

The main detector for neutral decays is the electromagnetic calorimeter: it is
a quasi-homogeneous detector with an active volume of ~ 10m? of liquid Krypton.
Sever performances [35] are required since 27° decays are reconstructed through their
4vs detection. The photons’ energy is in the 3GeV to 100GeV range and the average
photon’s energy is 25GeV. Furthermore K; — 37° must be rejected and everything
have to be done at the high K rate and minimizing potentials bias on R. The
calorimeter is placed ~ 100m downstream the decay region, it is not possible to
have a direct measure of the photons’ angles thus the distance to the decay vertex
is calculated from the energies and positions in the calorimeter, assuming the Kaon

mass for the 4ys (Ej, = .7 E;):

1
D= o — 2rier = — | S B, 2.9
ot ZLK M Z J%ij ( )
1<)
dz'j = \/(ZL‘Z — ZUj)2 + (yz — yj)Z (2.10)

If there is a systematical energy error («) in the measurement of photon energies such
that F; — akF;, z, will be affected on the same grounds and the effect will appear
doubled in the proper time 7 = mg 2z, /Ex determination.

The calorimeter must therefore fulfill the following requirements [25, 35]:
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e space resolution ~ 1mm

e energy resolution ~ 1% for the detected photon of average energy 25GeV
e good uniformity

e non linearity bound to &~ 0.1% between few GeV and 100 GeV

e 7 mass resolution ~ 1MeV to reduce K; — 3w° background

e time resolution better than 500ps to cope with tagger rate

e recording multi-photon events standing the high K rate (500 KHz)

e stability over years

e initial current r/o technique to minimize the sampling fluctuations.
This technique allows fast response and constant efficiency across the gap (except

for a small region near the electrodes)

e segmentation to reduce ambiguity in pairing of photons coming from the same

7Y and get higher rate capability in relationship to accidental photons

A quasi-homogeneous Liquid Krypton Calorimeter operating as a ionization
chamber has been finally chosen fulfilling the previous conditions. It is almost fully
active, with high density sensitive medium, thus ensuring the good intrinsic resolution
while as noble liquid has good stability. Referring to noble liquid proprieties Table
(2.4): Argon density is not enough for a homogeneous calorimeter and concerning the
liquid Krypton 127cm are needed to achieve a complete longitudinal containment of
a shower (27X,). Xenon has a similar Moliere radius (expressing the transverse size
of showers) but a smaller radiation length. Liquid Krypton has then been chosen.

The segmentation is obtained by Cu-Be-Co ribbons defining &~ 13000 cells in
a structure of longitudinal projective towers pointing toward the center of the decay
region. The cell cross section is about 2cm x 2cm and consists of a central anode

between two cathodes. The electrodes, guided longitudinally through five spacer



43

noble liquid | Z | density (g/em?) | Xo(cm) | Rasotiere(cm) | T (K)
Ar 18 14 14.0 9.2 87.3
Kr 36 24 4.7 6.1 119.8
Xe 54 3.0 2.9 5.5 165.1

Table 2.4: Argon Krypton Xenon characteristics

plates, follow a +48mrad zig-zag to decrease the impact point position sensitivity on

the energy (Fig. (2.17)).
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Figure 2.17: definition of a

Figure 2.16: LKr calorimeter LKr calorimeter tower

The cluster radius r=11c¢m used in the shower reconstruction is a compromise
between noise in the cluster (increasing with r) and the fluctuations dominating the

sampling term (decreasing with 7). The obtained energy resolution is:

o(E) _ B2E£09% o O£ D% o 494 0.05)% (2.11)

E JE E

All the requirements are fulfilled and the 27° event time is known with a precision of

~ 220ps.

2.3.5 Hodoscopes, Hadron calorimeter and Muon Veto

Downstream the Helium Tank two planes, horizontal and vertical, of scintilla-

tors strips form the Charged Hodoscope (Fig. (2.18)). These are organized in four

/- 0.048 rad
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quadrants to give clear topological signals in the first level of charged trigger. The
charged hodoscope informations are used offline to reconstruct the charged event time
with a precision of ~ 150ps.

The neutral hodoscope (Fig. (2.19)) provides an independent neutral event time
measure, that can be used to cross-check the LKr one, and take part in the neutral
trigger decision. It is made of scintillating fiber counters located inside the LKr where

the shower profile reaches its maximum (~ 9.5Xp).
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Figure 2.19: Neutral Hodoscope
Figure 2.18: Charged Hodoscope

The Hadron calorimeter, made of iron and scintillator, contributes together with
the LKr to the total energy measure used in the trigger. Three planes of scintillators
shielded by an iron wall (80 cm thick) constitute the Muon Veto, its informations are

used to reject K3 background.

2.3.6 Beam monitors

There are two sets of K¢ and K; beam monitors: a first one ,that we call
standard, is a counter-like, and a second one named Ferrara is integration-based.

The standard beam monitors are

e the Kg beam monitor placed alongside the Kg target. It consists of four plastic

scintillators parallel to the target. The beam intensity is monitored counting
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particles emitted from Kg target in the direction orthogonal to the beam [36].

e the K monitor just before the beam dump. Consists of two orthogonal planes
of scintillating fibers counting the activity in the K +Kg beams. The sensitive
area is 18 x 18cm? This activity is dominated by K; beam: it is at the end of
the detector and the K; beam intensity is 10* — 10° times the K intensity. The
fiber size had been chosen such that the individual counting rates should not
exceed a few MHz. The fibers are read by PhotoMultipliers, where each PM is
coupled to 3 fiber bundles with a spatial binning of 2.5cm to measure the beam

profile. [37].

The standard monitors are also used to trigger a special kind of events: the ran-
dom triggers. These are very useful to study not only the accidental activity effect,
through their overlay with data or Monte-Carlo events, but also the overflow inci-
dence and distribution along the drift chambers. These special events, to be useful

in the accidental activity study, must be:
e proportional to beam intensity
e independent from decay event but they have to record the same beam condition

These conditions are fulfilled if the random triggers are delayed by 3 SPS revolution
cycle, equivalent to 69.3us. We will look in more detail at these special triggers in
chapter four and five.

The Ferrara beam monitors or Integrators ( Fig. (2.20) ) installed for the 2001

run are:
e K Ferrara monitor, housed in the Tagger box

e K; Ferrara monitor, placed between the standard K; monitor and the beam

dump

The main advantage is on the time scale we can study the instantaneous beam in-

tensity. The informations coming from the standard monitors are read by continuous
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counters and the ’instantaneous’ intensity is computed as the difference between two
consecutive events divided by the time difference. In an optimistic estimation, taking
into account the 2001 run condition of & 30-000 triggers collected in the 5s burst,
with these informations we can investigate the instantaneous intensity behavior at
time scale of ~ 170us. In a more realistic picture, excluding the very high intensity
beginning of the burst and taking into account the events distribution in the spill,
the time scale can be estimated at =~ 1ms.

On the other side the Ferrara monitors have, for both Kg and K7, , a set of four
integration times that in the 2001 run were chosen to be 200ns, 1us, 3us and 15us.
Instantaneous beam intensity behavior can thus be investigate down to 200ns time

scale.
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Figure 2.20: K¢ and K Ferrara beam monitors

The Ferrara monitors are made of Plexiglas® as active medium read by a 10
stages photomultiplier. The Kg monitor replace a part of another device (Tagmon)

used to monitor the proton beam in the Tagger box. The two Plexiglas sizes are
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suggested by the beam area to be covered, moreover the K¢ monitor has to match the
Tagmon thickness to not influence the proton beam: the Kg Plexiglas is 22 x 22mm?
in area, and 10mm thick while the K Plexiglas is 121 x 121 x 10mm3. A more

detailed description will be given in the next chapter, that is devoted to these beam

monitors and their data quality.

2.4 Triggers and selection cuts

The trigger system is designed [3, 2] to reduce the high rate (500kHz) of particles
reaching the detector, with minimal loss from dead time and inefficiencies, to less than
10kHz. A 40MHz clock signal is used to synchronize the entire experiment over its
250m length [38] and the Trigger Supervisor (TS) records the time of the accepted
events relative to this clock. The Trigger Supervisor is an hardware system which
correlates the trigger informations coming from the different trigger sources: L2C
(level 2 charged trigger), L1TS (level 1 Trigger Supervisor) and NT (neutral trigger)
[39] as shown if Fig. (2.21).

dehl - dch? dchd dehd

magnetic spectrometer  muons detec.  hodoscope  LER calorim HAC calorim

data from DCH

ti

[
[

ime-+evt, [

ﬂu{ s i
[
[
[
[
1

CHARGED TRIGGER

4

Figure 2.21: Trigger architecture

The neutral trigger operates on the information from the LKr such as energy
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deposit, number of energy peaks, and distance of the decay vertex from the calorime-
ter. The electronics is implemented in a pipeline which makes the trigger free of dead
time. The efficiency is almost 100% (99.9there are no significant differences between
K and K, therefore none correction to R is needed.

The charged trigger (efficiency ~ 98.7% )is made of two level triggers:

- a first level to reduce the rate to 100kHz by a coincidence of a) charged hodoscope
signals in opposite quadrants, b) hit multiplicity in in the first chamber, integrated
over 200ns and c¢) total energy from calorimeters (LKr+HAC)

- a second level trigger consisting of an hardware coordinate builder using the data
from DCH 1,2 and 4 to reconstruct tracks.

An overflow conditions on the drift chambers readout affects both the second
level trigger and the reconstruction: if the multiplicity in one plane is greater than
7 hits in 100ns the overflow condition is set, no hits are recorded for that plane and
the memory is reseted. In this way events with high multiplicity are rejected but a
safe rejection window of ~ £300ns around the overflow is needed in the selection to
exclude possible influence in nearby events. The cut applied in the analysis is very
tight: if there is at least one plane in overflow, in the extended &~ £300ns time window,
the event is rejected. The analysis on random events shows an overflow incidence of
~25% until 99 data and a reduction, due to better spill and lower instantaneous
intensity, to ~12% in 2001. We will examine later on the effect of this overflow on
event losses while in App.A we will talk about the test on the new readout prototype
in 2001 and its data taking in 2002. This new readout, commissioned for the 2002
K¢ high intensity run , is overflow free.

There are various cuts to be applied in order to select the samples for the R
analysis. Neutral selection K —27° is based on LKr data on photons showers energy
and position, minimum distance between photons, matching of photon pairs invariant
mass with nominal 7° mass. Charged selection K —7 7~ is based on tracks, momenta,
and invariant mass that should be equal to the kaon mass. All the cuts have been

studied for long time and the R stability with their variations has been checked.
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An exhaustive description of these cuts can be found in [2, 1] while in the following
chapters we will focus on some of them. The only anticipation is for a special 2001 cut
to exclude the beginning of the burst: two fundamental detectors AKS and Tagger
suffer from the unexpected very high intensity in the first 200ms, while for the rest of
the burst the intensity was the expected one. This high intensity identification and

related problem on AKS was the first Ferrara monitors’ success.

2.5 Second order correction to R

The beam lines and detector are designed to reach the best symmetry between
Long-Short and Charged-Neutral decays. Nevertheless existence of remaining asym-
metries must be checked and, if there are, the relative corrections have to be applied
on R. These small corrections are called of second order. Although the weighting
principle is applied to minimize the acceptance differences there are still small geo-
metric differences between the Kg and K . The two beams converge at the LKr
center but at the spectrometer there is still a little separation. As a consequence a
residual difference exists, between Kg and K, charged decays, around the beam axis
in the spectrometer.

This dissertation shall not cover all the complex subject of the second order
corrections to R arising from years of study and analysis performed by the whole
collaboration. Here we simply summarize the values of these corrections (Table (2.5)).
The exhaustive explanation of the accidental effects and their correction is left to the
next chapters.

We add here, as a final summary the corrected double ratio calculation
R = 1—(ratio effects from 4modes numbers)+(corrections), the result for the 2001 run
is Rogp1 = 1—(1.169£0.147)% +(0.350£0.111)% = 0.9918140.00147 544, +0.001104y.
Part of the systematic error (£0.00065) comes from the statistics on control samples.

The 2001 Re(e'/¢) value is Re(e'/e) = (13.7 4 3.1) x 10~* that, combined with
97-98-99 result (15.3 + 2.6) x 107, gives the final result
Re(€'/e) = (14.7+2.2) x 107*
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98-99 2001
77~ background 16.9 + 3.0(5y41.) 14.2 4 3.0(syst.)
7% background —5.9 3 2.0(5y51) —9.6 £ 2.0¢5yst)
beam scattering —9.6 £ 2.05ys1.) —8.8 4 2.0(5yst.)
Tagging inefficiency agy, £3.0(syst.) £3.0syst.)
Accidental tagging arg 8.3 & 3.4(stat.) 6.9 £ 2.8(stat.)
77 scale 2.0 4 2.8(5y51) 2.8 (syst.)
70710 scale £5.8(5yst.) £5.3(syst.)
AKS inefficiency L1+ 04356 1.2 4 0.3(syst.)
Acceptance 26.7 £ 4.1 (5401, 21.9 % 3.5(stat.)

:*:4.0(53}5,5.) i4-0(syst.)
ntn~ trigger inefficiency —3.6 £ 5.2(5101.) 5.2 & 3.6(sta1.)
Accidental activity

intensity diff. +3.00syst.) F1 T (yst.)
illumination diff. £3.0(star.) £3.0(stat.)
Kg in time activity +1.0(5yst.) F1.0¢syst.)
Total +35.9 £ 8.1 (5pa.) £ 9-6(syst.) | 35.0 £ 6.5(51a.) T 9-0(sys1.)

Table 2.5: Different years corrections on R. Corrections and systematic uncertain-
ties on R are reported in 10~* units, pure statistical and pure systematic errors on
corrections are labeled as (stat.) and (syst.) respectively.
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Chapter 3

Beam Monitors in 2001 run

3.1 Beam monitors and SPS phases

In the second chapter the Ferrara beam monitors have been briefly introduced
((§ 2.3.6), Fig. (2.20)) together with the standard beam monitors. In this chapter
they are presented in a more extensive way with a first look at their data quality.
To distinguish their variables we will refer at them as (intKSMON, intKLMON) and
(KSMON and KLMON) for Ferrara and standard monitors respectively. Apart from
beam monitors other devices can give informations on the beam intensity, even if not
designed for this purposes. l.e. extra activity measured in LKr, DCH and AKL used
in accidental activity studies, or the scintillators closed to the Tagger (TAGMON)
used to monitor the proton beam in the Tagger region.

The standard monitors signals are stored in a scaler read by continuous counters.
The the difference between two consecutive events, divided by the time difference, is
regarded as the instantaneous intensity they can measure. We are interested in the
investigation of small time scale structure to study instantaneous intensity. A rough
estimation (§ 2.3.6) indicates that these monitors can reach only a time scales of ~
1ms or few hundreds ps.

While the K¢ and K Ferrara monitors can investigate smaller time scale ac-
cording to the integration times chosen. The integration modules houses eight chan-
nels, 4 devoted to Kg and 4 to K; monitor data, we can therefore choose four different
integration time. In 2001 run the four times were chosen to investigate small time

scales down to 200ns: 200ns,1us,3us,15us.
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The integration module was already there since 1999 run but, at that time, the
input signals were taken splitting the signals of the TAGMON and standard KLMON.
To investigate smaller time scales than standard monitors the integration times were
chosen to be 2,15,30,60us. But the resulting activity in the 2us was very low and it
was not possible to increment it (e.g. using converters in front of the TAGMON and
standard KLMON) since both TAGMON and KLMON could not cope with higher
rates. Moreover the TAGMON scintillators were suffering from radiation damage.
A few times,roughly each 20 days, slight increments of High Voltage were needed to
recover the efficiency.

It was thus clear that new devices were needed, especially if we want to investi-
gate shorter time-scale to go toward ’as instantaneous as possible’ activity. Moreover
looking at LKr activity in random event there was an indication of existing small (in
the pus to few hundred ns range) time scale structures, especially at the beginning of
the bursts. As new monitors two Plexiglas -based devices (Plexiglas + air guide +
PM) were chosen. There are several advantages in this choice [40]:

- the Cerenkov light is faster;

- it is not rate limited;

- the light guide in air is easy to build and is better than a Plexiglas guide especially
in the K¢ monitor case where the K; beam halo would induce dangerous noise

- its radiation hardness, because scintillation is due to Cerenkov effect and not to
molecular excitation;

- and, last but not least, is a easy-to-build device

The KS monitor is placed on the proton beam path through the Tagger box
while the KL see neutral particle arriving at the beam dump. The Plexiglas dimen-
sions are determined by the beam area they have to cover.

The signals, after an amplification stage, are sent to the integration module.
The integrated signals, adjusted and shaped with the rise time of 50-100ns, are then

readout by fast ADC and sent to a pipeline memory. From the Pipeline Memory Board
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(PMB) card are readout in 12 timeslots (25ns each) around the trigger time. The
charged hodoscope Qx signal (coincidence of two opposite hodoscope’s quadrants)
has been used as the referring signal for the offset definition.

The first tests for the new beam monitors data quality is their matching with
the SPS phase (defined below) and the SPS Main phase (50Hz governing the magnet
for proton extraction). The behavior of these phases, affecting the proton intensity
and magnets, should be reproduced in the event distribution. The beam monitors are
expected to agree with these too. First of all we look at the SPS phase. [24]The SPS is
filled up with two trains of bunches of protons circulating in it, the trains are separated
by some empty bunches covering ~10% of the SPS circumference(Fig. (3.1)). The
protons take 23.3us to complete an SPS circumference, equivalent to a revolution
frequency of 43kHz. For each event the associate time with respect to a 43kHz
clock signal, synchronized to the circulating protons, is recorded: this is the so called
SPS phase. Protons are accelerated using RF system which kept the ~ 5ns bunch

~0.5Ls structure
~ 2 s structure
/ <
Qﬁb&

X
PN ~11psstructure &

l & §
- «\@\(\ «(b\ «\'b\

SPS longitudinal coordinate
2 proton trains circulating in SPS

~ 23 us structure

Figure 3.1: Two protons trains circulating in the SPS and their substructure

structure. The RF are then switched off to begin the extraction and protons start
loosing their bunched structure (debunching). Ectracted protons are then delivered,
to NA48, for a time of 5.2s (burst) each 16.8s.

We can have a look at the average behavior, over one hundred bursts, of the
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SPS phase, recorded for each event, as shown in Fig. (3.2) and at the event time
with respect to the same SPS phase in Fig. (3.3). The train structure and the holes
between two trains are visible, but not as exactly as drawn in Fig. (3.1). In Fig. (3.3)

a high populated region at the train tail is also visible. These features are related to

holes between trains

train tail

]

Figure 3.2: Events# vs SPS Figure 3.3: Event time vs
phase SPS phase

the proton extraction and debunching in the SPS. The number of extracted protons
from SPS is not stable but depends on their phase space distribution in the bunches,
that changes along the train. A variation in the number of protons corresponds to
a variation in the intensity and as a consequence on the number of events. The

same behavior has to appear in our events. We can ask now if the monitors are in
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agreement with the SPS phase, their average behavior over one hundred bursts is
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shown in Fig. (3.4) and Fig. (3.5). The standard beam monitor too match the SPS
phase (Fig. (3.6)) even if the agreement is a bit worse, as expected as a consequence
of their bigger time-scale.

Nevertheless as we have mentioned earlier the SPS trains structure is not always
exactly the same. To be sure of the SPS phase and monitors matching it is better
to check it burst by burst. To show that we can take nine consecutive bursts as in
Fig. (3.7) and notice that in fact the holes moves a little bit from one burst to the

other. Moreover in the single burst picture the peaks at the beginning of the burst are
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also visible, that was not clear in the average picture since the peaks position changes
burst to burst. In order to check the monitor-phase matching we take the same nine
bursts and look at the single burst monitor-SPS phase behavior: e.g. in Fig. (3.8) the

Ferrara 200ns channels (green KS, red KL) are shown superimposed to the SPS phase.
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Figure 3.8: 200ns channels and SPS phase in nine consecutive single bursts

The same can be shown also for the other channels and the standard monitors,
but obviously at higher time-scales the matching is less exact. In the same way we
check the agreement between the beam monitors and the SPS Main phase. The av-
erage (100 bursts) matching between the Main phase and the beam monitor channels
is shown for K (in Fig. (3.9)) and K, (in Fig. (3.10)) four integration channels. The
comparison with the SPS main phase for the standard monitors is shown in Fig. (3.11)

While looking at the single burst behavior Fig. (3.12) we take the same nine
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bursts shown in the SPS phase case and we superimposed at the SPS main phase the

informations for the 200ns channels (Kg and K, ) only.
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3.2 Ferrara beam monitors: a special example

2001 run was a special for several reasons: drift chambers were repaired and
re-installed, the end of LEP activities granted us a longer spill and lower proton
momentum, and lower instantaneous beam intensity too. This was a very important
chance to check the influence of beam related accidental activity on R. But it was also
a unique opportunity to check the result stability in different experimental conditions.
Of course beam monitors are strictly related to all of that, but now another subject
was found pertaining to the Ferrara monitors.

Looking at the shapes of the four channels data during the burst an intensity
as high as unexpected was seen in the very first part of the burst. It was clearly
observable not only in the 200ns channels but also in the highest integration time,
even if less shaped. The way the four channels looks like in a single burst can be seen

in Fig. (3.13) for theK channels, analogous plots exist for the Kg channels.
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To the right the zoom of the
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The peak at the beginning of the burst is visible. This peak is not affecting few
bursts but it is common to almost all the bursts as we can see from data taken on

several bursts (100) as shown in Fig. (3.14). The entire burst (left side) and the zoom
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on the first part of the burst (right) are shown, for both KS and KL 200ns channels.

That high intensity peak was not a problem for the Ferrara monitors but it
was for two fundamental detectors: the Tagger and AKS. The problem on AKS was
discovered through the Ferrara monitors studies: as we have mentioned before the
channels are read by a Pipeline Memory Board. This board is placed in a crate that is
part of to two-crate decoding structure: the first crate houses our PMB, the standard
monitor and SPS phase PMB and first part of the AKL’s PMBs. The second crate
of the structure houses the second part of AKL’s PMBs and the AKS ones. Looking
at our monitors variables surprisingly in roughly 10% of bursts there was a lack of
informations in correspondence of the high intensity peak: this is shown by the green
stars in Fig. (3.15). The rawdata decoding is structured in such a way that a problem
on AKS’s PMBs stops the bank filling also for the other PMBs variables. But forcing

the decoding our values appear as shown by the red stars [41].
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Figure 3.15: forced PMB rawdata decoding

Thus the monitor data are saved and informations are there but this was not the
case for the AKS, that is a fundamental detector in the Re(€'/e) measure. Looking

directly at the events dump in raw data we discovered that part of the AKS words
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were missing together with the crate control word. Thanks to Davide Marras and his
experience on PMBs the AKS problem was identified in the difficulty to send Xoffs to
the Trigger Supervisor as frequently as required. Also the Tagger shew problems in the
first part of the run related to the high intensity peak. Since Re(€'/€) event selection
cannot stand with problems in two fundamental detector (AKS and TAGGER) a cut

was imposed: events in the first 200ms of the burst were excluded from the analysis.
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Chapter 4

Formalism and methods to study accidental effects on

Re(€'/¢) measurement

4.1 Extra activity

The NA48 experiment and its beam lines have been designed to minimize dif-
ferences in both Long-Short and Charged-Neutral ratio, through the simultaneous
data taking of the four decay modes and K events weighting ' .

This imply a supposed zero correction to R due to extra activity, nevertheless
this has to be checked with the best accuracy. Extra activity is related to the pro-
duction of additional particles either in time or out of time: in the first case the
additional particles can be produced at the target by the same protons producing the
Kaons, while in the second case they come from the beam and are not correlated to
Kaon decays therefore are also called accidentals.

In K;, decays the in time activity is suppressed by the beam collimation and
shielding. In-time background from the Kg target may produce extra clusters in
Kg — 7%7% and cause a bias on R. This background has been studied in K¢ only run
to avoid accidental clusters coming from the K; —37° decays. The effect was found
to be less than 1 x 10~* [42].

The beam-induced, or Out of time, activity can be more dangerous since the
pile-up of extra-particles may result in a good event loss in the reconstruction or

2

selection ¢ , also a bad event gain can happens but the probability is very low,

compared to the loss.

! K5 and weighted K7, give almost the same illumination of the detector
2 losses at trigger level are already taken into account in the trigger efficiency measurements
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As already mentioned, due to the simultaneous four mode data taking the
Kg and Kj, events should be equally influenced by the accidental beam activity.
Nevertheless residual asymmetries may result in a ’second order’ correction to R.

These potential asymmetry sources are the following:

e residual difference of the detector illumination by K and Kg beams. The two
beams are by design almost but not perfectly collinear: a small angle is needed
for Ks beam production and to allow the beams to intersect the LKr center.
The distance between the two beam lines goes from 7.2 cm, at the Ky target, to
zero at the LKr, this imply a small but non-zero separation in the spectrometer.
An effect on R may arise if this small difference in detector illumination is not
equal for charged and neutral events. The related correction to R is represented

by the so called illumination or geometrical term: ARgeom

e decorrelation of the two beams: differences in the four modes can show up if
the instantaneous intensities of the two beams have variations that are not well
correlated. The related correction to R is represented by the so called intensity

term: ARy

Next sections are devoted to explain how we manage the study of the accidental

activity and the correction to R related to it.

4.2 Accidental activity formalism

In order to study the accidental activity we look at the instantaneous intensity
of the two beams. To study the time-varying intensity relations and effects we need
a formalism to explicit the time dependent terms. This can be easily obtained since

a time dependent function f(t) can be written as:

f(t) =< > 1 +n(t)) (4.1)

Due to the f(t) definition the following holds: the time varying term has zero

2

average (< 1y(t) >=0) and the relative variance is simply given by % =<1} >;
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as can be checked in the notation:

1
<ft)> = = | fya
r/
of = <(f-<f>)7> /(f <f>)4d
T
= %<f>2/nfcdt:<f>2<n]%>

T
Following the formalism developed by G.Unal and G.Collazuol [28, 24] the instanta-

neous beam intensity can be written, in the Eq. (4.1) notation, as:
I(t) =< It > (1+n(t)) k=L,S (4.2)

where I;(t) represents the instantaneous rate for mode k& decays at time t: () =

@ (1), Integrating over the beam time T we obtain the total number of observed

events in mode k:
true dnk
—dt L(t)ydt =T < I > (4.3)

But the Ks and K7, selected events may be influenced by the accidental activity
and a related probability to loose or gain events has to be taken into account. We use
to refer to "losses’ meaning that the gains are already subtracted, while if we want to
refer at losses and gains separately we will make it explicitly. The accidental losses
are assumed to be dominated by the K7 beam, being its flux 10* — 10° higher than
the Kg one.

Now we state the fundamental hypothesis for our study: the linearity of losses
with K beam intensity. This hypothesis has been finally confirmed on 2001 sample
using the Ferrara beam monitors data, while standard monitors can only show an
‘indication’ of linearity. If the hypothesis hold, and it is, the losses probability due to

accidental activity can be written as:

Ai X IL(t) =

A x < TIp > (1+n4()
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where k = L, S is the parent beam and j = 00, +— = N, C the final state. A{; is the
overall (gains already subtracted) probability of loosing an event.
The number of observed events is then changed, subtracting the number of lost

events, in:

% (1)(obs) = %(t)(t’“e) x (1= ALIL (1) o Tu(t)(1 — ALIL (1) (4.4)

integrating the last over the beam time T (recalling that < n >=0)

/Ik(t) (1- NI (t)dt =< I, > (1 = N < T, >< 14 nny, >) (4.5)

T

In terms of events free from losses due to accidental activity (N7 ™), the

observed number of events (N,g (Obs)), can be expressed as:
NIZ (obs) _ NIZ (true) (1 — Ai <Ip ><14+nng >) (46)

Is worth notice that < Iy, >< 1+ nnp > represents the average K beam intensity

seen by k = L, S mode decays, so we can define, for the generic k-mode:

I 1
I—< el >

= =<I; >< 1+ > 4.7
k <Ip> L NeNL ( )

The observed number of events in Eq. (4.6) can now be written in the equivalent and

shorter way:

N ) = N7 U (1 - NI T) (4.8)

We will make use of short or long notation, or both, depending on what we need to

put in evidence. The observed double ratio can be written, in the short notation, as:

NEO (true) (1 . AOLOIL) N;—— (true) (1 . A}—_IS)

Ng[] (true) (1 . A%OZS) sz (true) (1 . Azfl-L)

(1 — AN y (1 - AETs)
(1-A¥Zs) = (1-A} Ip)

R(obs)

Rlre) (4.9)

While, defining the mean losses )\i = Ai < Iy, >, in the n’s explicit from we obtain:

(4.10)

R(obs) — R(true) |: 1- )\OLO <1+ 77% > 1 - )\45:7 <1+ NsnL >:|

X
1= AP <l4nem>" 1-X"<1+nt>
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where the true double ratio (R**®)) and the accidental term (in square brackets)
can be easily seen. Being AiZk < 1 the denominator can be expanded to write the

accidental term as:

] = (1=APT) (1 - A5 Ze) A+ ARTs + AT T+ )

= 1+Zg(AY — AF) + T (A~ — AP) + .. (4.11)

while the explicit form is, at first order in A and second order in 7:

1- A0 <1492 > Xl—)\JS“’<1+77577L>_
1= M2 <1+4nsm > 1-=XA"<1+n?>
= 14+ A\ = A) <l+nsm >+ = AP)<1+n >

= 1+A

The effect of accidental activity on R can thus be written as R(®) = R(rue)[1 4 A]
and the relative correction to R became (R(ru¢) — R(bs)) /R(true) — A\ = AR.

The different terms related to different sources of asymmetries are not yet dis-
entangled, i.e. intensity variations, decorrelation between the beams and difference in
the detector illumination. In order to do that we add and subtract )\gO’Jr_ <14ni >,
moreover since < 1 +ngn; > — < 1+ 12 >=<nr(ns —nr) > the effect on R can be

written as:
AR=(\g = X&) <mplne —ns) > +[AL = AL) = (A\f~ = A8 <1+m; >

Introducing the difference between Long and Short 6\ = (M, — L) (j = 00, +—) AR

assumes the simplest form:

AR = ()\OSU — )\Jsri) < 77L(77S — 77L) > +((5)\+7 — 5)\00) <1+ 77% >

(4.12)
= AR + ARGeom
In the Z, view it reads:
ARp = (Agp - qur_)(zs - 1) (4.13)

ARGeom = (BATT —0AYT, ; 6N = (A — AL) (4.14)
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It is now easy to see that different conditions must be satisfied to have non-zero cor-

rection to R:

e conditions on ARy, :

x difference in Charge and Neutral mean losses: A% # A&~
+ not-flat K beam intensity: ny(t) # 0

* decorrelation of the two beams: ny(t) # ns(t)
e conditions on ARgeom :

* different induced losses on K, and Kg : 6\ # 0

* influence in induced losses not equal in charged and neutral events: 6\ £

SAT
Back to Eq. (4.13) we can split the ARy,; correction in two parts:
ARy =A(C—N) x A(I)/I (4.15)

where the A(C — N) accounts for difference between mean losses (A, = AJ < I, >)
in 797% and 7*7~ , and A(I)/[ is the difference in the mean K; beam intensity
seen by Ky and Kg events (Zg — Z;, ). Due to the various way of measuring the

corrections, as we will see in the next chapter, it is convenient to split ARy,; in these

two different terms.

4.3 Accidental activity in detectors

Depending on their position on the beam lines there can be detectors whose
activity is dominated by one of the two beam: i.e. the Tagger and K¢ monitors are
dominated by Kg beam while LKr, DCH, AKL and K monitors are dominated by
K7, beam. Now let take a detector whose activity is dominated by beam m, the extra

activity rate will be related to the beam m intensity
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m(t) o< I, (t) =< I, > (1 + (). Defining my =< m >, the extra-activity rate is
given by:
m(t) = mo(1+ nm(t)) (4.16)

If we consider now an un-biased sample of events in mode k, with probability
I(t) to have a K—7nm decay in one of the four modes, the accidental rate in the

detector is given by

<m(t)Ik(t) >
m = <14+, > 4.17

Looking at the accidental activity of Kg and K, events in the same detector we can

investigate on the intensity correction:

m
g_;z = 11 z ZiZZi i ~ 1+ < nw(ns —me) > (4.18)
ps —pp _ <nm(is —nw) > (4.19)
Py 14 <z, >
ps —pp _ <nm(is —nw) > (4.20)
ps 1+ <nmna >

We can now measure from K; and K¢ beam indicators:

s
Ky indicator — pg ~ 1+ <ns(ns —ne) >

pr

P — i _ <ns(ns —nr) >
pr 1+ <ngnp >
ps — i _ <ns(ns —nr) >
ps <>
(4.21)
L
Ky indicator — % ~ 14+ <ni(ns —n) >
L
pE—pr  <nulns —nw) >
p 1+ <>
pE—pt  <mlns—m) >
Pk 1+ <nns >
(4.22)

While if we have a sample of selected events in mode j suffering from accidental
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losses the resulting rate is:

o <mBIk A= ML) >
pe() = — ML) > (4.23)
< (L4 mm) (L +m)[1 = M(L+n)] >
<M 4m)[l = M1 +mn)] >
< (L4 mm) 1 +nm0) > =M < (L4+n2) (1 +ne) (14 1) >

= mO ] —
L= < (T4+n0)(1+n) >

<(1+ 1+ 14+nm
< (L4 nm) (L4 m) > |1 = M ?flsymﬁﬂ(nk)n =

= mO — —
1—)\] (1+77L)(1+77k)>
)\J <(+nL)(+n%)(1+7m)>
= <L S > (4.24)

1—)\§€<( +np)(1+n) >

as usual at first order in A and second in 7

() = mo < (1+nn)(1+m) > X

< (1 +n0)( +ne) (1 + 1) >
< (14 nm) (1 + ;) >

[L+M < (L+n)(L+m) >] =

Y

= mo [< (1+70,) (14 m6) > =N < (L) (1+1) (14 7m) >] %
[T+ X, < (T+n) (1 +m%) >]
= mo < 14 nume > —meN, < (14 ) (1 +70) (1 4 7) >
+m0)\i <1+ ><14+nne >
= my [l—i- < DM > —)\i < NLNm >] +
—mg [N, (< menntin > — < Tt >< 00 >)] (4.25)

~ My [1+ < DMk > —)\?c < NLNm >] (4.26)

In this equation accidental activity and event losses are related by intensity variation
only, direct effect on event reconstruction and selection are not taken into account, this
imply that to avoid bias on accidental activity measurements the indicators directly
connected to the losses have to be excluded.

This is the case of extra-tracks or clusters in the drift chambers: the amount of
activity observed around the event time is an estimation of the beam instantaneous

intensity but in the DCHs the out of time tracks are related to the overflow presence,
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that cause losses and a bias in the measure. Detectors which are not used in trigger
or reconstruction decisions and are not in the central detectors (e.g. Tagger) are
un-bias estimator, but also central detectors (e.g. LKr ) can well measure the extra
activity in good events (e.g. out of time clusters in LKr), provided the sidebands are
far enough from the event time to exclude direct connection to event losses and avoid
correlations with event’s induced activity.

In the past (on 1998-99 data) a big effort to measure the auto-correlation
< n? > and cross-correlation < nzng > terms has been done [24] through extra-
activity measures in the sidebands closed to the event time. The auto-correlation
terms were found to be &~ 25% with huge r.m.s. (= 50%) on I, while the difference
between auto-correlations and cross-correlation terms < n? > — < nns > (k=L,S)
were found to be very small (order of few per mill) pointing to a small intensity effect
on R and r.m.s < 10% on I I.

In this contest we can look at the ratio between pi*(j) and pi¥ (5') where m, m' =
L, S is the dominant beam in a chosen detector, k, k' = L, S and 7, j' = C, N refer to
the decay mode. Therefore the general form is given by:

PEG) 1 < e > =X
P (d) 1+ < mwme > =N (--+)

(4.27)

If we study the extra activity in the same detector (m = m'), for the same k-decay

mode (k, k') we can look at the charged-neutral ratio (j = N, j' = C) or difference:

Pit(N) 14+ < i > =AYV (-- )

0 T Th < e > () (4.28)
~ 1+ = AN () (4.29)
PRE(N) = p(C) = mo(AS = AN () (4.30)

Another possibility is to use the same detector (m = m’) the charged decays (j, ;' =
C) on different k mode (k = S, k' = L)

PE(C) _ Lt < s > (1)
PP(C) 1+ <mnr > —AG(-+)

(4.31)
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that ;neglecting the geometrical effect (thus Ag = Ar), can be written as:

Y4 1+ < nmns >
Ps _ T <Tmlls > (4.32)
P 14+ < N >

~ 1+ < nm(ns —np) > (4.33)

In the LKr (AKL,DCH ...) case the K, is the dominant beam (m = L) therefore the

B3

last equation became Z ~ 1+ < nr(ns —nr) >.

SIS

This is an indication of the methods we can use to derive informations and how
to measure the correction to R due to accidental activity. In the past the information
from extra activity in AKL, DCH, Lkr have been investigated, unfortunately the
AKL turns out to be biased but was in any case useful to put an upper limit on the

correction we want to measure.

4.4 Correlation measured with beam monitors

The informations from the beam counters, the K¢ and K; monitors, can be used
computing the intensity as the difference of counting, divided by the time difference
At;, of two consecutive events. Defining N} the counts collected in At;, we can

compute the auto-correlation and cross-correlation in each burst:

< 772 > = < II% > — zle(Nli)QAtl (4 34)
* <Iy > (3L, NjAt)? '
< Iglp > " O NLNEAL,
< MNsnr > = 5L = ZZ*I 5L (435)

<Is><I,> (X, NLAL)(OOT | NiAt)
where n is the number of sampling in the burst, in the counters case this is the number
of events in which the counters difference can be computed: the first event and the
events where there is an overflow in the counter scale are excluded.
While in the Ferrara integrator channels the informations are directly given
event by event as Ii(t), and there is no need to compute the difference between

consecutive events. From both counters and integrators we can have more complex
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information like the following:

<1 > <Iglp > <IP> T
tasm > <Ashh > S 75y (4.36)
<l+mn;> <Ig> <Ip,> 1
IsI <IZ>
<n(ns —nw) > _ T b _Is -1, _p_ A-1 (4.37)
< 14nsn, > <<I§7£L>> Zs A '

Where 7 represents the average K beam intensity seen by k-mode decays, as defined
in Eq. (4.7). The two quantity A and B are obviously related between them and to
the classical correlation

<Igl; >—<Ig><Ij >
VIKIZ> —<Is>?) (< I} > — < I, >?)
< >
_ NsnL. (4.38)
V<ni><n? >

As already mentioned the informations from integrator channels are in very shorter

C =

time scale than counters channels so their use to study both correlation (A,B,C type)
and auto-correlation terms gives hints on shorter time scale structures and with higher

precision.

4.5 Random Events

Special events to study accidental activity are collected through dedicated trig-
ger, these events have to show the detector noise and accidental activity being, at
the same time, decorrelated from K, events: they have to be randomly triggered
but proportionally to the beam intensity to represent the accidental activity in the
detector as it is seen by K, events. These special events are the random triggers,
~ 10 K, and ~ 10 K randoms are collected per burst.

Due to the SPS extraction mode the same extraction position in the SPS ring is
reached by protons with same conditions on SPS phase only every 3 SPS revolutions.
This correspond to a delay time of 69.3 ns to apply at the trigger so that the intensity
condition recorded are independent to K, events but representing the same intensity
conditions. The random triggers coming from Kg monitor (placed at Kg target) and
K1, monitor (placed at the beam dump) are thus delayed by 3 SPS cycle and recorded

in two different streams: K¢ random and K7 random.
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These special events can be used in two ways to measure the accidental activity
effects: overlay method (see next section) and measuring the activity on different
detectors registered in these events. Randoms don’t suffer from losses so we can
measure the activity as in Eq. (4.17) where now k=Random:

< m(t)Ig(t) >

= <1 mNR > 4.39
< Ip> my + MR ( )

PR =

If random events represent properly the K intensity condition then < ngp >=< n; >,

therefore we can compare the detector response in k-mode and k-type randoms.

4.6 Data Overlay and Monte Carlo Overlay

Random events are used to produce new events of two kinds:
e Data overlay (DO): k-mode events are overlaid with k-type randoms

e Monte-Carlo overlay and double-overlay (OMC): Monte-Carlo generated events

are overlaid (once and twice) with randoms events

In the Data Overlay case the noise in the detector is doubled since it is present both
in random and real data, while in MC only the random event are noise-affected. A
DOMC event is obtained by the overlay of an OMC event and a random, in this case
we have doubled the noise too. So the OMC would be compared to the original data
while the DOMC can be compared to DO.

In both cases the information from each detector are summed to produce the
informations for the overlaid event. Overlay procedure accounts for accidental effects
on reconstruction and selection, but does not account for in-time accidental effects
(induced by K, events), that are negligible, anyway. The original and overlaid events
then pass through the analysis cuts and true losses (gains not subtracted) and gains

are measured. We can now identify different classes with respect to the selection cuts:
e losses: bad overlay coming from good original

e gains: good overlay coming from bad original
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e common good events: both the original and overlay are good events
Moreover

e common events = good originals + good overlay events

e good original events = common events + losses

e good overlay events = common events + gains

The overall loss probability is obtained looking at the number of true losses (gains
not subtracted) minus gains normalized to the number of good originals:

p = Moss ~ Ngain (4.40)
Ngoodorig

If weighted K are accounted for then the weights can be different for original

(w;) and overlaid events (w}), and the loss probability became:

P > (Wi)toss — 223 (Wi)gain — 323 (Wi — Wi)common (4.41)
Zi (wi)goodorig

In principle both Intensity and Geometrical effects can be measured overlaying
Kg random with Kg event and K random with K event (Brute Force Overlay).
But up to 1999 the delay on random events was not precise as expected: there was a
bias, different for K and K; randoms, in the delay. This, inducing a few % bias in
the intensity difference seen by K¢ and K randoms, invalidate the A(7)/I measure
whose expected value is few % too. On the other side this is not a problem to study
ARgeom and the A(C' — N) term in ARy, , as a consequence different methods to
study the corrections separately have been found in the past and used in 2001 run
too.

In 2001 run the bias on delay has been adjusted rendering valid the procedure to
evaluate the correction all in once but the limited number of randoms available induce
a big statistical uncertainty. As a consequence of all considerations above to obtain
a more precise evaluation all the methods developed in the past are used obtaining

better results thanks to the new informations from integrator channels. Another way
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to improve the use of randoms in OMC is to use both type (Kg and K, ) for the
overlay without care of k-mode of the original event, this is called mixed overlay and

is useful to compute ARgeom as will be explained in next chapter.

4.6.1 Data Overlay formalism

To investigate the data overlays we have to take into account:
e losses in original events —AZ I (t) = X (1 + n,(t))
e losses in overlays —>KiIL(t’) = Xﬁ(l + (1))

As we have already seen the number of good original suffers from losses:

(Ngoodorig)‘]i = C/[k(t)(l - A?CIL(t))dt
T
= (Ntrue)‘lyc(l - >\L17c < 1+ nn >)

but this is true also for the overlay events, where also the original losses have to be

taken into account:

(Nyoodony )i, = ¢ / I(t) (1= ML (1) (1= KT (t) ) dt (4.42)

T
If, for every original event, a random event can be found such that ¢’ = ¢ is satisfied

then we can write:

(Ngoodovly)i — (Ngoodorig)i; (1 - X‘]]g <1 + NNk >> (443)
= (Ntme){; (1 - )\{; <14+ npm >) (1 — Xfc < 1+707 >)
= (Ntme)‘,i [1 - )\‘,1 <14+mnpne > —Xi < 1+ 707 >]

+(Nipue )i [Aﬂ; <14 >< 1+ 707 >]

(Ngoodovly)i — (Ngoodorig)‘]i
(Ngoodorig)‘]yg
(Ngoodovly)?g — (Ntrue)‘]yg

7 = —)\i<1+77L77k>—Xi<1+77L77k>+...
(Ntrue)k

= -\ <147 >
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Comparing the double ratio obtained from good overlay modes and good original we

can estimate the accidental activity corrections:

1-Xp <1+7m2> y 1—Xi < 1+mms >

R(goodovly) — R(goodorig) — e
l—Ag <l+mms> 1-X, <1l+n}>

(4.44)

Moreover if the Xﬁ < 1+ mm > term is a good estimator for )\{; < 1+nrm > we

know also the double correction:

R(goodovly) _ R(true) 1 — 2)‘0L0 <1+ 77% > > 1 — 2)‘—15'—_ <1+mnns >
1—2X\Y <1+ nns > L—2\ " <1+n>

(4.45)

To found these relations we have used ¢ = ¢ and Xi < 147 >= M, <
1+ nrnr >, and this holds if the overlay procedure
1) overlap each original events with a random event with equal trigger time within
the burst
2) use randoms providing an accidental activity ’picture’ as closed as possible to
K. events 'picture’
3) not be biased by non linearity of losses with beam intensity.
However these requirements are not completely fulfilled: in the first case the random
chosen is the closest in time to the original event, but a small difference in time remains
so that t' — ¢ # 0. This results in a small difference between < 777 > and < npng >.
The overlay, doubling the noise, introduces non-linearities in the losses. The way to

escape from these problems has been found in Monte-Carlo Overlay method.

4.6.2 Monte Carlo Overlay formalism

In this procedure Monte-Carlo events are generated and then overlaid with
random events collected during the run. The generated events are free from noise and
accidental activity that are only related to randoms. The overlay event resulting from
the superposition of MC event and random event is thus not affected by double noise.
Double overlay is the same procedure as OMC but applied to overlay MC instead
of original MC. DOMC events have double noise (coming from the 2 randoms) like

data-overlay so if everything is well simulated the difference between the double and
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single overlay should be the same as data overlay. DOMC were first introduced to
check possible non linear effect due to the overflow cut.
Once more the formalism is the same, where the original events are free from

losses and acts like the true events in the previous picture.

Ngoodorig = NgoodMC
(Ngoodovly)}i - (Ngoodorig)i |:1 - Xi; <1+ nNLNr >:|
(Ngooddblovly)i = (Ngoodovly)i; (1 - X?g <1l+ nenr >)

(Ngooddblovly)‘]i = (Ngoodorig)i (1 - 2X]1 <1+ neNr > +>

From the double ratio of these numbers we can compute the overall corrections AR
if random events can satisfy two conditions needed to represents exactly the same
intensity seen by K., events: < npnrr >=< nynx > and < Ig, >=< [, >. Even
if this is not perfectly true, as in the past due to the bias on random delay, we can
exclude from the useful computation the A(I)/I part and compute A(C' — N) and
ARGeom -

If k-mode decays are overlaid with their k-mode random (Brute Force overlay)

and < npngr >=< NN, >we can write:

~00 —
11— 1 11— 1
L <l+nwnL > y s <lA+mnns > (4.46)

Rgoodovly = Rgoodorig — p———
1—)\050<1+77L775> 1—)\1_ < 1+4+mnnL >

while in the mixing random procedure, in which we do not care of the random’s
k-mode, we can have

1 —XULO(< 14+nn, > or <14+nns >)

1 —X§°(< L+mnns > or <14nLn, >)

1—X;7(<1+77L775> or <14mnyn, >)
I—XZ_(<1+77L77L> or <1+nns >)

Rgoodovly - Rgoodorig X

as a consequence in this case we can not measure the overall AR as in the BF case,
but we can ignore the k-type random and focus on the difference in charged and

neutral losses between Long and Short, (AT~ — 6A%) =< I > (6AF~ — §A), that

means measure ARgeom -
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4.6.2.1 OMC and DOMC sequences

[43]The MC basic package to generate events is NASIM, developed for the de-
tailed simulation of NA48 setup. For each random event four MC events, correspond-
ing to the four decays modes, are simulated and overlaid with the random event. Two
randoms events are needed to start the DOMC sequence. Due to the finite number
of randoms collected the number of sequences is finite too: 80% are OMC and 20%
DOMC sequences.

An OMC sequence contains 17 events:
e random event, used for all the overlays in the sequence

e for each one of the four modes (K3~, K¥, K/, K¥)
* MC original 1
* overlay random-MC original 1
* MC original 2 (same mode as original 1)

* overlay random-MC original 2

Two events are generate for the same random to use the random in a more
effective way, one of the two couple original-overlay can be rejected passing

trough the analysis cuts.

A DOMC sequence contains 26 events:
e random event 1
e random event 2

e for each one of the four modes (K3, K¥, K/, K)
* MC original 1
* overlay random 1 - MC original 1
* overlay random 2 - Overlay 1

* MC original 2 (same mode as original 1)
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* overlay random 1 - MC original 2

* overlay random 2 - Overlay 2
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Chapter 5

Accidental effects corrections on Re(€'/¢) measurement

5.1 Introduction to the measurements

The correction to R (AR) due to possible asymmetries induced by accidental
activity has been introduced in the previous chapter, along with the formalism to
show explicitly its Intensity and Geometrical terms. Now we are going to see the
methods developed to measure them, and their results. We have also to verify the
linearity dependence of losses on K beam intensity (losses probability = A7 (1)),

that is the fundamental hypothesis we have used to derive the AR as:

AR = AR + ARgeom
ARpmi = (A = A7) <mwlns —mw) >
= (AY —A)(Ts — 1)
= (A - AD)T - T)
— A(C—N) x A(I)/I
ARgeom = (AT =0X0) <1492 > 5 6N =N —X)

= (OA™" = 6A")Z, ; 0N = (A] — A))

where 7, is the average K, beam intensity seen by k-mode (L,S) decays,
T, = % =< I ><1+nmL >.
By means of Overlay Monte Carlo techniques we could measure the accidental

activity induced correction AR = ARy, +ARgeom all in once, if the random triggers

satisfy all the requirements needed to represent the activity seen by K,, events.
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However randoms were not perfectly triggered up to 1999 run, with different biases
on K, and Kg random delay, introducing a few % effect on the average intensity seen
by random events. As a consequence the A(I)/I , being of the same order of few
% was estimated in different ways. OMC, and other methods, were used to evaluate
the A(C'— N) term and the ARgeom correction. As it was in the past the different
contributions to AR are estimated separately also in 2001 data, and with different
methods to verify our results. In addiction in 2001 data the overlay technique has
been used to compute the overall correction, but it is used as a cross-check being
dominated by the statistical error of the overlay procedure (§ 5.4). The different

measurements are divided as follow:

AR

ARpn (§5.2)

A(C —N) (§5.2.1) A(I)/I (§5.2.3)
good events (§ 5.2.3.1)
A}%Geom
good events (§ 5.2.1.1) K, 200ns (§ 5.2.3.2) (§53)
OMC (§ 5.2.1.2) randoms (§ 5.2.3.3) '

beam monitors (§ 5.2.3.4)

linearity (§ 5.2.2)

AR with overlay and final result(§ 5.4)

5.2 AR,; measurements

We are going to see the different methods developed in the past and in the 2001
run to evaluate this correction in its A(C'— N) and A([)/I terms. The final result,
taking into account all the following methods, is ARp,; = (04+1.1) x 10~* [3]. It was

(0+3) x 10~* in 1998-98.

5.2.1 A(C — N) or A) measurements

The A(C — N) is also called AX being the difference of neutral and charged

mean losses. Several methods are involved to measure this term and the final results
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from them is A(C'— N) = (1.0 £ 0.5)%. [3] This value is 30% lower than 1998-99
value ( (1.4 £ 0.7)% ) thanks to the lower average beam intensities in 2001, allowed

by the longer spill length.

5.2.1.1 A(C — N) from good events

We can compare the ratio of charged and neutral Kg events in (Kg + Ky, )
to pure Kg beam. In the Kg only case the accidentals are one order of magnitude
smaller than K¢ + Ky, , because the K; beam is absent, therefore following the

previous chapter’s formalism we can measure:

(C/N)ks = N¢/N§
1 -2 <1+mns >
N = N K
(C/N)ks+x, (©/ )KS1 —AY <1+mnns >
(C/N) ks vxcn
(C/N)KS

1—(Ag—)\g)<1+77L775>

From that measure A(C' — N) is also called A(C/N) and the resulting value is found
to be A(C'— N) = (0.9 +0.6)% [45]. Evaluating then the A(1)/I as <ielL=ns)> _

<l+npns>

(Z;, — Zs)/Zs we can obtain the full AR}, correction.

5.2.1.2 A(C — N) with overlay method

We can estimate separately the Losses (not gains subtracted) and Gains on
charged and neutral events in Overlaid Monte Carlo events checking the results with
Double Overlay Monte Carlo and Data Overlay. To evaluate the charged-neutral
difference we refer to losses meaning Losses-Gains. The difference between charged

and neutral losses (Losses-Gains) !

is found to be, after noise (correlated with 50Hz
phase) subtraction in LKr, 0.65% in OMC, 0.7% in DOMC and 1% in Data Overlay
[46, 47, 48, 49]. In 98+99 sample the difference in (C-N) losses was 1% in OMC, 1.1
% in DOMC and 1.4% in DO, where the lower percentage of losses in 2001 is due to

the lower intensity.

I we consider here that there is no difference between K; and Kg losses in the same mode

(charged or neutral) being this involved in the lower order geometrical correction
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The major discrepancy between DOMC and DO is on the charged losses due
to the overflow cut, in which the DOMC losses are ~ 30% lower than DO. Is useful
to recall what this overflow condition is, because it is also the main cause of losses in
charged events and of the difference with neutral losses. The overflow cut has to be
set due to the imposed limit on drift chambers’ readout. The overflow condition is
set, in a plane, if there are more than 7 hits in 100ns to be readout. If this happens
the hits for that plane are not recorded, instead of the hits’ words only the overflow
word is sent out and the readout memory in that plane is reseted. Hits from neighbor
events can be deleted too by the memory reset, as a consequence to avoid bias on R
measure a tight cut is applied in the analysis: the event is flagged in overflow, and
rejected in the selection phase, if at least one plane, in the first or second or fourth
chamber, is found in overflow condition in a [-312.5,312.5]|ns time window around the
event time. In charged events the overflows are enhanced by the good 77~ two
hits per plane. The main difference between data and DOMC is in DCH4 where
the MC lacks in reproducing the true overflow distribution. It has been checked by
D.Madigojine [43] that the overlay procedure is correct and the remaining suspect is

on NASIM simulation at hits level.
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Figure 5.2: linearity of losses with
K; beam intensity 1999 sample,
K, counter

Figure 5.1: linearity of losses with
K beam intensity, 200ns K, integrator
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The losses in 2001 sample are shown in Fig. (5.1) in which there is also a clear
evidence of linearity of losses with K; beam intensity. The OMC variables, cut and

losses will be exhaustively treated in the ARgeom section.

5.2.2 Linearity of losses with K; beam

Looking at the overlay losses as a function of the K, beam monitors the linearity
of losses with K beam intensity can be verified. Before the K Ferrara monitor
installation (in 2001) the referring monitor was the K counter at the beam dump.
With the new Ferrara monitor data the linearity has been not only verified in a more
precise way but also on a bigger range as shown in Fig. (5.1) and Fig. (5.2) were
the charged and neutral losses in OMC are shown. The Kj beam intensity are in
arbitrary units obtained rescaling the beam monitor data to the Lkr extra-cluster

probability.

5.2.3 A(I)/I measurements

Different methods are involved to measure A(I)/I, resulting in a final estima-

tion in agreement to a zero value within 1%. [3]

5.2.3.1 A(I)/I with good events

A(I)/I can be measured in good events using as estimator of the intensity the
probability to have one extra cluster (out of time) in Lkr. It can be done also with
extra-tracks but taking care of the bias introduced by the overflows in DCHs. The
K, beam in the dominant one therefore the extra-activity in good Kg and K7, events
is a measure of the K beam intensity seen by these events. That means we are
measuring Zg and Zy,. The few centimeters separation between Kg and Kj, beams at
the K target allow the charged decays to be easily identified, as Kg and K7, , through
the vertex position. The few centimeters separation between K¢ and K; beam at

the K target and the path throughout the spectrometer Therefore ks and Ky wtnr—
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selected by the vertex are used, avoiding correlation between mis-tagging probability
and beam intensity. Long range variations in K / Kg ratio are excluded wighting
the Kg to equalize the K / Kg ratio. [44]

The good events suffer from losses so that are not a perfect unbiased sample but
at first order in the ratio this method gives a good estimation of accidental activity
difference between K and Kg . We are applying to Lkr (m=L) we have seen in
Eq. (4.31) and Eq. (4.33).

Comparing the rate of extra-cluster in Lkr in good K¢ and K events selected
by vertex, the A(I)/I is found to be less than 1% ((+0.4 £ 0.444)% [44]), after
K weighting. Without K¢ weighting the value is higher (= 1.2%) as a consequence
of the higher Ks / Kp ratio at the beginning of the burst. ! This is shown
in Fig. (5.3) while in Fig. (5.4) the accidental activity probability seen by Lkr is
compared between 1999 (red) and 2001 (blue). In this last is clearly shown the

difference in burst structure and time.
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Figure 5.3: accidental activity probability Figure 5.4: accidental activity probability
in Lkr: K; and Kg —7"n~ versus time in Lkr in 1999 and 2001 sample, K and
in the burst K¢ —nTn~ versus time in the burst

1 Analogous result is obtained looking at the extra-tracks in DCHs. [44]
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5.2.3.2 A(I)/I with K 200ns integrator in good events

The beam intensity from the 200ns K integrator channel recorded for each
event are used to evaluate the difference in average K, intensity seen by good Kg and
K, events. As in the previous method charged events selected by the vertex are used

to measure:

The resulting value, after the Kg weighting to equalize K, /K ratio, is again
found to be less than 1% ( (—0.08+£0.0444)% ) [44]. The 200ns K, integrator channel
for Kg and K, to ntn~ (vertex selected) events is shown in Fig. (5.5) and Fig. (5.6)

respectively.
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Figure 5.5: 200ns Kj integrator in  Figure 5.6: 200ns K integrator in
K¢ —ntn~ vertex selected K; =77~ vertex selected

5.2.3.3 A(I)/I with K¢ and K randoms

The ratio (Z;, — Zs)/Zs has been measured (by G.Unal) on random events too.
A small bias was found in K random trigger giving a decrease of the number of
K random during the burst. After K random re-weight the
< N (MrndmL — Mrndms) > / < 14 NpMrnams > from Lkr cluster and DCH tracks has

been found to be, again, less than 1% [45].
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Moreover looking at LKr clusters in random events (Ly < 1 4 npng >) we can
have an estimation of the agreement with K beam integrator channels and their
capacity to see instantaneous intensity. The 200ns channel turns out to be the best

correlated to Lkr activity, as it should be.

5.2.3.4 A(I)/I with beam monitors

Decorrelation of the beams is measured by means of beam monitors, counters
and integrators.

To investigate beam structures at small time scale we can look at

e beam counters through the difference in counts between two consecutive events:

we can investigate down to ms scale
e beam integrators at 15us, 3us, 1us, 200 ns.

e Lkr cluster in random events (down to = 100ns readout window). This has
shown in 1999 data that structures at time scale smaller than 2 ps were involved,
especially at the beginning of the burst. This was one of the reasons to have

smaller integration times and new devices in 2001 run.

We can compute the variables A and B defined in Eq. (4.37) to compute
A(I)/I and other informations like auto-correlation (< n? >, k=L,S) and cross-
correlation (< n;ns >). In order to do that both Kg and K have been reweighted
since during the run the intensity of their response decreased, because of growing of
pedestal values. Another kind of special triggers has been used, the Lydia Pulser
(~ 37/burst) that are taken uniformly in time. All the four channels are used to eval-
uate, burst by burst, the A(I)/I and the other terms like cross and auto-correlation
but to avoid statistical fluctuation in the rate measurements the 15us result is taken.
The (Z, — Zs)/Zs is found to be &~ -1% with same order of uncertainty.

Looking at the single term of auto and cross correlation, burst by burst, their

values can not be disentangled by the statistical component. This means that the
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autocorrelation value changes according with its uncertainty: from = 40% in the
200ns channel to ~ 15% in the 15us channel, being compatible with zero within their

uncertainty.
5.3 ARgGeom, measurements

The illumination difference effect can be estimated using OMC computing
Losses and Gains for Kg and K; events. Mixed K; and Kg randoms are used to
produce the overlay events. This, respect to the Brute Force method (used in DO),
improves the statistics of randoms since we can overlay all of them without take care
if are Long or Short random (§ 4.6.2). We do not introduce bias on ARge,,, measure,
being the correction sensitive only to the average intensity times the difference in
illumination of K7, and Kg events (ARgeom =< I, > (JAT™ — §A%))

Random events presenting overflows, killing also the following overlay events,
are of course excluded from the analysis. Original, overlay and double overlay are

good events if they satisfy the Re(e'/¢€) cuts:

e general cuts
* event time in the burst > 200ms, to avoid the very high intensity peak at
the beginning of burst
* cT/cTg less than 3.5
x cr/crg > 0 for K, events, cr = 0 is the AKS position

« no overflow in any plane of DCH1 or DCH2 or DCH4 within [-312.5,4+312.5]ns

around the event time
* total energy between 70GeV and 170GeV

(Z'ut:c*ZAKS)mk

The proper time 7 is related to the vertex and AKS position by 7 = o

e neutral cuts

x 7 cut (Zyerter = ZLkr — dyertex): the origin of K, fiducial region is at the

iridium crystal (607.2 cm, AKS region). The distance between decay vertex
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and Lkr is computed assuming that the four photons invariant mass is the

Kaon mass (mg)

dvertex - Z ZElE][(xZ - xj)2 + (yz - yj)Q]/mK (51)

i g>i
It is used to determine the proper time of the decay

photon (shower in Lkr) candidate energies between 3GeV and 100GeV

fiducial cuts to ensure well measured energies of the photon candidates:
- photons candidates in the Lkr acceptance region

- distance from the center of beam tube > 15cm

- distance from Lkr edges > 11lcm

- photon candidate distance to closest dead cell in Lkr> 2cm
distance between any two photon candidates > 10cm

absolute time difference between photon candidate and 4 photons average

time < dns
Center Of Gravity (COG) of 4 photons candidate < 10e¢m

no extra-cluster (more than 4) with Energy> 1.5GeV within +3ns (to

reduce 3% background)

Retipse < 1.5 (to choose the best pairing of 4 photons in 27°, reduce 37°

background ) This is a y?-like variable on the two couples of photons to

0

form the two 7° mass, it is defined as:

(my +ms)/2 — myo (my —ms)/2]°

Rellipse - ]2 + [

Omi+mo Omy—mo

(5.2)

It is well represented by the ellipses in Fig. (5.7) where the two reconstructed
M.~ masses (m; and my) are shown. Where for each couple of photons their

invariant mass is

Myayh = \/EaEb[(xa - xb)2 + (ya - yb)2]/dvertex (53)
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Figure 5.7: Rejipse view in the (mq,ms) plane

e charged cuts

 the origin of K, fiducial region is at the scintillator (609.4 cm, AKS region)
* track distance to the center of the beam pipe > 12c¢m

« both track with E/p < 0.8 (to exclude electrons from K3 background).
The kaon energy is computed through the opening angle of the two tracks

before the magnet and their momenta assuming the Kaon invariant mass:

R
= ﬁ(m%( — Rm?2), where R = ]]Z—; + ]]j—i +2 (5.4)

E
* 1no hits in the MUon Veto (to exclude electrons from K3 background)
* tracks momenta p > 10GeV /¢
« Closest Distance Approach (CDA) < 3cm
* COG < 10em

« Track impact point within Lkr acceptance

* asymmetry cut to exclude asymmetric decay in which one track is closed
to the beam tube (where the MC is more critical) ASP < min(0.62,1.08 —
0.0052 x p[GeV]); where ASP = [pi — pa|/(p1 + p2) is related to the decay

orientation in the kaon rest frame
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* invariant mass m., closed (+£30,,, 0y, is typically 2.5MeV/c?) to Kaon

mass

% cut on high p'; event: p'> < (200MeV/c)?, to reduce K semileptonic
decays background in a symmetric way between K; and Kg . p'y , as
shown in Fig. (5.8), is the px component orthogonal to the line joining

the production target and the point where the kaon trajectory crosses the

DCHI.

Figure 5.8: p'; definition

The COG cut, both in neutral and charged event is to reject, in Kg beam, the
beam halo formed by re-scattering at K collimator or in the AKS. In neutral events

is computed from four photons energy and position:

COG = \/(Z Eix;)? + (Z Eu:)?/E (5.5)

In the charged events the positions are obtained from the tracks extrapolation to the
Lkr plane. In true data there are more cuts needed as AKS veto on K , tagging, bad
burst rejection both in trigger and detectors that are described in detail elsewhere
12, 3].

The agreement between overlaid MC and true data variables is pretty good, a
better agreement on Ry,se variable has been reached in 2001 MC while up to 1999
it was underestimate. This can be seen in Fig. (5.9) where the R for original,
overlaid and double overlaid is shown compared to the true data spectra for 1998

sample. The agreement between overlay and data is not very good, and a better
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agreement is reached only with the double overlay showing clearly that there is some
underestimate effect in MC.

SCpass4 DATA

L
I
I
I

relli orig klOO relli ovl1 klOO

relli orig ksOO relli ovl1 ksOQ relli ovi2 ks00

Figure 5.9: K and Kg Rejyipse comparison in data and original MC, overlay, double
overlay; 1998 sample

In 2001 the the good agreement has been reached, with the introduction in MC

of non-gaussian tails in Lkr response, as shown in Fig. (5.10)
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SCpass4 DATA

relli orig klIOO relli ovl1 kIO

relli orig ksOO relli ovl1 ksOQ relli ovl2 ks00

Figure 5.10: Ky, and Kg Reyipse comparison in data and original,overlay, double overlay;
2001 sample

On charged events small discrepancies remain e.g.on p';- as shown in (Fig. (5.11))
where the overlay, and double overlay too, are underestimate.
Losses and Gains are then evaluated and the Losses-Gains (giving )\fc) are used

to compute 6A = (N — %) where j=C,N and (§At~ — §A%).
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Figure 5.11: K, and Kg p’ZT comparison in data ,
overlay and double overlay; 2001 sample

An OMC event can be identified as:
e loss: bad overlaid coming from good original event
e gain: good overlaid coming from bad original event
e common: good overlaid coming from good original event
in the same way a DOMC event can be identified as:
e loss: bad double overlaid coming from good overlay event
e gain: good double overlaid coming from bad overlay event

e common: good double overlaid coming from good overlay event

The major source of event losses is in the charged mode and it is the overflow
cut in DCHs. This cut reject the event if for at least one plane in DCH1,2,4 is found
to satisfy the overflow condition (more than 7 hits in 100ns in one plane) in a 625ns
time window around the event time. The overflow incidence is obviously higher in
charged than neutral since in the first the overflow is enhanced by the 2 hits (per

plane) related to the charged event itself. On the neutral side, in 2001 =~ 0.7% of
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neutral losses are due to noise in the Lkr, but once it is subtracted the charged losses
are higher than neutral, as they were in the past.

Losses due to noise in the detector are not intensity depend and certain cuts
are sensitive to noise e.g. in the overflow case a group of noisy wires enhance the
overflow probability. But the overflow is insensitive to illumination difference since
the cut is set looking over all the spectrometer, as a consequence if there is an effect
of illumination difference it is well below the % we measure. As already explained in
(§ 5.2.1.2) the main difference in losses between Data Overlay and DOMC is due to
the overflow cut probably due to MC hits simulation [43]. !

In the neutral case the main sources of losses is the Reyipse cut but also in
this case the DOMC losses are underestimate with respect to DO, despite the good
agreement of the OMC and data variable.

The measure of this correction involve a wide group of people [46, 47, 48, 49] and
all agree on a difference in losses between Kg and K, at the per mille level. The effect
computed with weighted or un-weighted K, (in which the illumination difference is
bigger), is found to be compatible with zero. The correction to R is therefore, both
on OMC and DO, consistent with zero with the uncertainty of 3.0 x 10~* as it was

in the past, being dominated by the statistical error of the overlay procedure.

5.4 Accidental activity correction result

Combining the results from the intensity and geometrical terms the effect on R
is found to be consistent with 0 with 3.1 x 10~* uncertainty. The overall correction is
also computing all in once using OMC Brute Force overlay, but the statistics is worse
with respect to mixed overlay since Kg randoms are used only for Kg events and
K7, randoms only for K, events. The resulting correction to R is (4.7 +4.9) x 107,
where the quoted error is statistical. While the systematic uncertainty from random

triggers accuracy is expected to be ~ 1 — 2 x 1074,

! DCH4 in random events presents almost the same overflow rate and hit multiplicity than DCH2,
as shown in (§ A.2) and (§ A.5)



95

5.5 Conclusions

The 1998-99 result on the AR due to accidental activity was (0 4 4.2) x 1074,
where both AR;,,; and ARge.n corrections had zero value but the uncertainties were
+3 x 1071 It is true that these were not the only high value uncertainties, but it
was possible to reach a lower value, at least on ARy,; , with a better understanding
of accidental activity influence. This was one of the 2001 proposed items and we
succeed on it obtaining a better measure on AR, lowering the error to £3.1 x 1074,
and obtaining also the verification of the linearity of losses with K; beam intensity.

The improvement on AR uncertainty comes from the AR;,; part, being the
geometrical error dominate by overlay procedure statistics. This has been achieved
through the informations of the new Ferrara beam monitors with four integration
times each: 200ns, 1us, 3us, 15us. They had shown the capability to represent the
instantaneous beam intensity and their use gave us very good results: the correlation
with Lkr clusters (K, beam dominated detector), especially the (K7, ) 200ns channel,
their use in the accidental related correction and to verify the linearity of losses with
K beam intensity, the clear identification of a very high intensity first period in
the burst. I have participated to the analysis of this correction, in particular in the
correlation part and OMC related items (both in 1998-99 and 2001 sample). But the
big effort was in the installation of the monitors and have them properly working.

By June 2001 the devices have been installed by P.L. Frabetti and myself, with
the help of Marco Contalbrigo. We have performed all the test needed to have the
proper calibrations, gains, rising time, integration time and offset definition. I have
adapted the decoding software for the raw data and I have then written the common
routine for proper pedestal subtraction in the reprocessed data ('Compact’ level). T
have studied the monitors data quality and the AKS problem, explained in the third
chapter.

Besides, I have joined the project of new DCH readout (App.A), performed by

the Ferrara group. On this subject I have studied the old readout overflow statistics,
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useful for the design of the new electronics. In 2001 run, I have worked to the test
of prototypes implementing the decoding software and analyzing the data. During
the 2002 run the whole new readout was installed and I was involved in each step of
the work. My special contributions were the decoding, the raw data analysis and the

software error handling at Compact level.
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Appendix A

New drift chambers’ readout

Al Why a new readout

The drift chambers’ readout we have token about up to now is the one involved
up to 2001 run. In 2002 a new readout has been installed. In order to distinguish
between them we will refer to old readout, the first, and new readout, the second one.
In Fig. (A.1) the four chambers are represented.

DCH1 DCH2 DCH3 DCH4

magnet

VIEW U
VIEW Y
VIEW X

CHAMBER BEAMS

Figure A.1: Four chambers drawing

Each chambers houses 8 planes instrumented to be read out, except the third
chamber in which only four planes are instrumented. One centimeter is the distance
between two consecutive planes, defining a view. Each old-readout card houses 16

TDC cards to read the 256 wires in the plane. The central wires are divided in two
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groups, 16 wires each, of half wires soldered on rings at the beam pipe surface. In the
old-readout a limit is imposed on the number of hits that can be read in each plane,
if more than 7 hits are collected in 100ns, an overflow condition is imposed. If this
happens the only information from the plane in overflow is a special word (the overflow
word) that means there is no way to read out the hits’ informations. To be safe in the
analysis the overflow flag is set on a bigger time window of 625ns around the event
time. In this way not only there is enough time to empty the readout memory but
losses on informations of events closed to the overflow condition are excluded. The
cut is imposed if at least one plane in DCH1 or DCH2 or DCH4 shows an overflow.
The overflow condition can induce losses also at charged trigger level so to have an
indication of the true estimation of overflows we look at them in random events. The
percentage of events flagged by the overflow cut is far from being negligible, moreover
the project to have a Kg high intensity (KSHI) run in 2002 and the KSHI run took

in 1999 (see next) highlight the necessity to built a new readout free from overflow.

A.2 Old readout overflows in 1999 K¢ high intensity run

In 1999 ~ 9000 bursts were taken with the Ks only beam at 200 times the usual
Kg only run, ~ 10 randoms per burst have been collected. The analysis of overflow
incidence on random events has shown a ~ 30% [50, 51| of overflows in at least one
plane in DCH1 or DCH2 or DCH4. An overflow can be induced by [2]
- a noisy group of wires or amplifier card,
- showers, induced by interaction of electrons or photons in the material surrounding
the beam pipe in the spectrometer region,
- § rays, coming from interaction of charged particles with the drift chamber gas.
In the first case only one or two planes are affected by the overflow, but in the other
cases, since the spacing between planes is only lcm, it is not difficult for a shower or
0 ray to enhance the overflow probability over the whole chamber.
The overflows distribution in the four chambers is shown in Fig. (A.2) (on the left)

with the relative percentage per chamber. Looking an the distribution per plane
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shown in Fig. (A.3) it is clear that a noisy group of wires enhances the overflow

probability.
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0

Figure A.2: Overflows distribution in the four chambers (left) and their percentage
(right). Third chamber is only half instrumented

| plane overflow map

12U =

10030 :— ’I ]

8020 (|

G020 ;LJ—'J_' B

2070

2000 [DCHL |[DCH2 |DC DCH4
[ T
events with ovfl in:

plane % f (KHz)

1 8.9 114
9 10.2 172
12 13.1 225

hits
1200
B »
1000 — .
- 1 wire
s00 |~
BUU :_ 4 wires
- 3
400 =
200 =
D ; 1 1 1 1 I 1 1 i 'l llﬁ-l
o 200

Hit Wire MIp of Hlane UCL — 4

wire

Figure A.3: Overflows plane map (left) and wire map for an ’overflow-hot’

(right)

plane



100

A.3 New readout prototype test in 2001 run

The new readout project has been designed in Ferrara by Angelo Cotta Ra-
musino, Stefano Chiozzi, Roberto Malaguti and Chiara Damiani. The basic compo-
nent is the TDC-F1 chip developed for the COMPASS experiment at CERN but it
is flexible to fit for the NA48 application too [52]. Each chip reads eight channels,
four chips are placed on a compact mezzanine card (CMC) as it is in the COMPASS
experiment but with a modified design for NA48 purposes. Eight CMCs, 32 channels
each, are needed for each plane and mounted on the front end modules. In Fig. (A.4)
a drawn of a new readout is shown: one Master and one Slave card per plane, each
card housing 4 CMCs. From the chamber front end the 256 channels are grouped in

16 channels connectors so that 2 connectors are read by one CMC.

CSC /\

] CMC ] ] CMC
0 CcMC
U E 00
1 5 1 [
il (N 4
L 2 6 .
plane 1 2 3 4 5 6 7 8 3 **(/**x)'?

Master Slave

Figure A.4: New dch readout drawing, 8 planes per crate, 1 Master and 1 Slave card
per plane, 8 CMCs per plane, 4 chips per CMC

The first eight CMCs prototype cards has been delivered in March 2001 and
the beam test has been done during the 2001 run using the two ready master cards.
Tests in two position were done:

e two masters to read plane 2, DCH3
e half plane 1 and half plane 2 (half X-view),on DCH4
Both position were equipped with splitters to have a parallel reading of both old and

new readouts.
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Comparison between the two required:
e the exclusion of old readout overflows

e the same readout time window.
Both new and old were using a 1.2us readout time window but in different ways:
the new-readout’s windows is simmetric around the trigger time while the old-
readout works in three slots of 400ns each, taking the slot in which the trigger

is and its nearest neighbors (before and after) (Fig. (A.5)).

Timestamp Trigger (L2)

Lty NN
EEREEEREEEEEEREE BER clock

NEW _ —

R/O 600ns 600ns

OLD ‘ ‘

R/O -

400ns

Figure A.5: New and Old readout time window

The comparison between the two readouts gave very good results both in the
Re(€'/€) run and in the KSHI run, as shown in Fig. (A.6) and Fig. (A.7). Some bursts

showed us some problems as bit errors or time mismatch that had been investigated

and solved.
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Figure A.6: KSHI New and Old readout wiremap in plane 2,DCH3.
The flat zones at the edges are due to the 2 CMCs not installed

new - old

Figure A.7: KSHI New and Old readout difference in plane 2,DCH3.
Bit errors are present. The holes at the edges are due to the 2 CMCs
not installed
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A.4 New readout at work in 2002 run

The full new readout as described in Fig. (A.4) has been installed in April
2002 and took data in the 2002 KSHI. The new readout can take high multiplicity
events, the only limit on plane multiplicity (63hits/plane) being required by the DAQ
system. As shown in Fig. (A.8) and Fig. (A.9), two pictures taken from the online
event display , the new readout was able to see the big events illuminating a whole

chamber (e.g. DCH2 in Fig. (A.8) and DCH4 in Fig. (A.9)).

Figure A.8: New dch readout at Figure A.9: New dch read-
the online event display. Splash out at the online event dis-
event in DCH2 play. Splash event in DCH4

Anyway it is difficult to reconstruct this very high multiplicity events illumi-
nating a whole chamber, especially if this happens in DCH4 Fig. (A.9). In this case
as a consequence of the full illumination the DCH4’s point association to tracks takes
too much time and we cannot be confident in its accuracy.

The upgrades done on the experiment, mainly new readout installation and the
software improvements on the Lkr readout, had allowed to take data at the very high
intensity of ~ 5 x 10'° protons from SPS per pulse and to collect ~ 50000 triggers
per burst. To take data at this very high intensity the drift chambers HV has been
reduced by 50V, the 777~ mass resolution had thus worsen a little from 2.5 to 3.1

MeV/c%, but it is good enough for the 2002 rare decays.
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In Fig. (A.10) an example of the hits distribution (wire map) in four DCH2’s
planes is given, while in Fig. (A.11) the efficiency per plane (top) and the number
of inefficient wires per plane (bottom) are shown. The efficiency is computed using
tracks extrapolation, the third chamber has only four planes instrumented and is used

as a sort of 'spare’ chamber. That is why its planes have the worse efficiencies.
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10000 E— 10000
oGO E— ADGE
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4000 E— 4000 ?J
2000 = 2000 :
¢ g 100 200
Hit Wire Map of Plana OC2 — 3 Hik ‘Wire Map of Plana C2 — 4

Figure A.10: Example of new dch readout wire maps in chamber 2. Hits are
from rawdata control triggers, 50 bursts
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Figure A.11: Example of new dch readout efficiency per plane (up)
and number of innefficient wires per plane (down). Hits are from
rawdata control triggers, 50 bursts

A5 Multiplicity studies in 2002 random events

Studying the old readout overflows we have seen that they were induced by
noise, showers and J rays. In the noise-induced case we had one or two plane at
most in overflow, while showers and  rays were responsible for overflows in many
planes. So far we have studied the overflow rate and distribution in random events,
both in Re(¢'/e) and KSHI runs. Now we can profit, from the new readout capability
to collect up to 63hits/plane (DAQ limit), to investigate the multiplicity in random
events (~ 30 per burst). As already mentioned, to cope with the high 2002 intensity

(~ 5 x 10'%ppp) the drift chamber voltage has been lowered. On the new readout
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(and trigger) side to lower the noise and accidental rate the time window, that in
2001 tests was +600ns around the trigger time, has been reduced to [—100, 300]ns.
With the new readout we can see, for the first time, the whole activity responsible
for the old readout overflows.

Far from being negligible, the multiplicity in randoms can reach the upper
limit of 63hits/plane, not only in a single plane but also in the whole chamber. In
Fig. (A.12) the multiplicity per chamber is shown, here we can see that chamber two
and four have few events reaching the highest limit ( 63 x 8 ). Of course DCH3 has

the lowest multiplicity, since only 4 planes are instrumented.
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Figure A.12: New dch readout chambers multiplicity in random events, 500 bursts

The plane multiplicity plots are shown in Fig. (A.13), Fig. (A.14), Fig. (A.15),
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Fig. (A.16). Recalling the MC underestimation of overflows in DCH4 (§ 5.2.1.2) we

can observe that this chamber is populated only slightly less than DCH2.
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Figure A.15: DCH3 Plane multiplicity in
randoms events, 500 bursts
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Figure A.16: DCH4 Plane multiplicity in
randoms events, 500 bursts

Moreover we can try to estimate the overflow rate we would have observed using
the old readout. Since the two electronics work in different ways, and with different

readout windows, this can only be a rough evaluation. To ’simulate’ the old readout
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behavior we follow the usual definition and selection cut:

- a plane is overflow-flagged if there are more than 7 hits in 100ns

- an event is overflow-flagged if there is at lest one plane in overflow, in a [-300,300]ns
around the event time, in DCH1 or DCH2 or DCH4

The ’overflow’ plane map obtained is shown is Fig. (A.17). A check of this procedure
is the enhanced ’overflow’ level in noisy plane, like plane 1 in DCH2 (Fig. (A.18)), as
plane 4 in DCH2 in 1999 KSHI (Fig. (A.3))

D 741
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Mean 126.6
RMS 60.93

1200 | DCH4 1000 |~
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5 10 15 20 25 30
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Figure A.18: DCH2 first plane: exam-

Figure A.17: Plane map of reproduced ple of noisy wires inducing reproduced
old-readout overflow in random events ‘old-readout’ overflow, random events,
500bursts

The resulting "overflows’ rate is ~ 20% ! . Recalling that
- the new-readout window has been reduced to [—100, 300]ns around the trigger time
and
- the old-readout window was 1.2us.
If we assume the linearity of overflows in random with the readout window, the

overflow rate should be tripled.

! In 1999KSHI we obtained an overflow rate of ~ 30%. In 2001 and 2002 runs, compared to 1999,
a lower instantaneous intensity was achieved thanks to the better SPS duty cycle, a longer spill and
lower momentum of primary protons. But 2002 intensity (5 x 10'° ppp) was higher than 1999KSHI
(~ 6 x 10° ppp).
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