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Stellingen 

behorende bij het proefschrift 

Bg mixing at the Z° resonance 
determined wi th t h e 

RICH technique 

1. Several of the materials used in the BRICH construction need to be reexamined with 
respect to the influence of fluor carbons. Especially the shrinking of G10 material in 
contact with C5F12 or CQFII needs serious reinvestigation before they can be used in 
future RICH detectors. 

2. Drifting single electrons over a maximum distance of 1.5 m does not come for free. 

3. Some of the BRICH subsystems can, if they do not work to their specifications, destroy 
the detector. Future RICH designs have to have more built-in security. 

4. The use of C4F10 as a gas radiator in the Forward RICH has the advantage of better 
UV-transmission compared to C5F12. It has, however, a smaller refractive index that 
reduces the number of Cherenkov photons and causes a larger gap between the particle 
identification of liquid and gas radiator. 

5. The RICH detectors in DELPHI represent the end of a detector design era, because their 
readout times are in the order of 20 /usee. For new machines like LHC, the detectors 
are required to have much higher readout rates. 

6. The oscillation frequency of the B° meson will be measured at LHC with unprecedented 
accuracy. 

7. Children are a constant source of life - and sometimes the only one. 

Stefan Haider, Leiden, June 8th 1995 
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Chapter 1 

Theoretical Overview 

In this chapter we will briefly discuss the theoretical aspects of the Standard Model that 
are needed for the explanation of the following physics analysis chapters. The first section 
will cover a phenomenological overview of elementary particles and their constituents with 
an introduction to the B° — B° oscillation phenomenon which will be the physics subject of 
this thesis. B° — B° oscillation or mixing is the phenomenon of neutral B-mesons changing 
their state from particle to antiparticle or vice versa. B-mesons are mesons which contain a 
so-called bottom quark. The second part will briefly describe the physics at the Z° resonance 
and the way Monte Carlo programs treat the production of B-hadrons. The chapter will 
end with a discussion on semileptonic B-decays and the measurement of the averaged mixing 
parameter x-

1.1 Introduction 

In the present understanding of modern physics, all physical phenomena can be explained by 
four fundamental forces or interactions: the electromagnetic force, the weak force, the strong 
force ard gravitation. The first three are commonly described by the Standard Model. The 
gravitational force still resists a quantum mechanical description. 

Matter consists of quarks and leptons, the so-called fermions, upon which the four forces 
act with different strengths. More generally one may summarize, that all particles in nature 
belong to two groups: fermions and bosons where the latter ones are the mediators of the 
forces between the fermions. In the case of electromagnetism the mediator is the massless 
photon, in the weak interaction it is the massive W± and the Z° bosons and in the strong 
interaction the eight massless gluons. 

The lepton sector consists of massive charged particles and massless uncharged particles 
as well as their antiparticles. Both categories are spin 1/2 particles which do not interact 
strongly. The massive leptons are called electron, muon and tau which have all the same 
charge (-1) and differ only in mass. Each of them has its corresponding massless counterpart, 
called neutrino, which thus form together a family of three members. 

Quarks ( q ) are also spin 1/2 particles which are in an analogous way grouped two by 
two into up- and down-like pairs with increasing masses. The up-like quarks are the up, the 
charm and the top quark. The charge of those quarks is + 2 / 3 . The down-like quarks are 
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Table 1.1: The three generations offermions with their electroweak quantum numbers. 

called down, strange and bottom ( or beauty ), with a charge -1 /3 . All these different kind 
of quarks are also referred to as "flavours". Table 1.1 lists the fermion families and their 
electroweak quantum numbers. The primed fermions indicate the weak eigenstates ( a more 
detailed explanation follows in the next section ). Since quarks have never been observed 
individually in experiments, one concludes that they apparently can exist only in confined 
states. In order to satisfy the exclusion principle of Pauli where fermions with the same 
quantum numbers can not exist in the same state, one introduces a new quantum number for 
v, .arks, called Colour. Each quark can occur in three colours: red, green and blue as well as 
their anticolours. Only colourless combinations can exist in nature. These objects are called 
mesons ( qq ) and baryons (qqq) collectively also referred to as hadrons. The quarks are bound 
together by the strong force, mediated by gluons. 

1.2 The Standard Model of Electroweak Interactions 

In the sixties Glashow, Weinberg and Salam developed a combined gauge theory of the electro
magnetic and weak interaction which is known as the Electroweak part of the Standard Model 
[1, 2, 3]. The gauge group SU{1)i®U{l) describes the forces acting on left handed ( L ) weak 
isospin doublets and right handed singlets respectively. The SU(2)L group describes the weak 
interaction which requires three gauge fields: two charged ones (IV*) and a neutral one (Z° ). 
The 17(1) group requires one neutral gauge field. The generators of the electroweak group are 
the three SU(2) weak isospin generators I and the U(l) weak hypercharge generator ( Y ). 
The electric charge is given by the equation Q = 73 + \ , where I3 is the third generator of 
the S!7(2) group ( see table 1.1). The full Standard Model also includes the SU(3) group for 
the strong interaction. 

The Lagrangian of the Standard Model contains several components. One part de-
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scribes the Charged-Current (CC) transition which is important for the explanation of the 
phenomenon of mixing. A Charged-Current transition is characterized by the exchange of a 
virtual W±. This particular part of the Lagrangian can be written as : 

Lcc± = -A~ (5, c, Ï)L 7 " Wf VCKM s (1.1) 

where g is the SU(2)i coupling constant, 7^ are the Dirac matrices, Wjf are the massive 
gauge fields and VCKM the Cabbibo-Kobayashi-Maskawa mixing matrix [4], defined as: 

vud 
Vd 

vtd 

Vus 
Vcs 

vts 

vub 
vcb 
vtb 

VCKM = Vcd V„ Vcb (1.2) 

V Vtd Vu Vtb ) 

Vij describes the transition probability from quark flavour i toflavour j . The diagonal elements 
are close to 1, denoting the fact that those transitions are favoured. The off-diagonal elements 
are less probable transitions. One also refers to them as Cabbibo-svppressed. 

1.3 £° - W Osculations 

1.3.1 I n t r o d u c t i o n 

The phenomenon of B° — B° oscillation1, also called mixing, was first observed by the UA1 
experiment in 1987 [5, 6]. A B-meson is denoted as B°, B° or B£ if apart from the 6-
quark it contains an s, d or u-quark respectively. In analogy to the iï^-sjstem the effect was 
interpreted as the transition of the neutral JB-mesons from particle to antiparticle and vice 
versa. This transition, or oscillation, can be classified as a Flavour-Changing-Neutral-Current 
(FCNC) which changes the bottom-quantum number ( Bottomness ) by two and does not 
change the charge ( A S = 2, AQ = 0 ). Shortly after the UA1 observation also ARGUS 
measured this effect for Bj meson [7]. 

The physical quantity of interest is the oscillation frequency, that is, how often the state 
changes from particle into antiparticle until it actually decays. This frequency, as we shall see 
later, is related to the off-diagonal CKM-matrix elements Vti and Vts. 

1.3.2 J3° - 1 ° P h e n o m e n o l o g y 

The oscillation between B° and B° can be described by a two component, time dependent 
wave function ^>(i) = B°{t) \B°) + B°(t)\ B°) which describes a mixture of the two beauty 
eigenstates. By assuming invariance under simultaneous Charge-conjugation, Parity operation 
and Time reversal ( CPT invariance ) the B° — B°-system can be described by a Hamiltonian 
matrix H which satisfies the Schrödinger equation: 

M 
lTt 

t = Hi>=(yi-i^ji> (1.3) 

'Note that the abbreviation B° stands for either B° or S j 
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where M and T represent mass and decay width matrices of the particle. This equation leads 
to a coupled differential equation 

The diagonal elements of the hamiltonian describe the decay of the neutral B-meson with 
mass M and width T. CPT-invariance ensures that Mu = M22 = M and Tn = T22 = T 
are real. The further assumption of CP-invariance leads to M ]2 = Af2i and Fu = T2i. The 
element M12 gives the major contribution to the B° - B° mixing. 

By diagonalising H the CP-eigenstates can be determined: 

\Bs) = ±(\B°) + \&)) and \BL) = i ( | B ° > - \W)) (1.5) 

which are two states with masses Ms = tfn — M12 and ML = Mu + Mu and decay widths 
Ts = Tu — T]2 and Vi = Tu + Ti? respectively. The notation 5, L is used in analogy to the 
/C°-system and stand for Short and Long respectively. Unlike to the A'°-system, the difference 
in the lifetimes for 5°'s is expected to be small, AI? = TL-TS = 2T12 ^ 0. The difference in 
the masses of the two eigenstates can be written as AM = Mi — Ms = 2Mi2. 

Assuming a pure state of B°, one can, as a solution to equation (1.3), derive the time 
evolution and calculate the probability that at time t the original state is found or that the 
state has changed to B° ( transition probability ). Assuming T^ = Ö one can write the 
intensities of the beauty eigenstates as: 

I(B°(t)) = i e - r ' (1 + cos(xTt)) 

/(B°(i)) = i e - n ( l - c o s ( x I Y ) ) (1.6) 

where the oscillation frequency x is introduced: 

* = — • (i-o 

Figure 1.1 shows the time evolution of equation (1.6) with oscillation frequencies Xd = 0.73 
(B°) and xs = 10.0 (assumed for B°). The life time can be expressed as r = -p. By determining 
the charge of the original flavour of the b-quark and by determining the proper time of the 
B-meson one can measure this time dependent behaviour. In the following analysis, however, 
we will consider a time integrated measurement: 

N(B° ) = j T I(5°(i)) dt = ±(l + T q L y ) (1.8) 

and jv^)=r^w)rfi=è(i-rr^) w 
For measuring purposes it is convenient to define the mixing variable x that gives the proba
bility that a 5° changes into a B°: 

N{B°) 
N(B°) + N(B5)~ 2(1 + 1 2 Y = "1° ' _ = —± ( 1 10\ 
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(a) 0>) 

Figure 1.1: B° — B° oscillation for id = 0.75 (a) and x, = 10 (b). The positive vertical 
axis denotes the probability that a B° meson decays as a B°. Negative numbers mean that a 
B° meson decays as a B°. 

fi 

S» U 
'S 
E 
a u §.«•« 
0 1 

= X 

S 0 J 

0.2 

0.1 

A 

„ "" 
^ 0 * * * ~ ^ 

' / 
/ / / 

: / 

r ƒ 
'r 

/ , , , ! , . . , 1 . . . , 1 , . . , 1 , . . . 1 . . 
6 7 8 

x=AM/T 

Figure 1.2: TTie relation between x and the oscillation frequency x. 
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Figure 1.2 shows this quantity as a function of x. From this plot one can conclude, that 
•with a measured value of x dose to 0.5, no precise value can be obtained for the oscillation 
frequency x. 

1.3.3 T h e S t a n d a r d M o d e l a n d B° - B° M i x i n g 

A second order box diagram describes the B° — B° mixing in the framework of the weak 
interaction of the Standard Model ( see figure 1.3 ). The transition from 23° to B° proceeds 
via the exchange of virtual W-bosons and t. c and u-quarks. The oscillation frequency x can 
be expressed as [8, 9]: 

* * s £ ^rfTBjlmB,BBq\v!qV;£ F(^T,QCD (1.11) 

where q can be either a d or a s quark. The sum runs over all u-type quarks, but almost 

w- u,c,t 

Figure 1.3: Box diagrams for B° - B° transition. 

only the contribution of the top quark counts. Gp- is the Fermi constant, m are masses and 
r the lifetimes of the mesons. The decay constants fsq are similar to the decay constants of 
the pion, TJQCD is a QCD ( Quantum Chromo Dynamics ) correction factor ( ss 0.55 ) and 
J?B, are the so-called "bag parameters" which correct the evaluation of the hadronic matrix 
element [10]. The function F depends on the ratio of the quark masses and the W-mass and 
can be written as: 

1 
F < P > - ï + ï ( l - r ) 

3 1 3 r2ln{r) 
2 ( l - r ) 2 2 ( l - r ) 3 (1.12) 

where r is rrA/mly. 

Equation (1.11) shows that by measuring the oscillation frequencies xs and xj. of the 
B° and the 5°-mesons, one gets an estimate of the CKM-matrix elements VJS and Vj^. The 
estimated errors are, however, large due to the uncertainties of the input parameters. Most 
of these uncertainties cancel if the ratio xs/xi is measured. This enables an estimation of the 
ratio VtsjVtd- By taking only the largest contribution of the top quark into consideration, the 
ratio of the two oscillation frequencies can be written: 

Xd Vtd 

mB, IB, TB, BB, 
mBi Sld

 TBd BBd 

(1.13) 
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a quantity independent of the unknown top mass, the QCD-conection TJQCDI tie function F 
and matrix element Va. For the Bjj-meson all quantities have been experimentally mea
sured [11]. With equation (1.11) and some theoretical predictions one can estimate a value 
for *,[10]; 

i , = 15.4 ±7.1 (1.14) 

The Standard Model prediction of x, is thus very large. One often calls this a "completely 
mixed" system, for which it is impossible to relate the state of the decay of the meson to its 
original state. The time integrated value of the mixing parameter \ is then near to 0.5 . 

1.4 Physics at the Z° Resonance 

The Large-Electron-Positron collider (LEP) at CERN operates at center of mass energies that 
leads to abundant production of Z° particles. This enables us to perform a large variety of pre
cision measurements that lead to an extensive test of the Standard Model [12]. Presently, the 
main process being studied is depicted in figure 1.4: the production of a fermion-antifermion 
pair by the exchange of a photon or a Z° in the s-channel. The cross section as a function of 
the center of mass energy squared ( s ) can be written in lowest order ( and carrying out the 
summation over all lermions ) as: 

<r0's) = 
sNc 

> - M | ) M M ; r | 
\2xTcr} | Ijs-Mj) 
M\N< 

+ Ts (1.15) 

where the first term describes a spin 1 resonance with a Breit-Wigner function. This part 
belongs to the Z° exchange. I in the second part describes the ( small ) interference of the j 
and Z" exchange. This term vanishes at y/s = Mz< The last term represents the cross section 
of the -/-exchange in Quantum Electro Dynamics ( QED ). JVC is the number of colours of 
fermion ƒ, Mz and Tg are the mass and the total width of the 2° respectively. T; denotes 
the partial decay width of the Z°, Vj s r2_,y/. Qj stands for the charge of the fermion and 
a for the fine structure constant. 

Figure 1.4: First order Feynman diagram of the main process studied at LEP: 
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The partial decay width without higher order corrections can be written as: 

^ - N-I£$^ï^' (> - M+(2'? - 4e'sln! *# ('+w)) (1.16) 

where GM is the muon decay constant and mj are the fevmion masses. Qw is the weak mixing 
angle. J? is the third component of the weak isospin of the left handed polarized fermion ƒ. 
The hadronic decay width is defined as: 

I* = E Tz+ff vith ƒ = « , « / , s, c, 6 . (1.17) 
ƒ 

This quantity was measured at LEP with high precision [13]: 

rh = 2.4974 ± 0.0038 GeV (1.18) 

The partial width of the 6-quark is also measured at LEP and found to be: 

r 6 6 / r A = 0.2202 ± 0.0020 (1.19) 

where the Standard Model prediction, with the assumption of a t op mass of mt = 174 GeV/c2, 
is 

I t f / I * = 0.2158 . (1.20) 

1.4.1 Fragmentat ion M o d e l s 

Every analysis in present day elementary particle physics has to be properly modeled by Monte 
Carlo studies in order to verify the significance of the measurement. Monte Carlo programs 
proceed typically in two subsequent phases: 

• first, generating the final particles from the e+e~ annihilation and 

• second, simulate the response of the detector for these particles. 

The first phase will be discussed in more detail below. 

The e+e~ annihilation produces a Z° or a 7 particle which in turn decays into a fermion 
antifermion pair ( ƒ ƒ ). The formation of hadrons from the produced gij-pair ( hadroni-
sation ) cannot be simulated exactly and is thus based on phenomenological fragmentation 
models. After the hadronisation phase we are left with mesons and baryons; the unstable 
particles amongst them then decay freely into stable particles. The entire process is depicted 
in figure 1.5, which consists of three distinct regions: 

• Region I: the Z° decay into a g?-pair can be described as an electroweak process 
( see figure 1.4 ). After the production of the quarks they can radiate gluons and also 
decay into more quarks. This process can be described by perturbative QCD. 

Another way to describe this process is the so-called Parton Shower model. Particles 
which interact via the strong force ( gluons and quarks ) are collectively called partons. 
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F igure 1.5: Fragmentation in the Z° decay which proceeds via three distinct regions: the 
production of qq, the hadronisation and the decay of the formed particles. 

In this model three basic interactions are used iteratively in order to describe the evo
lution of the process. Those interactions are: g —> qq, g —»• gg and q -+ qg. Each step 
of the evolution is characterized by parameters like the energy or the mass scale. This 
parameter determines the probability that th-*3e basic processes occur. The Altarelli-
Parisi equation describes the evolution of those probabilities when the partons proceed 
from initial to final state. At a mass scale of about 1 GeV/c2 the cascade is stopped. 

• Reg ion II: here one has now coloured partons which need to combine into colourless 
hadrons. Currently, there are several models which describe this process [14, 15, 16]. In 
the LUND Monte Carlo the so-called "String Fragmentation" is used. It is a phenomeno-
logical QCD-motivated model, which spans a colour-flux tube between the original par-
tons and surrounding gluons. As the distance between the partons becomes larger, this 
tube ( or string) is stretched and eventually breaks up, producing new quark anti-quark 
pairs. These products are colourless objects which in turn may break up until only on-
mass shell hadrons remain. This model conserves momentum and energy at all stages 
which gives it an advantage over other models. 

The fragmentation process is parameterized by the scaling function f(z) where z is 
defined as 

_ (E + P\\)Hadron 

(E + p) Porton 
(1.21) 

where (E+p\\)nadron is the sum of energy and momentum component which is parallel to 
the momentum of the original hadron. (E+p)parton is the sum of energy and momentum 
of the original parton. The LUND Monte Carlo fragmentation function has the following 



10 1. Theoretical Overview 

form: 

,(_4) /00~^—^exp[-b^) (1-22) 

where a and 6 are the so-called fragmentation parameters and my the transverse mass 
of the created parton, which is defined as m j = m2 + Pj_- This function describes the 
light quarks rather well, but fails for the heavy quarks ( c and 6 ) . It was observed at 
LEP, that the fragmentation of those heavy quarks is better described by the Peterson 
fragmentation function [17]: 

'w-rH-a^r (1-23) 
where €q is a quark flavour dependent parameter which is proportional to 1/m2. and 
needs to be determined experimentally. This function describes the 'hardness' of the 
fragmentation and satisfies the experimental fact that heavy quarks are almost always 
primary quarks. The DELPHI Monte Carlo uses the Peterson function for the heavy 
quarks and LUND fragmentation for the light ones. The value for 6-quarks, as it was 
used in JETSET 7.3 for the 1992 Monte Carlo, was cb = 6.10 -3 . 

The production probability of a quark pair in the string fragmentation is proportional 
to exp(~™T) where K is the energy per string length, about 1 GeV/fm. From this it 
follows that the heavy quark production in the fragmentation is strongly suppressed. 
The expected production probabilities are: 

u : d : s : c : 6 = l : l : | : 10~12 : lO"100 . (1.24) 

This means that 6-quarks can be produced only in the perturbative phase but never by 
the soft hadronisation mechanism. It also implies that whenever a B-meson is observed, 
it contains an initial 6-quark which means that by counting the B-mesons one can 
measure the partial width of the Z° decay into 66. 

• Region I I I : after the fragmentation phase the created particles, if instable, decay into 
stable particles. The Monte Carlo programs rely here on measured branching ratios, 
masses, decay widths and quantum numbers. But especially for bottom hadrons, not all 
relevant information has been measured yet and therefore the use of Monte Carlo leads 
to less certain results. 

1.4.2 S e m i l e p t o n i c B D e c a y 

Bottom quarks produced at the Z° resonance mostly hadronize into mesons, which are the 
Bg ( 40% ), the charged B+ ( 40% ) and the B° ( 12% ) meson. The remaining 8% are 
baryons, mainly A° particles. An approximate description of these processes is given by the 
so-called "Spectator Model". In this model the heavy 6-quark decays into a c or u quark via 
the emission of a virtual VV-boson. The other quark of the meson, i.e. the s-quark in case of 
the B° , does not contribute to this decay - it acts as a spectator. 

A spectator diagram of the semileptonic decay of a neutral B° meson is shown in fig
ure 1.6. The branching ratios of this type of decay ( B —> Dlv ) was measured to be about 
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W+ 

b « -

B°s A-(--) 

F i g u r e 1.6: Spectator diagram of a semileptonic decay of a 23° meson into D3 and Iv. 

10% for each lepton type where the lepton is either an electron or a muon. The charge of 
the lepton reflects the original flavour of the quark which is an important information for 
mixing measurements. Because of the hard fragmentation and the large mass of the 6-quark, 
the lepton gets a large momentum and also a large transverse momentum with respect to 
the original quark direction. Therefore, by selecting events with leptons of high transverse 
momentum ( pt ) , a high purity 6-quark sample can be obtained. 

In semileptonic decays the lepton can come from several sources:. 

• b —¥ I : called direct or prompt lepton decay ( see figure 1.6 ). The charge of the lepton 
reflects the flavour of the decaying quark. 

o b —¥ c —t- [ : called a cascade or secondary decay. In the decay of 23-mesons one often 
expects a charmed particle which in turn can also decay semileptonically. Here the 
charge of the lepton is opposite to the charge of a prompt 6 lepton. 

• b —t c -4 I or 6 —> T —> I : the virtual W-boson can decay into a charmed state or a 
r-lepton which can decay semileptonically. Note that the charge of the lepton reflects 
the flavour of the original quark. 

• c —» / : called a direct or prompt c decay. 

1.4.3 M e a s u r e m e n t of B° - B° M i x i n g 

The time integrated mixing parameter for neutral B-mesons which is measured at LEP can 
be written as: 

_ = Br(fc-»J3° - » 1 ° ) 
X ~ Br(b -> B) 

Br{b -» B°d ) Br{b -> B°d -» Bg ) Br(b -» B° ) Br{b -» B° -> B° ) 

Br(b^B) Br{b^B°d)
 + Br{b-*B) Br(b -> B° ) 

= fdXd + f,Xs (1.25) 
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where B stands for all mesons and hadrons containing a fr-quark. The equation thus now 
contains a combination of S° and Bj mesons. The time integrated mixing values of the 
two mesons are denoted with xd and Xs- The factor fd(fs) is the fraction of B% ( B° ) 
mesons in 66-events. These factors are rather imprecisely measured. The values used are 
Si = 0.40 ± 0.O5 and ƒ, = 0.12 ± 0.05 [IS, 19, 11]. 

F igure 1.7: Comparison of the DELPHI measurement ofx with Xd which was measured by 
ARGUS and CLEO. The dotted lines correspond to a 1 a error. The shaded area represents 
the error contribution of the x~ measurement only. 

At LEP the average mixing parameter x is measured in semileptonic decays of B —* IvX 
where / is either an electron or a muon. For this measurement events are selected which have 
two leptons that are in opposite hemispheres. With cuts on the momentum of the leptons 
and on their transverse momentum one selects 66 events with high purity. Events •where the 
two leptons have the same charge are a clear sign that a B-meson has oscillated. 

The DELPHI result for x is 0.121 ±0.016(S/,J«.) ±0.OQ4(syst.) [20]. It is shown in 
figure 1.7 in the Xs versus Xi plane. The shaded area corresponds to the error coming from 
this x measurement only. The dashed lines around this area is the error contribution of the 
uncertainties in fs. The figure also shows the present measurement of Xd = 0.162±O.021 from 
the ARGUS and CLEO collaborations [21]. 

A calculation of \'s from x (equation (1.25)), Xd, fs and fd is burdened by the relatively 
large errors on these quantities, resulting in: 

X.caic = 0-47 ± 0.19 . (1.26) 

In chapter 8 a method for an independent, direct determination of x$ wiU be presented. 
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Chapter 2 

The Experimental Setup 

2.1 Introduction 

The LEP-collider at CERN is currently operating at energies around 91 GeV leading to the 
production of Z° particles. In a second stage the center of mass energy will be increased to 
« 200 GeV in order to study the production of W+TV~-pairs. LEP is a circular accelerator 
with a circumference of 26.66 km. It is at an average depth of 100 m below surface. Electrons 
and positrons are accelerated in radio-frequency cavities which are placed around the ring. 
At the achieved design luminosity of 1.6 • 1031 cm~2s~1 one gets Z° particles at a rate of 
approximately 1000 per hour. 

The two beams intersect in eight collision points around the circumference of LEP. In four 
of these points the large LEP-experiments are installed: ALEPH, DELPHI, L3 and OPAL. 
The DELPHI detector is situated in the so-called "point 8". 

In the following section this detector will be described in some detail. 

2.2 The DELPHI Detector 

The acronym DELPHI stands for DEtector for Lepton Photon and Hadron Identification. 
The design of this detector emphasizes particle identification and as such distinguishes itself 
from the other detectors at LEP. Figure "2.1 shows an artist's view of the detector hardware. 
The detector consists of a barrel and two forward regions (endcaps). Some of the important 
features are the high resolution vertex detector and the Ring Imaging CHerenkov detectors 
( RICH ) for particle identification up to high momenta. 

The magnetic field of 1.2 T is supplied by a superconducting coil with a radial dimension 
of 2.75 m and a length of 7.4 m. This makes it one of the worlds largest coils ever built. The 
conductor consists of a single layer of NbTi which carries a current of 5000 A. Essential for 
the homogeneity of the field are two compensating coils at the end flanges of the main coil. 
The relative radial component of the magnetic field is approximately 4.10 - 4 . 

In the following sections an overview of the detector components is given. They have 
already been described in detail elsewhere [22]: here only the main features are mentioned. 
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Figure 2.1: The DELPHI detector. 

Since the detector is regularly upgraded the description given is that of the configuration of 
1992. 

All detectors composing the barrel region of DELPHI are concentric with the beam pipe 
and occupy regions limited by two cylindrical surfaces of which the radii will be given as i?,-n 

and Rout for the inner and outer surfaces respectively. For thin detectors only one radius will 
be mentioned. Apart from the r-coordinate we will use tp, the angle around the beam axis; 
in many cases also rip is used to characterize distances along a circle. The z-coordinate is in 
direction of the beam pipe; z=Q is the interaction point; positive z is along the e+ beam and 
is also referred to as side C. Negative z on the other hand is referred to as side A. The angle 
6 denotes the angle (e.g. of a track) with respect to the beam direction. A quarter of the 
longitudinal section of the detector is shown in figure 2.2. 

2.2.1 Tracking D e t e c t o r s 

The tracking detectors of DELPHI are located within the superconducting coil. They measure 
the curvature of the tracks in the magnetic field of 1.2 Tesla from which the momentum and the 
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Figure 2.2: A quadrant of the longitudinal cross section of the DELPHI detector. 

charge of the particles can be determined. Each of the tracking devices mentioned hereafter 
measures track segments which are combined at a later stage in order to reconstruct the full 
particle trajectory. 

2.2.1.1 T h e Micro Ver t ex De tec to r (VD) 

The VD is closest to the beam pipe and covers the interaction region[23]. It consists of three 
concentric layers of silicon strip detectors which are placed at radii of 6.3, 9.0 and 11.0 cm. 
Each layer has 4 modules in the z direction and 24 modules in rip. It covers 8 track angles 
from 31 to 149°. An intrinsic resolution in rip of 8 fim per measured point was achieved for 
the data taken in 1992. The double track resolution in rip is < 100 y.m. 
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2.2.1.2 T h e Inner Detector (ID) 

The ID ( Rin = 12.0 cm, Rout = 28.0 cm ) provides accurate track measurements in rip and 
z in the region close to the interaction point. It consists of two parts: the Jet Chamber and 
the Trigger Layers. 

The Jet Chamber is located between i?,-„ = 12 and Rovi = 22 cm. It covers 6 track 
angles between 17° and 163°. There are 24 sectors in ip. Each of these contains 24 anode 
wires, stretched along - and mounted in one row at increasing values of r. The electric drift 
field is perpendicular to the magnetic field which causes the electrons to drift at an angle 
with respect to the electric field lines: the Lorentz angle. The layout of the electric fie.d in 
each sector is such, that ionization electrons from tracks originating in the interaction point 
arrive at the anode wires simultaneously. This feature allows a ready use of ID information 
in the DELPHI trigger. The resolution per wire in rip is 100 pm. The measured position has 
a left-right ambiguity. 

The Trigger Layers are located between #;„ = 23 cm and Rout = 28 cm. There are 5 
layers of Multi Wire Proportional Counters (MWPC's) with 192 sense wires and 192 field 
shaping wires each, stretched parallel to the beam pipe. They thus provide for each track 
5 measurements in rip and 5 in the 2-direction. The latter are provided by cathode strips. 
A combination of the information of trigger layers and jet chamber resolves the left-right 
ambiguities. The global spatial resolution is 60 fim in rip and approximately 1 mm in z. 

2.2.1.3 The Time Projection Chamber ( T P C ) 

This detector fulfills two important tasks. Firstly, it provides the main contribution to the 
tracking by measuring 6, p, z, rip and the momentum of the track. Secondly, it measures the 
characteristic energy deposition per path length in form of gas ionization (dE/dx) which is 
used for particle identification[24]. 

The TPC ( R{n = 35 cm, flou< = 111 cm ) is a cylindrical drift chamber which is filled 
with an Argon/Methane mixture ( Ar/CH* : 80/20% ). Its total length is 260 cm, but it 
is divided, at 2=0, into two halves by a mid-wall carrying the high voltage that generates 
the oppositely directed symmetric electric fields. In each half of the TPC this field causes 
ionization electrons, created in the gas by charged particles, to drift towards the end flanges or, 
more precisely, to the MWPC's equipping these. The MVVPC's are arranged in 60° segments 
where each have 16 cathode pad rows concentric with the beam pipe and 192 anode wires. 
Depending on the polar angle of a track, up to 16 points are measured on its trajectory with 
3-dimensional coordinates. The signals are read out by flash ADC's which provide the time of 
arrival as well as the shape of the signal. From the latter information the energy deposition 
dE/dx is determined, which is used for identification of the particle ( see also chapter 7 ). 

Typical resolutions in rip depend on tp and z and are in the range of ar{f = 180 — 280 pm. 
The resolution in the 2-direction is az = 0.9 mm. The double track separation was measured 
to be Arv, =2 cm and Az = 1 cm. 
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2.2.1.4 The Outer Detector (OD) 

The OD covers Ö track angles between 43° and 137°. Located at a radius R = 200 cm, it 
consists of 24 modules, each containing 5 staggered layers of drift tubes, operated in limited 
streamer mode. The s-coordinate is measured using the charge division technique. 

Because of the long lever arm with respect to the interaction point, this detector plays an 
important role for the momentum resolution of DELPHI. It has a fast readout and is imple
mented in the trigger system. Typical resolution figures are <TT^ = 110 pm and a. = 4.4 cm. 

2.2.1.5 The Forward Chamber A (FCA) 

The FCA is a position-measuring ('tracking') detector mounted on the end flanges of the 
TPC at \z\ = 155 cm. It consist of three double layers of drift chambers operated in limited 
streamer mode. The three layers are rotated by 120° relative to each other, thus permitting 
the reconstruction of space points with good resolution. The detector covers polar angles 
between 11° and 33° and has a point resolution per layer of a a; 300 ixm. 

2.2.1.6 The Forward Chamber B (FCB) 

FCB and FCA ars the main tracking detectors in the forward region. This is especially 
important for the Forward RICH, because it needs the tracks to be accurately measured as 
well as a good momentum resolution. FCB is located at \z\ = 267 cm and covers polar angles 
between 11° and 34°. The function of this detector is comparable to that of the FCA. I t has 
six double wire planes which together give a high efficiency for track finding. The typical 
point resolution per layer is a as 250 \im. 

2.2.1.7 The Combined Tracking 

For the combined tracking in the barrel region DELPHI uses the VD, ID, TPC and the 
OD where the TPC is the main tracking device. For high momentum tracks the resolution 
achieved in the momentum measurement is 

^ £ » O.OOOS-p [GeV/c]. (2.1) 
P 

In the forward-backward region the detectors ID. TPC, FCA and FCB are used ( 0 from 20° 
to 35° ). Their combined resolution is 

^ ss 0.0037-p [GeV/c]. (2.2) 

2.2.2 T h e Calor imeters 

2.2.2.1 The High-Density Projection Chamber (HPC) 

The HPC is the electromagnetic calorimeter in the barrel region. It is located between 
Rin = 208 cm and Rout = 260 cm. The detector consists of 144 modules which cover together 
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polar angles from 43° to 137°. Its 'depth' is 18 radiation lengths. Each module contains 9 pairs 
of alternating lead-gas layers as seen from the interaction point, allowing reconstruction of 
the longitudinal shower development. The characteristics of this development contribute also 
to particle identification. The HPC is equipped with MWPC's in a TPC-like arrangement: 
shower electrons created in each gas layer drift in a parallel magnetic and electric field towards 
these chambers. The spatial resolution of the HPC is o> — 3.5 mrad and ag = 2.6 mrad. 
This excellent resolution in space is achieved, as usual, at the expense of a loss of resolution 
in energy. 

Since 1991, as a countermeasure to ageing of the chambers, the high voltages were 
reduced, resulting in a reduction of the energy resolution, which is now: 

^ « ^ + 7% [EinGeV]. (2.3) 

One of the gaps between two adjacent lead layers in each module is filled with scintillating 
material. The signal produced there is used in the first level trigger. 

2.2.2.2 T h e Forward Electromagnetic Calor imeter (FEMC) 

The FEMC is a lead glass calorimeter and covers polar angles from 10° to 36.5°. It is located 
between |2j„| = 284 cm and |20Uf| = 340 cm. The lead glass blocks are cut and installed in 
such a way that they point toward the interaction point. Their 'depth' is 20 radiation lengths, 
and they are read out by vacuum phototriodes. The energy resolution is 

f = / i * 4 K f »'JM','i <2-4» ,VE 
with a spatial resolution of 

8 2 
<7x,y « -j= [mm]. (2.5) 

2.2.2.3 T h e H a d r o n Calorimeter (HAC) 

The HAC ( .R;,, = 320 cm, Rout = 470 cm ) detects neutral and charged particles and measures 
the total hadronic energy of an event. It is an Iron-Gas-Sampling calorimeter incorporated 
in the return yoke of the magnetic field. It essentially consists of 20 sandwich layers of 5 cm 
iron and 1.7 cm limited streamer mode detectors with a lenght 760 cm. The detector consists 
of 24 modules in r<p. The energy resolution was measured to be 

§*™|p [EinGeV] . (2.6) 
The resolution achieved in z is approximately 10 cm. 

2.2.2.4 T h e Forward Hadron Calor imeter 

It has the same function as the Barrel HAC and covers polar angles between 11.2° and 46.5°. 
It consists of 19 sandwiched layers of iron which are subdivided into 12 sectors equipped with 
detectors. It is located at \z\ = 340 cm and has a depth of about 150 cm. 
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2 .2 .3 T h e Scinti l lat ion Counters 

2.2.3.1 The Time of Flight Detector (TOF) 

The TOF consists of scintillator counters surrounding the superconducting coil. It covers 
polar angles from 41° to 139°. Each of the 172 scintillators is equipped with a photomultiplier 
at both ends. It is used in the first level trigger of DELPHI and for elimination of cosmic 
events. The z-coordinate is measured with a precision of about 20 cm. 

2.2.3.2 The Forward Hodoscope ( HOF ) 

The HOF also consists of scintillator detectors and is installed between the endcap yoke and 
the second layer of the muon chambers. It is subdivided into 4 quadrants with 28 counters 
each. It is used as a muon trigger in the forward region. 

2.2 .4 T h e M u o n Chambers 

2.2.4.1 The Barrel Muon Chambers (MUB) 

The MUB consists of three layers, located at increasing r, of 445.5 cm, 479.3 cm and 532.0 cm. 
Each of these layers consist of so-called 'planks' which again consist of several layers ( 3 for 
the inner plank and 2 for the middle and outer plank ). Each layer in a plank is built from 
drift chambers of the dimensions 2.0 x 20.8 x 365 cm3 side by side; chambers of successive 
layers overlapping each other. These drift chambers are operated in proportional mode. 

The planks of the inner layer are embedded inside the return yoke of the magnetic field 
( or the HAC, see above ) at a distance of 20 cm from its outer surface. The planks of the 
middle layer cover the outer surface of the HAC. In order to cover the gaps in tp left by the 
inner and middle layers, the outer layer has an overlapping structure with these. The whole 
detector covers polar track angles between 53° and 127°. The ^ c o o r d i n a t e is measured with 
the drift time of the ionization electrons and the s-coordinate is measured with delay lines. 

The precisions reached are oyv < 3.0 mm and az at 1.8 cm. 

2.2.4.2 The Forward Muon Chambers (MÜF) 

The MUF is subdivided into 4 quadrants. Each one consists of two layers of drift cells which 
are rotated over 90° relative to each other. The detector covers track angles from 9° to 43°. 
The spatial resolution per readout plane is ax<y at 3.0 mm. 

2.2.5 The Luminos i ty D e t e c t o r s 

2.2.5.1 The Small Angle Tagger ( SAT ) 

This detector is installed around the beam pipe at a \z\ distance of 250 cm, covering polar 
track angles between 2.5 and 7.7°. It consists of a tracking device and a calorimeter. It gives a 
precise measurement of the luminosity. The tracker provides 2 space points \vith a resolution 

file:///vith
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of about 500 y,m in radial direction. The calorimeter is 28 radiation lengths deep and has a 
relative energy resolution of about 4 % for 45 GeV/c particles. 

2.2.5.2 The Very Small Angle Tagger ( V S A T ) 

This is the second luminosity monitor. It covers the very forward region from 0.29 to 0.40°. 
The monitor is 7.7 m away from the interaction point and consists of a 24 radiation length 
deep W/Si calorimeter with a relative energy resolution of about 5 % for 45 GeV/c particles. 

2.2.6 T h e R I C H D e t e c t o r s 

2.2.6.1 The Barrel BJCH ( BRICH ) 

RICH stands for Ring Imaging CHerenkov counter. This detector ( Ri„ = 123 cm, i?ou( 

= 197 cm ) allows particle identification over a wide momentum range by exploiting the 
Cherenkov effect. We refer to the next chapter for a detailed description, since the BRICH 
plays a central role in this thesis. 

2.2.6.2 The Forward RICH (FRICH) 

The FRICH is used for particle identification in the forward region. It works along the same 
principles as the Barrel RICH. Since this detector was not fully operational during the data 
taking period of 1992, its data could not be included in the analysis of this thesis. For reasons 
of completeness we here state the main differences with the Barrel RICH: 

The detector is unheated which necessitates the use of C4F10 as a gas radiator. C4F10 
has a boiling point of -2°C, a refractive index ngas = 1.00151 ( for 7 eV photons ) and a 
UV-light transmission which is better than that of C5F12 used in the BRICH. The photo 
electrons, produced by the ionization of TMAE, drift in crossed E and B fields ( as distinct 
from the BRICH, where these fields are (anti-) parallel ) with a Lorentz angle of 52°. More 
details can be found in [25]. 

2.2.7 T h e Trigger S y s t e m 

At LEP with an 8 bunch configuration, about every 11 fisec a Beam Cross Over ( BCO ) 
occurs. The trigger system must be able to cope with a large luminosity and large background 
event rates. The final rate at which the data can be stored on tapes is maximally 6 Hz. In 
order to reduce the taking of useless data and select Z° events a four level trigger was installed 
( T l , T2, T3 , T4 ). The first two levels, T l and T2, are hardware implemented triggers. The 
first level decision is taken within 3 usee and comprises detector information like ID, OD, 
TOF, HOF or the scintillator layer in the HPC. In the case that T l fires, the T2 trigger 
confirms or rejects the T l trigger within 39 usee by analysing the information of the slow 
detectors. The T2 trigger implements information from charged tracks in the TPC and/or 
deposited energy in the HPC. The trigger rate of T l is about 400 Hz which is reduced to 
about 4 Hz at the T2 level. The T3 and T4 triggers are implemented in software. T3 confirms 
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or rejects the T2 decision on the basis of full reconstruction of the event. About half of the T2 
triggers are rejected by T3 . The fourth level trigger runs after the data acquisition and flags 
events for physics analysis, reduces remaining background events and provides monitoring 
facilities in the form of online event viewing. The complete trigger system has an efficiency 
for multihadronic events of 99.9%. 

2.2.8 Data Handling and Event Processing 

The recorded events are retrieved from tape and analysed in the so-called DELFARM which 
is a cluster of DEC-stations and ALPHA computers. The analysing program, DELANA[26], 
contains all detectors as submodules which are called if the relevant RAW data is available. At 
a second stage the information from these modules is combined in order to get a global event 
description and to determine physics parameters like momentum, energy etc. The reconstruc
tion of the events necessitates a proper description of DELPHI with detector statuses, drift 
velocities, pressures, temperatures etc. They are collected online and written to the calibration 
database used by DELANA. The detector geometry is also available via a database. 

The DELANA program handles real events as well as simulated events. The latter are 
generated by the DELSIM package which provides several event generators. The generated 
stable particles are tracked through the individual detectors with a full simulation of their 
response. The output generated has raw-data format, i.e. in principle the same format as the 
real event data. 

The results of the analysis program are written to data summary tapes ( DST's ), which 
are the direct input for physics analysis. 
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Chapter 3 

The Ring Imaging CHerenkov 
detector ( R ICH ) in DELPHI 

3.1 Introduction 

The use of ring imaging Cherenkov counters and the necessary technology were developed dur
ing the last 15 years. The first prototype detectors were built by J.Seguinot and T.Ypsilantis 
[27] using a gaseous photo cathode for the detection of t/K-photons. Nowadays one can find 
applications of this technique in several high energy physics experiments [28, 29]. DELPHI 
uses this technology for the identification of hadrons [30, 31]. Results of tests with the proto
type of the BRICH are reported in [32]. 

In this chapter we discuss the Cherenkov radiation and the working principle of the 
Barrel RICH. After that a detailed description of the detector hardware will follow. The 
chapter ends with a discussion of the measurement errors that affect the detector resolution. 

3.2 Particle Identification using Cherenkov Radiation 

In the thirties the Russian physicist P. Cherenkov studied the blue light that was emitted 
from materials exposed to radioactive radiation [33]. One year after Cherenkov's discovery, 
Frank and Tamm supplied the theoretical explanation of the effect [34]. 

If a charged particle traverses a transparent medium with a velocity exceeding the speed 
of light in that particular medium, photons are emitted at an angle ( 0C ) with respect to 
the direction of flight of the particle. These photons originate from the interaction of the 
electromagnetic field of the particle with the molecules in the medium. Thus the polarized 
material emits the radiation and not the particle. The angle has a unique dependence on the 
particle's velocity: 

w s ( 0 c ) = - ^ (3.1) 

with (3 = v/c being the relativistic velocity and n the refractive index of the medium. A 
Cherenkov counter consequently can only give information about the velocity of a particle. In 
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order to calculate the mass and thus identify the particle, one needs to know the momentum 
of the particle, the refractive index of the radiator material ( n ) and the Cherenkov angle 0C : 

m = — = p\/n2 cos2 Qc — 1 
Pi 

(3.2) 

where 7 is defined as l / i / l — fl2- This means that a RICH detector depends on the sur
rounding tracking detectors for the measurement of the momentum. The behaviour of 0 C for 
a certain radiator material as a function of the particle momentum and the particle mass is 
shown in figure 3.1. 
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F igu re 3 .1 : Expected Cherenkov angle versus the particle momentum for e, \i, ~, K and 
proton. 

For a particle of mass m, Cherenkov photon emission starts (at zero angle) if the mo
mentum exceeds a certain threshold value which is related to the refractive index, as can be 
calculated from equation 3.1. For © c= 0° follows j3 = i and from that 

Pthreshold : 

Vn2^! 
(3.3) 

In an analogous way one can determine the maximum Cherenkov angle which is reached for 
particles with ,3 w 1 as 

cos(Q'Sax) « - (3.4) 

0 ( 3 " is also often called the 'saturated angle'. As 0 g a r depends only on n, particles of 
different mass become indistinguishable at high momenta ( see figure 3.1 ). 

The number of detected photo electrons is a crucial parameter for RICH-detectors. It 
can be written as 

Ndeucud = N0-L- sin2{Qc) (3.5) 
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where L is the length of the particle path in the radiator material and No is the so-called 
quality factor of the detector which is defined as 

No = ^ • Je(w)du = 370(cm • eV) _ 1 • ƒ e(u)au> (3.6) 

where Q is the charge of the particle in units of the electron charge, a the fine structure 
constant, h the Planck constant and c the speed of light in vacuum. e(w) designates the 
detection efficiency per photon wave length interval and accounts for the influence of the 
detector design and the materials used. The integral is taken over the wave length range in 
which the photons are detected. For the DELPHI RICHes this is between 160 nm and 220 nm. 
The first limit originates from the transparency cutoff of the quartz walls and the second from 
the quantum efficience of TMAE, as we shall see later. A high No value is clearly of crucial 
importance for the viability of a RICH detector. 

3.3 The Working Principle of the DELPHI Barrel RICH 

The RICH detectors in DELPHI are used for particle identification. Stable charged particles 
( e, n, 77, K and p ) which traverse the detector produce photons at Cherenkov angles de
pending on their masses and momenta. The BRICH is enclosed by two tracking detectors, 
the TPC toward the inside and the OD toward the outside. This enables us to interpolate 
the track measured there into the BRICH, which is necessary for the reconstruction of the 
Cherenkov angles. The principle of operation of the BRICH is shown in figure 3.2. 

In order to identify particles over a large momentum region, the BRICH contains two 
radiator materials with different refractive indices. The first one is a 1 cm thick layer of liquid 
CeFu which is used for particle identification at low momenta from 0.7 to about 6.0 GeV/c. 
The Cherenkov light created from this radiator is directly projected onto the photon detector 
and because the liquid layer is thin, the radiation is located within a thin walled cone which 
forms a ring or a conic intersection with the photon detector. This is called 'proximity 
focusing'. The second radiator material is an on average 40 cm thick gaseous radiator C5F12 
( for short also called 'gas radiator' ) with which the identification of higher momentum 
particles is possible. Parabolic mirrors focalize the Cherenkov light from this radiator back 
onto the photon detector where, in the focal plane of the mirror, a ring-like image is created. 
Both radiator materials belong to the family of Fluorcarbons which have a good transparency 
for l/V-Hght. If a charged particle traverses these materials with a momentum above the 
threshold momentum they produce Cherenkov photons. Some of the important properties of 
those radiators can be found in table 3.1. The observed saturated Cherenkov angle for the 
liquid radiator is 667.0 mrad and for the gas radiator 61.3 mrad respectively [35]. 

An important component of the BRICH is the photon detector. It consists of a TPC-like 
drift region, called drift tube, with a Multi Wire Proportional Chamber ( MWPC ) at the 
front end. The drift region is entirely enclosed by f/V-transparent quartz walls in order to 
admit the Cherenkov light from both radiators. Inside the drift volume the Cherenkov photons 
liberate electrons by ionization of the photosensitive vapour of TMAE1 [36]. This vapour is 
added to the drift gas in small quantities. Photons with energies higher than 5.5 eV can ionize 
TMAE. Since the cut-off energy of the quartz transmission is about 7.5 eV one gets a photon 

'TMAE : Tetrakis(dimethylamino)ethylene ( Ci[(CH3)2Ar]4) 
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Figure 3.2: Schematic drawing of the working principle of the BRICH. The Cherenkov pho
tons produced in the liquid radiator are projected directly onto the photon detector ( proximity 
focusing ) . Photons from the gaseous radiator are focused back to the.photon detector by 
parabolic mirrors where they form a ring-like image. The photons liberate electrons from the 
TMAE in the drift gas of the photon detector. The produced electrons drift in a parallel elec
tric and magnetic field to the end of the drift region where a MWPC detects them ( MWPC 
not shown ) . 

detection window of about 2.0 eV. The transmission and TMAE quantum efficiency curves 
presently used in the pattern recognition program of the BRICH are shown in figure 3.3. In 
order to separate as much as possible the signals from the two radiators in the relatively thin 
photon detector, the TMAE concentration is adjusted such that photons are absorbed with 
a mean free path of about 1.0-1.5 cm. Thus photo electrons created by the liquid radiator 
photons are mainly found at the liquid radiator side of the drift tube while 'gas radiator photo 
electrons' are found mainly at the mirror side. 

Radiator 
material 

CÖFM 

CÓFU 

refr. index n 
at 7 eV, 1 atm 

1.283 
1.00176 

boiling 
point 
57°C 
28°C 

An/(n-l) 
6.5-7.5 eV 

3.0% 
2.9% 

Pth [GeV/c] 
IT 

0.18 
2.3 

K 
0.6 
8.0 

V 
1.2 
15.3 

Pmax 
[GeV/c] | 7T 

1.2 
7.8 

K 
4.3 
25.0 

P 
7.8 

47.0 

Table 3 .1 : Properties of the Cherenkov radiator materials used in the BRICH. An/(n-l) is 
the relative variation of the refractive index in the given photon energy interval. pth is the 
threshold momentum for the particles. pmax is the momentum above which particles cannot be 
distinguished from each other because the Cherenkov angles for different hypotheses approach 
saturation within 1 T where a is a typical resolution of the averaged Cherenkov angle. 
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Figure 3.3: Transmission curves of quartz and radiator materials as well as the quantum 
efficiency of TMAE are shown. The curves are for 1 cm quartz, 1 cm CeFu, 100 cm of C5F12 
and a TMAE temperature of 35?C. The shaded area is a convolution of the TMAE efficiency 
and the quartz transmission. It shows approximately the photon detection capability of the 
drift tubes. 

The photo electrons drift in a homogeneous, (anti-) parallel magnetic and electric field 
toward the MWPC at the end of the drift tabe where they are gas amplified by a factor of 
about 2.105. The amplified chamber signals are read from anode wires and cathode strips and 
thus provide the x-y coordinate of the photo electron. The z-coordinate can be obtained by 
measuring the drift time of the electron. This readout of the three coordinates allows a spatial 
reconstruction of the photon conversion point. Using the extrapolated track, the Cherenkov 
angle can then be reconstructed. 

3.4 The BRICH Detector Components 

The BRICH consists of 48 identical detector modules, 24 covering positive z and 24 covering 
negative z. These modules are embedded in a common space limited by two concentric 
cylinders. Each module covers 15° in rip and is equipped with a liquid radiator, a drift tube 
with a MWPC and 6 mirrors. The gas radiator fills all the common space outside the drift 
tubes. All detector parts that are in contact with either TMAE or/and C5F12 need to be 
heated because both gasses would condense to liquids at room temperature. In the following 
we will discuss the detector components in more detail. A quadrant of the longitudinal cross 
section of the BRICH is shown in figure 3.4. 
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Figure 3.4: A quadrant of the longitudinal cross section of the BRICH detector. 

3.4.1 The Vessel 

The BRICH detector is enclosed in the space between two cylinders, the inner and the outer 
cylinder, at each end closed by an endflange. The cylinders are made of .-luminium honeycomb 
sandwiches in order to keep the radiation length of the material low. The vessel has been 
tested to withstand an overpressure of 0.4 bar. It is fixed to the inside of the cryostat of 
the superconducting magnet coil. Its mechanical stiffness permits the fixation of the tracking 
detectors of the barrel region onto the cylinders of the BRICH. All vessel components are 
equipped with heating facilities in order to maintain a temperature of 40°C A water cooling 
system controls the temperature at the outside and thus not only shields, but also stabilizes 
the environment for the neighbouring detectors in DELPHI. 

The inner cylinder together with several other parts of the BRICH plays a role in the 
formation of the electric field. The mid-wall, which divides the BRICH in two symmetrical 
halves, is connected to the drift high voltage (80kV ) which is also called the Very High Voltage 
( VHV, see chapter 4 ). This voltage is degraded along the length of the inner cylinder in a 
controlled way down to zero at the endfianges, using a kapton foil with copper strips ( width 
3 mm, pitch 6 mm running perpendicular to the cylinder axis and thus forming circles) which 
are interconnected by a resistor chain (degrader). Since the high voltages should of course 
be insulated everywhere from the metal skin at the outside of the inner cylinder, the inner 
face of this cylinder is clad with mylar foil using a special winding technique. The mylar foil 
used is 20 cm wide and 75 fim thick and the layers are glued together with a polyurethane 
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glue. Since this glue has a slightly lower resistivity than the mylar, small currents of long path 
length leak through the glue between the layers towards ground and thus provide an effective 
voltage degradation to ground potential at each point. The kapton foil degrader discussed 
above forms the top layer of the mylar insulator. 

3.4.2 The Liquid Radiator 

Each of the 48 liquid radiators is in fact a flat container of 1 cm radiator liquid C^Fu with 
a volume of about 5 1. Each 'box" (tray) is made of composite material and is closed by a 
4 mm thick quartz window which faces the photon detector. They are supported between 
the mid-wall and the endflanges. The outer quartz surface of each radiator is equipped with 
metallic, 130 fim wide strips which run in ryj-direction and have a pitch in z-direction of 
6 mm. They are deposited using a screen printing technology which uses a conductive ink for 
the strip material. They are also interconnected with a resistor chain which divides the VHV 
linearly down to ground at the endflanges. This strip system thus takes part in the definition 
of the general electric field in the detector. 

Between the point of emission in the liquid to the point of conversion in the photon 
detector, the Cherenkov photons have to pass through layers of liquid, quartz and gas and 
thus undergo refraction ( Snell's law ). Schematically this is shown in figure 3.2. 

For tracks with normal incidence to the photon detector the Cherenkov photons will be 
distributed homogeneously around the track in a circular pattern. For tracks incident at an 
angle the photon conversion points will lie on a conic-section pattern. Colloquially we still 
call these Cherenkov 'rings'. For tracks incident a t an angle larger than 14° to the normal 
( assuming saturated Cherenkov angles ) another phenomenon starts to play a role. The 
photons emitted in 'forward' direction are totally reflected on the transition surface between 
the quartz of the liquid radiator boxes and the gas radiator. In that case the rings thus are 
incomplete ( not 'closed' ). 

3.4.3 The Mid-Wall Mirror 

The mid-wall mirrors are mounted on the mid-wall between the liquid radiator boxes and the 
drift tubes. They are reflecting liquid radiator photons from tracks close to 0 = 90° back 
into the drift tube. Without these mirrors the photons would be absorbed by the mid-wall. 

3.4.4 The Gas Radiator 

As stated before the radiator gas C5F12 fills the entire space left between all other elements 
of the BRICH ( « 24m3 ). In contrast to the liquid radiator this radiator is not 'thin'. The 
photons created along the particle path between the drift tube and the parabolic mirrors 
( see section 3.4.5 ) are reflected by these mirrors and retrodirected into the drift tube. The 
focal plane of the mirrors is situated just inside the drift tube where photons form together a 
ring-like image ( although ionization by these photons may take place at different conversion 
depths ). Because of the widespread origins of the photons along the track, the photon 
conversion image shows the effect of the track's curvature in the magnetic field; the 'ring' 



30 3. The Ring Imaging CHerenkov detector ( RICH ) in DELPHI 

produced is 'smeared out' to some degree. Especially for electrons with a low momentum 
( p<3 GeV/c ) this effect is important-

Since C5F12 has a boiling point of 28°C at atmospheric pressure, the entire detector 
volume, the gaspipes etc. are heated to 40°C in order to avoid condensation. The detector 
heating is discussed in detail in chapter 5. 

The radiator gas is constantly cleaned in a closed circuit loop in order t o maintain a good 
i/V-transparency. Mainly H2O and O2 have to be removed in order to keep their pollution 
level below 1 ppm. 

3.4 .5 T h e Mirrors 

Six parabolic mirrors are associated with each single drift tube [37]. They are coated with 
50 nm aluminium and 60 nm MgF% as a protective layer. This assures a good reflectivity for 
i/V-light ( >909£ ). The focal lengths vary from 401.0 mm for the mirror # 1 close to the 
mid-wall to 376.6 mm for mirror # 6 close to the MWPC. The positioning and the tilt of the 
mirrors is such, that the gas radiator photons are projected normally to the surface of the 
photon detector, thus optimizing the photon transmission. 

3.4.6 T h e P h o t o n D e t e c t o r 

A photon detector unit (24 in the whole detector ) consists of two drift tubes, an end-flange at 
the HV side, a support structure at the front end, a wire frame and a resistor bar. Figure 3.5 
sketches a photon detector unit ( wire frame and resistor bar are not shown ). 

Each drift tube is entirely constructed from 4 mm thick quartz. It has a length of 155 cm, 
a width of 34.5 cm and a height that varies from 4.2 cm at the high voltage side to 6.2 cm 
at the support structure which houses the MWPC ( also called the 'boitier' ). Because of the 
trapezoidal shape, drifting electrons following the field lines gradually move away from the wall 
which counteracts possible absorption in the wall due to transversal diffusion of the drifting 

End Flange 

:z Tubes 

Z 

X 

Figure 3.5: BRICH photon detector unit with two quartz drift tubes, an end flange and a 
front end support structure which houses the MWPC ( 'boitier'). 

Q» 

Boilier 
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electrons- The electrical field inside the drift tube is defined by metallic strips deposited on 
the outer and inner surfa<-°s of all quartz walls. They run in redirection, have a width of 
100 pm and a pitch of 3 mm in z-direction. They are also interconnected by a resistor chain 
which permits to establish a linear field gradient in z-direction. In this way each strip forms 
an equipotential of the electric drift field. 

Each drift tube has a wire frame mounted about 1 cm away from the quartz surface 
facing the mirrors. The wires also here run along the redirection and have a pitch of 6 mm 
in z-direction. They thus also serve the accurate definition of the electtic field in the drift 
tube. In addition these frames hold the 45 fibers of the calibration system at precisely defined 
positions. 

The drift tube resistor bar consists of about 500 resistors in series °f 3jVfQ each. It 
connects, consecutive strips on the drift tubes and consecutive wires on the wire frames via a 
3MQ resistor. It does this for both tubes and wire frames in parallel. 

The gas mixture in the drift tubes consists of 75% methane (CHi ) , 25% ethane ( CzR~6 ) 
and a small admixture of TMAE ( « 0 . 1 % ). The TMAE is added by bubbling the main 
mixture components through a liquid TMAE bath of controlled temperature (?s280C ). By 
varying the temperature one can adjust the concentration of TMAE molecules in the drift 
gas, and thus the photon absorption length. The mixture of methane and ethane has a low 
diffusion constant allowing an accurate electron drift ( see table 3.2 )- The mixture has also 
good quenching properties for the gas amplification of the MWPC. 

drift gas 
drift velocity 

longitudinal diffusion 
transversal diffusion, B=1.2T 

75% CH4, 25% C2H6 and «0.1% TMAE 
6.72 cm/fim 
175 nm/y/an 
100 nm/y/m 

Table 3.2: Drift gas properties in the BRICH-

The drift gas system and the drift tubes need to be very leak-tight because of two reasons: 
Firstly, oxygen will oxidize TMAE which forms the electronegative products tetramethylm-eal 
{ TMU ) and tetramethyloxamid ( TMO ) [38, 39]. Secondly, electronegative C-,Fn may leak 
from the gas radiator space into the drift gas. The electronegative impurities will absorb 
photo electrons ( i .e . decrease the so-called attenuation length ) and deteriorate the detection 
efficiency dramatically. Measurements have shown that an attenuation length of M0 rn can 
only be achieved if one keeps the content of C5F12 below 0.2 ppm [40]. 

A MWPC ( see figure 3.6 ) [41] is mounted at the front end of each drift tube. Single 
photo-electrons develop avalanches at the anodes containing an average of 2 • 105 electrons 
which leads to a detectable signal. Each chamber has 128 anode wires ( stretched in radial 
direction, pitch 2.62 mm in r<p, 0 20 pm ) and 16 strips ( directed along r ?, pitch 4 mm in r, 
width 3.8 mm ). The strips are further subdivided along r(p into 8 blocks öf 16. Small blinds 
( so-called 'cloisons') between the individual wires absorb £/V-photons which are produced in 
the avalanche process because they in turn may produce unwanted electrons. This is usually 
referred to as photon feedback. 
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1 Cathode strips 

2 Guard strips between 

Figure 3.6: The BRICH Multi Wire Proportional Chamber (MWPC). The distance of the 
anode wires is 2.62 mm. 

3 .4 .7 T h e C a l i b r a t i o n S y s t e m 

As mentioned before, the calibration system consists of 45 quartz fibers per drift tube that 
shine t/V-light into the drift tubes on accurately-defined positions. Rows of nine fibers each 
are placed at 5 different 2-positions. The system measures the drift velocity during data 
taking by pulsing a fV-Iamp with the trigger of a forward-backward Bhabha scattering event 
( w 0.3 Hz ). This ensures a complete seperation of interesting events and calibration data. 
With this system the drift velocity can be measured with an accuracy of 0.02% [42]. 

3.4.8 Control of the Gasses and Liquids 

All relevant parameters for the reconstruction of the Cherenkov photons are permanently 
monitored [43] (temperature, pressure, flow rates e tc . ) . The [/V-transparency of the radiator 
materials, which is important for an efficient collection of photons, is regularly measured with 
a monochromator in the wave length interval of 160 to 220 nm. It is the same system that 
also measures the photon absorption length of the TMAE loaded drift gas. The refractive 
indices of the radiator materials are, however, not yet measured directly. 
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Drift dist. 
cm 
0 
75 
150 

<?V<4 
mm 
0.75 
1.15 
1.44 

or 
mm 
1.15 
1.44 
1.56 

0~z 

mm 
0.54 
1.6 
2.21 

°~gas 
mrad 

1.6 
3.4 
4.6 

Oliq 

mrad 
2.4 
5.0 
6.6 

Table 3.3: Resolution of the photon detector for different drift length. agas and cruq denote 
the resulting approximate errors per photon in the Cherenkov angles for gas and liquid radiator 
respectively. 

3.5 Measurement Errors 

The error of the measurement of the Cherenkov angle consists of several contributions which 
can be minimized by choosing proper materials and a well adapted geometry of the detector 
design. In the following we will discuss the most important contributions. 

Chromatic Error: The refractive index depends on the frequency of the photons and thus 
introduces a certain spread in the Cherenkov angles. This effect is also called chromatic 
aberration. For the two radiator materials one can write [44]: 

AQeChrom,ga, __ Q^ An 
2(n - 1) 

= 0.5 mrad A0c
cArom '"« = 4.6 mrad 

(3-7) 

Error of the Photon Detector: The resolution of the photon detector depends on pa
rameters like the error in the drift velocity, the longitudinal and transversal diffusion 
in the used drift gas, anode and cathode spacing of the MWPC etc. The resolution 
for different drift lengths based on the drift gas parameters stated in table 3.2 is shown 
in table 3.3. The approximate Cherenkov angle errors per photon for gas and liquid 
radiator are also given. The values for the liquid radiator are for tracks perpendicular 
to the photon detector surface. 

Track Resolution: As stated before, one needs the spatial coordinates of the particle track 
in order to calculate the Cherenkov angle. The errors on those quantities are thus 
limiting factors. Especially for the liquid radiator the reconstruction of the entry point 
of the track into the radiator material is very important. On the other hand, the 
reconstruction of the gas radiator Cherenkov angle is insensitive to a parallel shift of the 
track in z because the parabolic mirrors focus the Cherenkov light into the same points. 

Geometrical Error: For the liquid radiator the projection of the Cherenkov light onto the 
photon detector happens without further focusing. Its thickness should be as thin as 
possible ( but also compatible with the number of photons wanted ) because the thickness 
of the radiator material leads to a certain spread of the conversion point in the detector, 
as photons can be emitted close to the liquid radiator quartz wall or away from it. For 
tracks with perpendicular incidence this error amounts to a 3.6 mrad per photon. The 
reconstruction program takes into account the transmission of CeFu and corrects the 
average photon emission point accordingly. 
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For the gas radiator this effect of the thickness of the radiator is of course removed due 
to the focalization by parabolic mirrors. Uncertainties in the focal point which originate 
from small differences in the production of the mirrors give a geometry-like error. Before 
installation the reflectivity and the location of the focal point of all mirrors have been 
checked. The error coming from the variation of the focal point is small compared with 
the overall error in the Cherenkov signal [37]. 
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Chapter 4 

The Drift High Voltage System of 
the BRICH 

4.1 Introduction 

The working principle of the BRICH involves the drift of single electrons over long distances 
in (anti-)parallel magnetic and electric fields. The magnetic field is supplied by the DELPHI 
super conducting solenoid while the electric drift field is a local feature of the BRICH. The so-
called VHV-system ( Very High Voltage ) is at the basis of this electric field. The system was 
designed to allow the drift of electrons over a maximum of 1.55 m in a gas mixture of methane 
and ethane ( see table 3.2 ). Typical values of the drift velocity in this gas are between 6 
and 8 cm/(is at electric drift fields between 0.5 and 1.0 kV/cm respectively. Considering the 
maximum drift distance given above we need about 80 to 160 kV . 

The original detector design was aiming for a maximum of 150 kV. During the comple
tion phase of the main part of the electrical insulation ( the inner cylinder ), a mechanical 
accident put the accomplishment of this goal beyond reach. The maximum voltage applied 
to the BRICH ever since was never higher than 80 kV. This is considered to be a safe value, 
guaranteeing a long life of the insulation. 

4.2 Requirements and Design Specifications 

For a safe operation of the BRICH-detector it was imperative to have a reliable, secure and 
easy-to-maintain system for the control of the VHV. The emphasis of the design was on the 
aspect of safety for personnel and detector, which led to the following main requirements: 

• The voltage must never exceed 80 kV. 

• The ramping of the voltage has to be slow in order to preserve the insulation, but it 
should be fast enough to permit reasonable switch on and off times. 

• There should be several (if possible independent ) ways to lower the voltage . 

• There should always be a working computer connected to the VHV-power supply. 



36 4. The Drift High Voltage System of the BRICH 

• In case of mortal danger, it must be possible to cut the voltage immediately. 

• In case of power failure, the voltage should ramp to 0 kV reasonably slowly. 

• The monitoring of the system should be possible from anywhere via a computer link. 

• The system must provide logging facilities ( bookkeeping ), which allows to spot prob
lems. 

4.3 The Electrical Layout of the BRICH 

The VHV system supplies the voltage for the drift tubes and for all other elements that shape 
the homogeneous electric drift field. Figure 4.1 shows the schematical electrical layout of the 
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2x6MQ 

1MQ 

transfer field 
electrode 

monitoring 
resistor 

10k £2 

T 3 
C3 

CO 

O 

•3 

7.5MQ 

70k Q 

20MÜ 

ïoknn ' 

ground 

Figure 4.1: The electrical layout scheme of the BRICH. 

resistor chains in the BRICH connected to this system. 

There are in total 76 resistor chains ( also called degraders ) connected to the different 
detector elements. These resistor chains ensure a smooth degradation of the drift high voltage. 
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In more detail, there are : 

• 24 resistor chains, one for each pair of drift tubes ( see section 3.4.6 ), each with 
R = 1.55 GO. 

• 24 chains, one for each pair of liquid radiator boxes ( see section 3.4.2 ), each with 
R = 1.83 Gfi 

• 24 chains, one for each mid wall module situated between drift tube and outer cylinder, 
each with R = 1.92 Gfi 

• 2 chains on the inner cylinder ( see section 3.4.1), each with R = 1.94 GQ 

• 2 chains on the feed pipes of which one houses the VHV cable. These pipes shield 
the cable and they run between the cabie connection point on the mid wall and the 
cable entry point at the support flange of the BRICH. The resistivity of each chain is 
R = 1.60 GO.. 

The individual resistors are of the metal oxide type, have an accuracy of 1% and a temperature 
coefficient of about -50 ppm/K . Each resistor chain is connected to ground with a monitoring 
resistor (10 or 70 kü) at its low voltage end, allowing to monitor the current in each individual 
chain. The total resistivity of the detector between mid wall and ground is 23.03 Mfl. 

The resulting equipotential lines of the electric drift field is shown in figure 4.2. The 
field is homogeneous inside the drift tubes which forms the basis of the undisturbed electron 
drift. 

mm 

500 

500 1000 1500 nun 

Figure 4.2: Longitudinal cross section of the BRICH with equipotential lines of the electric 
drift field. 
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4.4 The Technical Se tup 

The VHV-system consists of the following main components: 

• Two battery driven, uninterruptable 220 V power supplies ( 1500 W each ), which are 
connected in parallel 

• A VHV-power supply 

• Two independent GG-1 computers 

• a VAX-computer for control and monitoring 

4.4.1 The Power Supply of the VHV 

The VHV power supply is a DC voltage regulated device with high temperature and rest 
ripple stability. Its main characteristics are listed in table 4.1. The tight tolerances quoted 
there are necessary to ensure a stable electron drift velocity. 

device name: HNCs 150000 - 10 neg (Heinzinger, Germany) 
DC voltage regulated 
maximum voltage 150 kV 
maximum current 10 mA 
high voltage cascade confined in pressure tank containing SFg at 4.5 bar 
voltage stability 5 x 10~4 of the maximum voltage 
temperature coefficient 3 X 10-4 / K 
voltage rest ripple typically 5 x 10~5 of the maximum voltage 
programmable via GPIB interface. 

Table 4.1: Characteristics of the VHV power supply. 

4.4.2 The Control System 

The control system consists of two independent G64 computers, where the second one acts as 
a backup and takes over if the first one crashes. In the following we will refer to them as the 
"master" and the "slave" G64 respectively. A VAX 4000-60 computer is used for interaction 
with the G64 and for monitoring. The master G64 is connected via ethernet with the VAX. 
A GPIB bus is used to connect the VHV-power supply with the two G64's. Only one G64 
can be actively communicating with the power supply at a time. Figure 4.3 gives an overview 
of'*.-? r-ystem. 

4.5 The G64 Software 

The DELPHI skeleton G64 software for slow control [45] was used and additional functionality 
was developed for the control of the VHV-power supply. The routines for the control of 
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Figure 4.3: The Very High Voltage system of the Barrel RICH. 

the CAEN HV-systems for the MWPC's were in this case replaced by software specifically 
developed to interact with the GPIB interface. 

Both G64's operate in continuous looping mode. The master G64 attends to two main 
tasks: the monitoring procedure and the ramping procedure of the VHV. 

The monitoring procedure loops over the following tasks ( each loop lasts about 1 sec
ond ): 

• Communication with the VAX, reception of commands and transmission of information 
( status and measurements ) upon VAX request 

c monitoring of the VHV status; in case of a fatal error, e.g. a voltage/current outside the 
allowed limit ( trip ) or a change in the SFQ pressure of the Heinzinger below 3.5 bar 
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(for 80 kV the limit of operation is 3.0 bar ), a slow ramp-down to 0 kV is initiated 

• sending and receiving of watchdog signals to/from the slave G64 in order to check its 
correct operation 

• monitoring of the status of the uninterruptable 220 V power supply, e.g. battery status 
(overload or empty ) 

• interactive communication with a terminal 

• continuous display of the system status on the terminal and by means of 16 LED's on 
the front panel 

• monitoring of the status of the manual ramp-down button on the G64 front panel 

• monitoring of the BRICH gas radiator interlock status; the VHV is allowed to ramp up 
only if C5F12 is present in the gas radiator 

• monitoring of the status of the "Panic-ramp-down" signal, which is used to ramp-down 
and switch off all high voltages in DELPHI if there is a complete loss of the ethernet 
communication 

• monitoring of the DELPHI General Surveillance System (GSS) status 

The ramping procedure of the VHV consists of repeated short periods of ramping, each 
lasting about 10 seconds, followed by a short period of monitoring. During the monitoring 
procedure, an operator, either on VAX or on the terminal, has the possibility to interact with 
the G64. The ramping procedure is repeated until the voltage required is reached. Below 
48 kV the ramping is done in steps of 3 kV while above that value those steps are 2 kV. 
Each step is again subdivided into voltage changes of 100 V. The maximum VHV-current 
allowed is increased before each 100 V step by an amount in accordance with the known 
detector resistivity. In case of a current value different from the expected one, ramping up is 
terminated and a ramp-down to 0 kV is initiated. 

The main task of the slave G64 is to recei%'e the so-called "watchdog" signals from the 
master G64, upon which it sends back an acknowledgement. If no signal from the master is 
being sent during 90 seconds, the slave presumes the master to be inoperative and takes over 
the control of the VHV-power supply by taking hold of the GPIB bus. It continues by ramping 
down the VHV to 0 kV and then freezes the status of the whole system. An intervention from 
the operator is needed to reestablish normal operation of both G64's. If on the other hand 
the slave appears to be inoperative, the master initiates a ramp-down to 0 kV and informs 
the operator. 

4.6 The VAX Software 

One single process on the VAX connects to the master G64 every 90 seconds and performs 
all control and monitoring tasks. It reads all parameters from the VHV-power supply, all 
parameters that show the status of system and the current readings from the 76 resistor 
chains. The values obtained are compared with the last readings and in case of differences 
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surpassing certain predefined limits an update in the bookkeeping is made. If a value is outside 
the allowed error limits, error messages are sent to the BRICH- and DELPHI operator. 

One of the very useful by-products of the VHV-resistor chain monitoring is, that the HV 
status of the MWPC's can be conveniently signaled and recorded. The reason is, that the last 
part of each drift tube resistor chain is also connected to the circuit governing the so-called 
transfer field voltage ( powered by a CAEN HV power supply ) . A trip of the MWPC voltage 
causes the current in the common resistors to drop from 180^J4 to 60/iA and allows the VAX 
to issue a warning. 

For control operation this process connects to the BRICH general slow control SMI 
( State Managing Interface: inter process connection ), from which operators can launch 
commands. The commands issued by the general DELPHI slow control are also routed via 
this BRICH general slow control SMI. 

During the end of the LEP 1993 operational period, it was observed that one of the drift 
tubes intermittently produced a corona which caused the chamber of this drift tube to trip 
due to the sheer amount of photo electrons produced in the light sensitive gas mixture. An 
ad hoc automatic feature was temporarily built into the VHV VAX program such, that upon 
reception of the trip signal for this particular MWPC, the VHV was ramped down to 6 kV 
which eliminated the corona. After this, the operator could ramp up the VHV again. 

In addition to the control and monitor processes two interactive tools are available for 
displaying the status of the VHV-power supply and the current readings of the 76 resistor 
chains. 

4.7 Personnel and Detector Security 

According to the level of severity, an operator will choose between 5 different ways to switch 
off the VHV: 

• the normal way is issuing the ramp down command from the VAX. 

• if the ethernet is not operational, one can ramp down using the terminal that is directly 
connected to the master G64 or using the panic-ramp-down signal 

• if the terminal is out of order one can activate the ramp down button on the front panel 
of the master G64 

• if none of the two G64's are operational, the operator can ramp the VHV by switching 
the power supply from remote to local control ( and give the appropriate command! ) 

• in case of mortal danger two emergency-off bottons allow an immediate cut of the VHV. 
This would almost certainly damage the insulation beyond repair. 

Fortunately during the last 4 years of LEP running, the need for actions described by the last 
two points did not occur. 
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4.8 Conclusion 

The VHV-system has been in operation since August 1990 and it has peïformed well within 
the design specifications. It has proven to be a highly reliable system with more than 99% 
efficiency. Its modular design made the addition of new functionality and maintenance a 
simple operation. It has been designed to remain operational at least until the end of the 
LEP running period. 
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Chapter 5 

The BRICH heating system 

5.1 Introduction 

The BRICH heating system has been designed such that the C5F12 gas radiator and the photon 
converter TMAE are safely kept in gaseous form since C5.F12 has a boiling point of 29°C and 
since TMAE has a vapour pressure corresponding to 25°C. In order to avoid condensation of 
those gasses, the temperature of the entire detector volume must be kept above these critical 
temperatures. The temperature chosen for the detector and the gas supplying systems in 
contact with C5F12 or TMAE is 40CC and is relatively high in order to allow a long enough 
intervention time in case of an unwanted cooldown. 

5.2 Requirements and Design Specification 

The main design requirements are: 

• Every part of the detector in contact with either C5F12 or TMAE should be heated to 
at least 40°C. 

• The temperature of the gas radiator should be stable, because the refractive index is 
temperature dependent. A change of temperature would thus change the Cherenkov 
angle. 

DELPHI requires thermal stability also because all detectors within the BRICH are 
mounted onto the BRICH structure. Therefore the positions of the detectors depend on 
the BRICH temperature because of its thermal expansion. 

All the heated parts on the detector must have a proper heat shielding to the outside, i.e. 
a thermal insulation and a water cooling system, in order to stop any heat dissipation 
from the BRICH to the rest of DELPHI. • 

• A high reliability of the heating system is required, because condensation of the gas 
radiator or the TMAE would most probably cause enormous problems: the condensed 
gas radiator droplets would wash away dust from the surfaces of the detector elements 
which would end up on the mirrors of the bottom region, and impair their reflectivity. 
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Condensation would also result in a drop of pressure and endanger the drift tubes which 
are constructed of relatively fragile quartz. In addition, TMAE condensation on the 
drift tube walls and on the thin wires of the chamber (MWPC) should also be avoided 
because liquid TMAE is chemically aggressive and also electrically conductive. 

• Adequate alarm and interlock systems must be provided to secure the stability of the 
detector temperature. Automated actions must be taken in an early stage in order to 
prevent any gas condensation in case of heating failure. 

• There must be spare heating circuits available for replacemant in case of breakdown. 
The changeover of the electrical connections must be possible outside the detector. 

• Several independent spare computer systems must be available to take over temperature 
control in case of failure. 

• The heating system should be on safe mains. 

• In the possible absence of sufficient information on the temperature status of the different 
parts of the detector ( due to breakdown of sensors ) there should be hardware and 
software backup solutions to maintain a stable temperature. 

• Monitoring-, control- and error reporting- facilities should be available on the VAX. 

5.3 Technical Description of the Heating Hardware 

The BRICH heating is split into two main parts, the detector heating and the heating of the 
tubing and racks that supply gasses and liquids to the detector. Three G64 computers control 
the system where two are for the barrel heating and one is for the "racks-and-pipes" heating. 
Each of the G64's checks with watchdog signals if its partners are alive. The two G64's on 
the barrel heating are redundant; each of the two G64's can take over the temperature control 
in case the other has crashed. The individual heating elements on the barrel are powered by 
DC-voltages via a repartition rack which in turn is supplied by a set of 32 power supplies. 
The " racks-and-pipes" heating follows a different technical philosophy, which we will discuss 
in detail later. 

Two processes on a VAX computer are connected to all of the G64's. The main process 
initializes, reads temperature values and writes commands to all G64's. The second process 
only receives error messages from the G64's and reports them further to the operators. Both 
processes are connected to the BRICH slow control SMI which acts as highest level control of 
all subsystems. Figure 5.1 sketches a functional diagram of the heating system. 

5.3.1 T h e H e a t i n g of t h e D e t e c t o r 

The heating system of the detector consists of the heating of the outer cylinder, the two end 
flanges and the inner cylinder. 
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Figure 5 .1 : The BRICH heating system. 
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5.3.1.1 Heating of the Outer Cylinder 

The honeycomb structure of the outer cylinder is covered on the outside with heating elements. 
These are mylar sheets ( 153 x 55 cm2 ) featuring meandering copper strips that cover 
the entire sheet surface. These strips are fabricated using printed circuit techniques. The 
resistivity of one sheet is about 50S2. Each strip is accompanied by a spare. Voltage is only 
applied on one of the two strips and is switched over to the spare one in case of failure. Several 
of those sheets are grouped together and are connected to one power supply. The sheets are 
glued onto the surface of the outer cylinder using a special vacuum technique to ensure a good 
thermal contact between the cylinder surface and the heating element. 

5.3.1.2 The Heating of the Endflanges 

This is done using the same techniques as for the outer cylinder. The heating elements are 
shaped in order to accommodate the structure of the end flanges. 

5.3.1.3 The Heating of the Inner Cylinder 

A different type of heating element is employed here. A mylar band containing four conductive 
strips is wound around the surface of the inner cylinder under the electrical insulator, covering 
the entire surface. Powering two of those strips is enough to ensure a heating of 4Q°C. 

5.3.1.4 The Power Supplies of the Detector Hea t ing 

The detector heating power is delivered by a total of 32 power supplies. In order to avoid any 
interference with the other detectors in DELPHI, stabilized DC supplies are chosen with a 
nominal power output of about 500 Watts each. The voltage can be adjusted to basically two 
values: 48 and 64V. An exception to this are the four power supplies on the inner cylinder 
which have a maximum voltage of 90V, the rest of the supplies is adjusted on 64V. A +5V 
signal from the computer control can switch a power supply on and off in order to regulate 
the heating. Each power supply reports its state of operation to the G64 computer. 

5.3.2 T h e H e a t i n g of the Racks and P i p e s 

All pipes in which condensation might occur, are heated with ribbons with automatic ther
mal adjustment; their resistivity increases significantly with temperature. These ribbons are 
wound around the pipes. A thermal insulation layer encloses the ribbon and the pipe. 

For the heating of the racks heating elements are used that are mounted on top of the 
rack. The natural air flow of the ventilation system draws the hot air downwards into the 
rack and heats the interior. Several heating ribbons or radiators are grouped together and 
connected to one power unit. 

5.3.2.1 T h e Power Supplies of the Racks a n d Pipes 

The heating of the racks and pipes is driven by power units which provide a pulsed AC 
220 V. The ratio between on/off time is adjusted hardwarewise such that the racks and pipes 
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reach temperatures above 40°C. Normally the computer activates the power units in order 
to regulate the temperature to 40°C. However, in case the computer control is not available, 
the regulation falls back on hardware adjusted on/off periods. 

5 .3 .3 T h e Temperature Senso r s 

Approximately 245 temperature sensors serve to probe the temperature status of the detector 
and 140 that of the rack-and-pipe heating (type LZ35 ). The temperature measurement value 
is compensated for effects of the individual cable length. The probe response is linear in the 
range used. The accuracy is 0.1°C However, they may have an offset in the range of ± 0.3°C 
which is not accounted for. 

5.4 The Computer System 

We use two independent G64's for the detector heating and one for the heating of the racks 
and pipes. All G64's have the same hardware setup: 

• they are connected to the local ethernet network of DELPHI 

• the temperatures are read with a 10 bit ADC, conversion time 3 fisec, 16 input channels 

• all temperature sensors are connected to AMUX (AnalogMUltipleXers) cards. Each 
card can multiplex up to 32 temperature sensors, and is connected to one input of 
the ADC card. The interface also houses digital multiplexers which switch the power 
supplies on and off. Error states, interlock signals, watchdog signals and alarms are also 
routed via this interface. 

5.5 Hardware Security 

The main security feature of the BRICH heating is the connection to the DELPHI safe mains 
power supply, a 630 KW diesel engine. In case of a power cut it will take over from the 
220V supply in less then 5 minutes. The computers however are connected to battery driven 
uninterruptable 220 V power supplies in order to bridge this short time period. The status 
of these power supplies is monitored permanently by all G64's and in case the batteries are 
overloaded or empty, error messages are sent to the DELPHI operator. 

In the unlikely case that the G64 control for the detector heating fails, a manual switch 
has been installed allowing to switch on all power supplies together. This security feature is 
meant to keep the detector warm during the time the gas radiator and the TMAE systems 
are emptied. 

5.6 The Watchdog System 

The BRICH heating system requires automatic backup facilities in case of brake down. There
fore two G64's have been installed for the detector heating, although one is sufficient to control 
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the temperature at 40°C. All G64's are equipped with watchdog systems that report com
puter failures. In case the main G64 (master) fails to send this watchdog signal, the backup 
G64 (slave) takes over the control of the power supplies and reports this to the VAX. Both 
G64's check also whether the third G64 (called "rack" G64) is alive. In case the latter fails 
to send those signals, either of the remaining G64 is able to switch the rack-and-pipe heating 
to the hardware-adjusted 100%. 

5.7 Error Sending Philosophy 

We distinguish two kinds of errors created on the G64's: those that are immediately reported 
to the VAX ( usually fatal errors) and those that need to be present for more than 30 seconds 
before being reported. In the following the latter will be referred to as "error sequencing". In 
this way one avoids the sending of errors due to short-term fluctuations. 

5.8 Interlocks 

The BRICH heating system can activate four interlocks which ensure swift actions in case 
of temperature loss. One of these interlocks is connected to the cooling water circuit of the 
entire DELPHI detector. An automatic cut of this circuit assures a long cooling down time 
to 28.0°C of about 6-8 hours. With the cooling circuits operational, this would be reached 
in approximately 20 minutes. Interlocking the cooling circuit is essential for any kind of 
intervention needed on the heating hardware and for emptying the detector in time in case of 
heating failure1. Only the G64's on the detector heating can trigger this interlock. ( Before 
this interlock was fully installed, the heating was working for several month without any 
problem, demonstrating its stability and reliability ). 

The other three interlocks concern only the BRICH. They are for the gas radiator fast 
purge, the liquid radiator pump and the drift gas system with the TMAE bubbler. 

An activated gas radiator interlock starts the emergency N2 purge in order to replace 
the C5F12. For purging all of the 24m3 of C5F12 , this system needs about 24 hours. However, 
the reduction of the vapour pressure of the C5F12 to a value where no danger of condensation 
arises, takes around 6 hours. 

If the heating of the pipes for the liquid radiator fails, the interlock system switches off 
the liquid radiator pump in order to stop pumping cold liquid into the detector. The same 
philosophy applies for the pipes of the drift tubes that carry the TMAE vapour. The TMAE 
bubbler is closed in case the pipe heating fails. 

As a matter of precaution, all four interlocks are triggered together in case the conditions 
are met for cutting the cooling water circuit of DELPHI. 

A cut of the cooling water provokes an imbalance in the thermal equilibrium (alignment) for the whole 
DELPHI detector for about one day 
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5.9 Temperature Control without Temperature Measurement 
Feedback 

The G64's disable temperature sensors if they give obviously wrong readings (i.e. less then 10 
or more then 70°C ). If a power unit has lost all its assigned sensors, the computer switches 
automatically to a "time steering" or "on/ofi" mode. This mode of operation is based on the 
knowledge of the ratio of on/off times needed to maintain a temperature of 40°C, determined 
experimentally under normal conditions. In this way, in the case that all sensors are lost, 
one can maintain the temperature at 40°C with a reasonable accuracy of about ± 2°C. This 
feature was tested and found to deliver satisfactory results for several hours of running. 

5.10 The G64 Control 

The three G64's run the same software, which is permanently stored on EPROMs. However, 
for the power supplies of the rack-and-pipe heating the program differs in terms of the inverse 
switching logic. The program is completely data driven and relies on an initialization sequence 
from the connected VAX computer. The program is in continous looping mode, each loop 
lasting about 3 seconds. In each loop the computer performs the following tasks: 

• communicate with the VAX ( this part acts upon requests only ) 

• run over all list items ( see next paragraph ) 

• check all error states 

• report possible errors to the VAX ( sending only ) 

• if necessary trigger interlocks to the other BRICH systems or to the DELPHI cooling 
water pump 

• halt the program for maximal 10 seconds upon manual intervention from an operator 
on a connected terminal. 

5 .10.1 T h e G 6 4 Lis t s 

The main task of the G64's is to run over all list items: whatever the computer has to do is 
stored in a task list, in which each line represents a certain action, i.e. read an ADC channel 
for temperature measurement, switch on a power supply etc. 

For each power supply the following information and task descriptions are found in this 
list: 

• How many and which temperature sensors are associated with this power supply ( ADC-
addresses, ADC-gains, offsets if any, errors connected to one particular sensor etc. ). 
A sensor is read three times and the values are averaged before being used in the 
calculation of the total temperature average for this unit. In this way, the influence of 
noise fluctuations on the sensors is diminished. 
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• The average temperature of all sensors concerned is calculated and compared with given 
limits. The power supply is then switched on/off accordingly. If the temperature exceeds 
the given error limits an error sequence is started. Furthermore the computer will try 
to switch the power supply to the state required by the circumstances every 3 seconds, 
thus allowing for long time constants in the behaviour of the supply. 

• After each change in the output state of a power supply, the computer will wait for 
100 msec and confirm the action. In this way possible malfunctioning power supplies 
can be detected in an early stage. 

• If the temperature reaches the error limit 1 ( see table 5.1 ), the computer first checks 
how many other power supplies have triggered this limit. If there are more than 3 units 
in this state, the fatal alarms and interlocks (if any) associated to the units concerned 
are activated ( see interlocks ). In this way a simultaneous loss of heating on several 
heating elements will trigger interlock actions in an early stage. 

• If the temperature reaches the error limit 2. the interlocks are activated immediately, 
even if it is caused by one power unit only. This is to prevent local condensation if the 
temperature would continue to drop. 

• An automatic switch-over to the time steering mode is done if no sensors are left for the 
temperature control. The ratio of on-to-off time is also stored in the definition field of 
the power supply. 

description 
of the temperature with action 

level 
upper error limit 

upper switch of limit of power supply 
se t t e m p e r a t u r e 

lower switch on limit of power supply 
lower error limit 
fatal error limit 1 
fatal error limit 2 

temperature 
of the detector 

[°CJ 
41.5 
40.3 
40.0 
39.7 
38.5 
37.0 
35.0 

temperature 
of the racks-

and-pipes [ °C ] 
42.0 - 48.0 

40.5 
40.0 
39.5 

37.0 - 38.5 
34.0 - 37.0 
33.0 - 36.0 

Table 5 .1 : The different levels of temperature and associated actions 

5.11 The VAX Software 

Two processes on the VAX are connected to the three heating G64's: the main heating process 
and the error server. 

The main process reads the status of the G64's about every 5 minutes. This process 
has several tasks to fulfill: 

• it initializes the G64's if they send the appropriate request. 
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• both G64's exchange their temperature values read because the temperature sensors are 
distributed over master and slave G64 equally. This gives an increased number of sensors 
that provide input for the temperature regulation. However, if these "slave-values" in 
the master are not updated for more than 10 minutes, they expire and the regulation 
continues with the sensors of the master only. 

• it interacts with the general BRICH slow control SMI for command input. 

• it takes care of the ramping of the temperature, and checks that all the detector parts 
- which have different time constants ( see figure 5.2 ) - reach the same temperature 
before the following ramp step of VC is launched. This ramping action normally occurs 
only twice per year; at the beginning and at the end of the data taking period. 

• it updates a status file with the temperature values. This file can be accessed by the 
users. 

• it checks the power consumption of the power supplies and compares them with empir
ically found values. In case this consumption exceeds those values, an alarm is sent. 

temperature 
degree |C] 

end flange 

outer cylinder 

lime [h] 

Figure 5.2: Cooling down behaviour of the end flange ( squares ) and the outer cylinder 
( dots ) with nominal water cooling. The cooling of the outer cylinder had to be slowed down 
in order to avoid too large temperature differences of the different detector parts. 

The second process connected to the G64's is an er ror server . It receives the errors 
from the G64's and lists them according to severity levels: warnings, hardware errors and 
fatal errors. The warnings only give information about the status and they are sent only 
once. Hardware errors are e.g. a power supply fails to respond, a power-supply-unit with its 
assigned temperature sensors exceeds the preset temperature range, etc. These errors usually 
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need operator intervention. They are sent repeatedly with a frequency in accordance to their 
severity. Fatal errors have the highest priority and require immediate intervention. The 
process clears errors upon a clearance command issued by the G64's and sends information 
messages to the operators. 

5.12 Conclusions 

The BRICH heating system has proven to be very reliable. In the four years of operation 
the largest temperature excursion was 2°C on the inner cylinder due to a failure of one of 
the power supplies. Its built-in security features in hardware and software have shown to be 
extremely effective. 
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Chapter 6 

Alignment of the B R I C H 

6.1 Introduction 

The reconstruction of Cherenkov photons from a particle traversing a certain medium is very 
sensitive to even the smallest effects of temperature, pressure etc. Similarly it is also important 
to optimize the position of the detector components with respect to the DELPHI tracking in 
order to obtain a reliable particle identification. The typical procedure of alignment consists 
of selecting high momentum tracks which in both radiators produce a saturated angle. Next 
individual detector modules are aligned such that the reconstruction leaas to the saturated 
Cherenkov angles. 

The BRICH detector consists of 48 drift tubes, 48 liquid radiators, 48 mid-wall mirrors 
and 288 mirrors for the gas radiator signal. Some 900 parameters relevant for the precise 
reconstruction of the Cherenkov angle have to be adjusted in order to align the BRICH. It is 
clear that such a task needs careful consideration and a well defined strategy. The BRICH 
group therefore developed an alignment program called ERA [46] to perform this task. 

In the following the procedure of ERA and the achieved results for the 1992 DELANA-D 
processing will be discussed. 

6.2 The ERA Program 

The ERA program consists of three main parts : 

• the DELANA part 

• the ERA alignment ( fitting program ) 

• the updating of the RICH geometry database with the results of the fits. 

In the following sections we will discuss the alignment of the BRICH. 
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6.2.1 DELANA and ERA 

DELANA (DELphi ANAlysis )[26] is the standard program of the DELPHI analysis chain that 
contains programs of all subdetectors that are needed for the full reconstruction of a DELPHI 
event. The RICHes are represented by a pattern recognition program for the reconstruction 
of the Cherenkov rings. For the alignment, high momentum tracks from the so-called STP-
tapes ( Selected Two Prong events ) are processed, because they contain tracks that have 
saturated Cherenkov angles in both radiators. The types of events on those tapes are e + e~, 
H+H~ and r+r~. The ERA part of the pattern recognition program writes a file with the xyz 
coordinates in the DELPHI reference frame of the individual Cherenkov photons associated 
with these tracks. This file is called the alignment file. 

Parameters like the drift velocity, the accurate timing of the BRICH data readout ( t0 ), 
the refractive indices of the radiators and the transmission coefficients of the gasses and liquids 
have to be fairly correct already at this stage. The drift velocity, for example, is determined for 
each drift tube using the calibration systems and is known to a precision of about 0.02% [42]. 
The value of to is adjusted such as to optimise the resolution of the gas radiator Cherenkov 
angle, for this purpose integrated over all mirrors. The transmission curves are measured 
with a monochromator. They are important for the calculation of the mean emission point 
of the radiators and for the expected number of photo electrons. The refractive indices of the 
radiators are not yet measured, and thus the dependence on the wavelength of the Cherenkov 
photons is not very accurately known. Their values are however determined from fits to the 
data. 

6.2.2 The ERA Fitting Program 

ERA uses a x2 minimizing method based on MINUIT [47]. For the results obtained the 
SIMPLEX method was used which does not provide a precise value of the error. On a small 
data set other methods were tried, like MINIMIZE, which provided a proper error estimate 
but was not applicable for the entire alignment because of the large increase of computing 
time. 

ERA takes the ayz-points of the alignment file and calculates the angle and the error of 
the Cherenkov photon in the same way as DELANA does. The function 

_& laerpectei ameasurei\2 4 

x2 = Y,- -k ~ t6-1) 
i 

is minimized by slightly varying the positions of the detector elements or the trajectory of the 
track. In this expression, 0«P«<ci and 0™asure<l are the expected and measured Cherenkov 
angles respectively. The expected error is denoted as t. The summation goes over N, the 
number of photo electrons used in the fit. For each sector of the detector several parameters 
are fitted in order to minimize the x 2 for both radiator signals simultaneously. Since the 
refractive index was not a fit parameter, it is clear that this scheme would shift the detector 
module such that the saturated angle fits best to the predefined input value of the refractive 
index. 

After all parameters have been fitted, the results are used for updating the positions of 
the detector elements in the geometry database. 
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6.3 Event Selection 

In 1992 the BRICH recorded about 420,000 Z° events in the period when the gas radiator 
was fully operational. For 250,000 of those also the liquid radiators were operational. In order 
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Figure 6.1: Mean number of photo electrons per track plotted versus the sector numbers. 
The number of background photons in the signal is estimated to be 15 - 20%. 

to study the results of the alignment, we processed about 5000 selected two prong events 
before and after the application of the corrections. The statistics amounts to about 35 tracks 
per mirror and about 200 tracks per liquid radiator. Figure 6.1 shows the average number 
of photo electrons per track for gas and liquid radiator plotted against the sector number. 
Sector 1-24 is side A and 25-48 is side C. The selection criteria for the tracks to be used in 
the fitting procedure are: 

• selected two prong events ( STP ) 

• Vtrack > 30 GeV/c 

• reconstructed track length in DELPHI > 50 cm 

• tracks must be within the geometrical acceptance of the BRICH. 

6.4 Parameters for the Pit t ing Procedure 

The choice of the parameters for the fit and the sequence of fitting was governed by the 
observation that the alignment of the gas radiator mirrors was not very critical whereas the 
liquid radiator alignment was. An argument supporting this is that the mirrors have relatively 
small dimensions, affecting only a small region of the drift tube and can therefore be easily 
shifted individually to a fit-converging position. A liquid radiator, however, is a rigid module 
of 146 cm length. An alignment of it equally affects Cherenkov rings near the mid-wall region 
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as those close to the chamber. Because of this fact more emphasis had to be given to the 
alignment of the liquid radiator. 

The alignment was done sectorwise (48) where parameters of each sector were fitted 
using the following fit sequence: 

• alignment of the trajectory of the tracks onto the liquid radiator signals 

• alignment of the drift tube position using the liquid radiator signals 

• alignment of the liquid radiator modules 

• alignment of the mid-wall mirrors using the liquid radiator signals 

• alignment of the mirror positions using the gas radiator signal 

Each alignment of an element of a sector takes into account the alignment results of the 
previous element. In the following all parameters will be given in local sector-coordinates. 

6.4.1 The Alignment of the Track Trajectory 

As stated before, alignment of the mirrors to the DELPHI tracking was found to pose no 
real problem. Nominal resolutions comparable to those of detector Monte Carlo results can 

track 

drift tube 

Z=0 
liquid 

radiator 

(a) parallel shift 

z=o 

(b) s dependent shift 

Figure 6.2: Shifts of the track in z-direction influence the measured liquid Cherenkov angle. 

be achieved. This gives us confidence that parameters like the drift velocity and to of the 
BRICH are correct. However, when we try to align the liquid radiator in a similar way we 
normally need unphysically large shifts in the drift tube positions and in the liquid radiator 
positions. Since gas and liquid radiator photo electrons drift in the same drift volume, and 
since in contrast to the gas radiator the determination of the liquid radiator position depends 
strongly on the s measurement by the TPC, we can only interpret this as an error in the 
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Figure 6.3: Results from the track alignment. 
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Figure 6.4: The effect of track alignment on the Liquid Cherenkov angles. 

DELPHI tracking. For this reason 've first correct for the tracking before the modules of the 
BRICH are aligned. 

The shift of the track entry point in the liquid radiator is fitted to a linear function in z: 
5z(z) — 20 + S • z with ZQ being a constant shift ("offset") of the track entry point in z 
and S the parameter that describes a shift varying linearly with z. The latter shift would be 
necessary to compensate e.g. errors in the drift velocity of the TPC and/or BRICH. Figure 6.2 
sketches the influence of both types of shifts in z and their influence on the Cherenkov angle. 
The two parameters are correlated to about 30%. 

In order to have clean data for the fitting procedure, only those tracks are selected that 
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parameter of track fit 

*o 
5 

average value 
0.17 cm 
0.14 % 

typical spread (RMSJ 
0.17 cm 
0.12% 

Table 6 .1: Averaged fit results over all sectors for ZQ and S. 

are located between \z\ > 25 and \:\ < 130 cm. This requirement excludes tracks that are 
close to the MWPC and the region where photons are reflected by the mid-wall mirrors ( see 
section 6.4.3 ). Figure 6.3 show? the f t results for the two parameters as a function of the 
sector number and table 6.1 lists the results averaged over all sectors. The resolution finally 
achieved is shown in figure 6.4 where the signals of side A and C are summed up. This 
improves the resolution from 17.S mrad to 14.3 mrad. It corresponds to 80% of the result 
achieved by full alignment. 

6.4.2 T h e Al ignment of the Drift Tube and t h e Liquid Radiator 

In a further step the resolution of the liquid radiator signal can be improved by fitting the 
position of the drift tube followed by that of the liquid radiator. Figure 6.5 shows the three 
parameters of the drift tube fit, the shift in x and z direction and a rotation around the y 
axis. The averaged parameters obtained are listed in table 6.2. The very small movement 
in r reflects the fact that mismatches in this direction are compensated for already by the 
alignment of the z position of the track. 

rotation 

shift in z 

X 

around y 

& • shift inx 

local coordinates 
in a sector: 

Figure 6.5: The three parameters of the drift tube fii. 

parameter of drift tube fit 
shift in x 
shift in s 

rotation around the y axis 

average value 
0.015 cm 
0.0 cm 

0.0 mrad 

typical spread (RMS) 
0.06 cm 
0.003 cm 
1.05 mrad 

Table 6.2: Averaged results of drift tube fits. 
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Figure 6.6 sketches the parameters used in the fit for the alignment of the liquid radiator. 
These are: a linear shift in y-direction and two angles, Rl and R2. Together with M, the 
geometrical midpoint of the liquid radiator, the fit parameter Ü1 detennines the position of 
a rotation axis in x — z plane. JÏ1 is the angle of this axis with respect to the 2-axis. The 
fit parameter R2 denotes the rotation angle of the liquid radiator around the above described 
rotation axis. The obtained averaged results are listed in table 6.3. 

Figure 6.6: The three parameters of the liquid radiator fit. A linear shift in y and two angles, 
Rl and R2. Rl defines the position of the rotation axis together with the geometrical midpoint 
M. R2 is the rotation angle of the box around this axis. 

parameter of liquid radiator fit 
shift in Y 
angle fil 
angle R2 

average value 
-0.006 cm 
0.0 mrad 
0.0 mrad 

typical spread (RMS) 
0.01 cm 

174 mrad 
0.61 mrad 

Table 6 .3 : Averaged fit results for the liquid radiator position. 

6.4.3 T h e Al ignment of the Mid-Wal l Mirror 

The last element in the alignment sequence for the liquid radiator concerns the mid-wall 
mirrors ( see section 3.4.3 ). The alignment here is done on the z-position of the mirror. 
Figure 6.7 sketches the geometry, the fitted parameter and the influence on the Cherenkov 
angle. 

The improvement achieved for side C only is shown in figure 6.8. For these plots tracks 
are selected close to the mid-wall. The averaged results for both sides are listed in table 6.4. 
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track 

photo 
erection 

drift tube 

liquid radiator 

Figure 6.7: Alignment of the mid-wall mirror. 
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Figure 6.8: Improvement of the Cherenkov angle resolution due to alignment of the mid-wall 
mirrors on side C. The arrows indicate the expected value of the Cherenkov angle. 

side 
A 
C 

average value 
-0.05 cm 
-0.24 cm 

typical spread (RMS) 
0.11 cm 
0.06 cm 

Table 6.4: Averaged results of the mid-wall mirror fits. 
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6.4.4 The Alignment of the Mirrors of the Gas Radiator 

The shifts found previously for track trajectories and for positions of the drift tubes are now 
used for the alignment of the gas radiator mirrors. The parameters fitted are shifts in z and 
x direction for each individual mirror; these always converge to an optimal position. See 
figure 6.9 for the description of these shifts. 

track 

z-shift 

< t > x-shift 

drift tube 

F igure 6.9: Shift in x and z of the mirror. 

In order to illustrate the effect of this alignment, figure 6.10 shows for one mirror the 
reconstructed positions of the gas radiator photons. It is mirror number 1 in sector 16 of 
side C, which showed a particularly large misalignment. Figure 6.10 (a) shows the Cherenkov 
angle distribution and (b) the scatter plot before any alignment whereas (c) and (d) show the 
same quantities after alignment of the track trajectory, the drift tube position and the shift of 
the mirror. The latter was 4.0 mm in x and -1.9 mm in z direction. In this particular case the 
resolution improved from 13.2 mrad to 5.9 mrad. It is interesting to mention, that although 
the shifts are so large, the Cherenkov rings nevertheless keep their shape ( compare plot (b) 
and (d) ). In the misaligned case they are just out of center. 

Table 6.5 lists the average shift over all 288 mirrors. The results show that the optical 
alignment of the mirrors on the mirror supporting structure ( mirror cage ) before it was 
installed in the BRICH has been done with great accuracy. 

parameter of mirror fit 
shift in x 
shift in z 

average value 
0.035 cm 
-0.130 cm 

typical spread (RMS) 
0.07 cm 
0.07 cm 

Table 6.5: Averaged results of the mirror fits. 

Figure 6.11 shows the effect of alignment on the Cherenkov angle resolution, plotted 
against the mirror number. The improvement is clearly visible. Negative mirror numbers 
correspond to side A (negative z). Mirror number 1 (-1) is the mirror close to the mid-wall. 
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This mirror has the worst resolution because it corresponds to the longest drift distance where 
the diffusion has the largest effect. For this mirror one can also see the influence of the liquid 
radiator photons that are mistaken for gas radiator photons because the thickness of the 
drift tube is here minimal. The errors given in figure 6.11 are statistical only. The black 
dots represent the situation before any alignment and the squares give the results after full 
alignment. The straight lines represent the expectations from simulation with the detector 
Monte Carlo [48]. 
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Figure 6.10: Effects of the alignment of mirror number 1, sector 16, side C. 
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Figure 6.11: Cherenkov angle resolution obtained with the gas radiator photons plotted 
against the mirror numbers. Negative mirror numbers correspond to side A. 



64 6. Alignment of the BRICH 

6.5 Final Results 

In order to illustrate the combined effect of the full alignment, figure 6.12 shows the improve
ment in Cherenkov angle resolution for both radiators. The dots give the situation before 
and the histogram that after full alignment. Table 6.6 lists these results. Comparing these 
results with detector Monte Carlo simulation shows that the specifications of the gas radiator 
are fully achieved. Due to larger systematic effects for the liquid radiator, the resolution ex
pected from Monte Carlo could not be reached completely. However, the observed remaining 
discrepancy is about 10% only. 

(a) liquid radiator (b) gas radiator 

Figure 6.12: Improvement in Cherenkov angle resolution due to full alignment. The dots 
show the data before alignment and the histograms show the effects of the full alignment. 

radiator 
liquid 
liquid 

gas 
gas 

side 
A 
C 
A 
C 

before 
17.3 mrad 
18.5 mrad 
6.8 mrad 
6.5 mrad 

after 
13.2 mrad 
13.2 mrad 
4.9 mrad 
4.7 mrad 

MC expected 
12.0 mrad 
12.0 mrad 
4.8 mrad 
4.8 mrad 

Table 6.6: Final results of ERA alignment on the Cherenkov angle resolution for the data of 
period 1992, DELANA processing D. 

Up to now we always considered the single photo electron. It is, however, important to 
know how the average Cherenkov angle behaves because this is the quantity used for particle 
identification. The error on the average Cherenkov angle as a function of the number of 
detected photons ( Nph ) is expected to follow OQ = J a1 + j ^ . Figure 6.13 shows OQ versus 
Nph for liquid and gas radiator. The gas radiator purely behaves like l/^/Nph because a fit 
gives a = 0.0 mrad and b = 5.0 mrad. This result agrees entirely with the expectation. The 
liquid radiator, however, has a constant offset of a = 4.2 mrad, which indicates that systematic 
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errors are not yet fully accounted for. The second parameter of the fit is b = 1S.7 mrad. The 
data set for those two figures are (i+n~ events from the 1994 alignment procedure. The 
average Cherenkov angle is calculated with the routine RIBMEAN [49]. 

-* 16 

6 8 

(b) Gas 

10 12 14 16 
Nph 

(a) Liquid 

Figure 6.13: Experimental resolution of the average Cherenkov angle versus the number of 
detected photo electrons (Nph ) in u+n~ events ( 1994 )• The lines are the fitted functions 
described in the text. 

6.6 Conclusion 

The ERA alignment package has shown to be a very effective tool for the BRICH. Its clear 
structure and well defined setup allow swift responses to any changes in the DELPHI tracking. 
This is demonstrated by the fact, that the full alignment and subsequent updating of the 
geometry database for period 1992 DELANA-D took only two days. 

The alignment of the liquid radiator is mainly done by adjustment of the track position 
in z direction. The predicted values for the resolution of the liquid radiator Cherenkov angle 
could not be reached due to remaining systematic effects. The gas radiator, however, was 
found to fulfill the design specification completely. 
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Chapter 7 

Particle Identification in DELPHI 

One of the special features distinguishing DELPHI from the other LEP detectors is its particle 
identification capability. Various DELPHI subsystems contribute to it. In accordance with 
the type of particle one can distinguish two main categories: the lepton identification and 
the hadron identification. In this chapter we will put emphasis on the features needed for 
the analysis part of this thesis. The description of the individual detectors can be found in 
chapter 2. 

7.1 Lepton Identification 

7.1.1 Electron Identification 

Electron identification is based on the electromagnetic calorimeter HPC and on the ionization 
loss dE/dx in the TPC. The routine that performs the identification on DST-level is called 
ELPROB [50]. Identification is done for electromagnetic shower energies above 1 GeV. Due 
to the processes of pair production and bremsstrahlung, electrons form an electromagnetic 
shower in the HPC. In the following the main features of the electron identification will be 
discussed: 

Track-Shower Association: tracks are linked to a shower in the HPC by extrapolating 
the trajectory to its entry point in the HPC. If an electron radiates a photon, it deviates 
from the original path, and the extrapolation does not match with the actual shower 
profile any more. In order not to reject those showers in an early stage, the association 
criteria in the analysis program DELANA are kept fairly loose. 
The second reason for a failure of a link is a too small energy deposition on the HPC 
pads, causing the loss of the whole shower. This effect is only important for tracks below 
5 GeV/c. 
For Compton electrons the overall linking efficiency was found to be 97±1%. 

AZ: the fine granularity of the HPC allows to determine the Z position of the shower at 
its maximum. The difference between measured Z position ZJJPC and the one expected 
by the track extrapolation Ze ï( r . , AZ = ZHPC — Zextr., is used for separating electrons 
and hadrons. The best AZ measurement is obtained for electrons because many clus
ters contribute to the Z measurement. Hadrons, on the other hand, produce only a 
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few clusters which results in a larger spread of AZ. By requiring |AZ| < 1.5 x o&z 
one achieves a good separation of electrons from hadrons. cr&z is the experimentally 
determined width of the AZ-distribution for a pure sample of electrons and was found 
to be approximately 0.6 cm. 

A4>: In a similar way A(f> is defined as <j>npc — 4>cxtr.- With | A<£| < 1.5 X 0&4 one can reach 
a good separation of electrons from hadrons. 

E / P : The ratio of the energy E released in the HPC and the momentum P of a particle is 
expected t o be large for an electron, because they generally loose all energy in the HPC. 
Hadrons deposit less energy in the HPC, which thus provides a separation possibility. 
A cut on E / P > 0.5 removes a substantial part of pions but leaves 98% of the electrons. 

Shower Shape : electrons have a typical shower shape in the HPC. The longitudinal and 
the transversal shape of the shower associated with a track is compared with the shape 
expected for an electron by means of a three-dimensional fit. The x2 of this fit is a 
powerful discriminator between elections and hadrons. The separation efficiency of the 
longitudinal shower fit on Compton electrons was found to be 86±1.3%. 

dE/dx measu remen t of t h e T P C : between 2 and 10 GeV/c the value of the energy depo
sition dE/dx of electrons is on the Fermi plateau whereas pions are still in the relativistic 
rise. A cut at 1.5 standard deviation below the expected value for electrons rejects pions 
significantly while retaining most of the electrons. See also figure 7.1. 

The combination of the cuts discussed above render efficiencies for single electrons for loose, 
standard and tight cuts which are 85%, 65% and 60% respectively. For more details see [51]. 
The misidentification probabilities per track in gg-events with these cuts are 1.6%, 0.4% and 
0.1% respectively. In the analysis described in the next chapter electrons are referred to as 
"standard identified" ( = standard or tight tag ) and have a minimum momentum of 3 GeV/c. 

7.1.2 Muon Identification 

The detectors used for muon identification are the muon chambers in the barrel and in the 
forward region. To obtain a pure sample of muons in hadronic events one has to disentangle 
them from a variety of background processes: 

• Hadrons can penetrate the iron of the hadron calorimeter without interacting and be 
detected in the muon chambers. This is referred to as 'sail-through'. 

• Hadrons which do interact in the calorimeter can produce secondary particles which 
penetrate through to the muon chambers. This is termed 'punch-through'. 

• A pion or kaon can decay in flight and produce a muon, which in turn can be detected 
by the muon chambers. 

In order to reduce backgrounds from these sources one extrapolates tracks from the central 
tracking detectors to the muon chambers and associates them to the measured hits, which 
allows a separation of genuine muons from the three backgrounds. With an additional require
ment of at least one hit in the outer layers of the muon chambers one reduces the contribution 
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of punch-through substantially. This is because the first layer of the muon chambers is ~ 20 cm 
within the iron of the hadron calorimeter. Punch-trough particles will have the tendency to 
produce hits in the first layer, whereas the outside layers will not be reached. 

The DELPHI analysis program DELANA performs a first fit of the track extrapolation 
with the muon chamber hits. It provides a global X^iobal a n d a n extrapolation \ex °f t n e 

refitted tracks which gives a measure of the achieved association. The used cuts are quite 
loose which at this stage guarantees a high efficiency. At a second stage tighter cuts are 
applied which are tailored to the needs of a particular analysis. Additional x2 's are deviced in 
azimuthal and polar directions which compare the refitted with the extrapolated coordinate 
and divides them by the error. For more details see [52]. By cutting upon those x2 's with 
increasing severity a loose, standard and tight identification level is achieved. The definition 
of the standard cuts rre shown in table 7.1. The efficiency obtained for single muons from 

MUB cuts 
>1 hit outside iron 

Xl „«* P-d-f- < 5 
Xllobal azth P-d" f- S 5 

MUF cuts 
>1 hit outside iron 

xlicbal P-d-f- ^ 5 i f z > 0 

xlobal P-d.f. < 6 i f 2 < 0 
X L < 5 

Table 7.1: The cuts for the 'standard' muon identification. 

^"V --events using the standard tag in the MUB ( MUF ) detector is 84.2±0.6% ( 84±1% ). 
This agrees well with Monte Carlo studies. For qq events in Monte Carlo one achieves in the 
MUB ( MUF ) 81±1% ( 82±2% ). The misidentification probability in the same sample was 
measured to be 0.70±0.03% ( 0.90±0.05% ). 

In the analysis chapter we will refer to muons as being identified in the standard way 
( = standard or tight ) if they fulfill the criteria of table 7.1 and have a momentum of more 
than 3 GeV/c. 

7.2 Hadron Identification 

Hadron identification plays an important role in DELPHI physics analyses. In general both 
the characteristic energy loss measured in the TPC ( dE/dx) and the Cherenkov light emission 
detected in the RICHes are used for that purpose. The real data used hereafter are selected 
semileptonic events from the 1992 data taking period. 

7.2.1 T P C Ident i f icat ion w i t h d E / d x 

Hadrons can be identified in the TPC via the characteristic energy loss per unit path length, 
dE/dx [53]. Along the trajectory of a particle,, the TPC can have a maximum of 192 mea
surements of the energy loss ( 192 wires ). The signal of a wire is amplified and processed by 
a shaper which provides an integrated amplitude. The final analog pulses are measured by 
flash-ADC's which provide the dE/dx information. As an estimator of the total energy loss 
of a track, the method of the 'truncated mean' is used; the long tail of the individual dE/dx 
distribution is cut off and only the 80% of the lowest amplitudes are kept. The remaining 



70 7. Particle Identification in DELPHI 

f" 
s« 
9 , 

1.8 

1.6 

1.4 

12. 

1 

n« 

. 

j-

j-
"ui 

17C 
\K 

i . . . . 

P 

.1 

e 

• L - L . , . . . 1 . . i . i • • ! 

10 10 10 
p [GeV/c] 

Figure 7.1: dE/dx of the DELPHI TPCfor different particles in units of minimal ionizing 
particles ( mip ) as a function of the momentum. 

Particle 

kaon,proton 
kaon 
proton 

momentum 
range GeV/c 

<2 
>2 
>2 

Identification level 
Loose 

A f f > 1 a 
Ar < -1 .0 a 
A r < -0 .9 a 

Standard 

Ar > 2 O 
Ar < -1 .7 a 
Ar < -1 .4 <7 

Tight 

A r > 3 O 
Ar < - 2 . 1 a 
Ar < - l - 7 o-

Table 7.2: The cuts for the individual levels of the dE/dx-output. 

distribution can be approximated by a gaussian from which the mean value is taken. Fig
ure 7.1 shows the expected dE/dx mean values for e, ÏT, K and proton as a function of the 
momentum. The resolution of the dE/dx measurement in hadronic events was found to be 

For the identification of hadrons a routine has been designed tha t gives different levels 
of efficiencies and purities. The identification is based on the difference of measured and 
expected dE/dx: A; = (dE/dx)meas. - {dE/dx)\.xp. The index i can be either e, fi, r , K 
or proton. For a positive identification of a particle of type i the following criteria have to 
be fulfilled: the number of wires in the measurement must be above 30, |A;| < 3 a and the 
conditions of table 7.2 for the required level of identification have to be met. The dE/dx 
measurement error is denoted with a. 

The performance of this routine on Monte Carlo tracks can be seen in figure 7.2. The 
full histogram shows the kaon efficiency using the loose tag versus the track momentum. The 
misidentification efficiency, i.e. the probability that a pion is misidentified as a kaon, is shown 
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in the shaded histogram. 

F igure 7.2: Efficiency for dE/dx kaon identification versus track momentum for Monte 
Carlo events. The identification level is at least loose. The shaded histogram shows pions 
misidentified as kaons using the same cuts as for the full histogram. 

7.2.2 Particle Identification using the RICH 

Hadron identification based on the RICH counters in DELPHI is very powerful because it 
offers particle separation over a large momentum region. The separation power depends on 
the detector resolution which is a function of the number of photo-electrons. In figure 7.3 we 
plot the difference of the Cherenkov angles of pion and kaon (a), pion and proton (b) and kaon 
and proton (c) in units of the detector resolution as a function of the particle momentum. 
The detector resolution as a function of the detected number of photo electrons is taken from 
chapter 6, figure 6.13. The downward pointing 'spikes' in the plots come from the fact that 
particles at the momentum threshold of the Cherenkov effect produce only a small number of 
photo electrons, which increases the a substantially and thus makes a separation difficult. 

The particle separation capabilities of the liquid radiator are shown in figure 7.4. Plot (a) 
shows the averaged liquid Cherenkov angle versus the particle momentum for real data. The 
average angle was calculated with a so-called Non-Adaptable Neural Network [54]. The bands 
for 7T, K and proton are clearly visible. For this plot only tracks were accepted that had pro
duced more than 4 photo electrons and were more than 20 cm separated in the BRICH from 
neighbouring tracks. Plot (b) shows the saturated Cherenkov angle for muons in semileptonic 
events. The momentum of the accepted muon tracks was higher than 8 GeV/c. The distri
bution was fitted to a gaussian function with a resolution of 6.7 mrad. 

Figure 7.5 shows the same quantities for the gas radiator. Tracks accepted had more 
than 3 photo electrons associated and were separated at least by one mirror from neighbouring 
tracks. The bands for x and K are clearly visible, but there is not enough statistics to see 
the proton band. In plot (b) the muons had a momentum above 10 GeV/c and a gaussian fit 
shows a resolution of 2.6 mrad. 
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Figure 7.3: 
Separation capability of the BR1CH. 
Shown are the differences in Cherenkov 
angles of two particles ( TT-K, Tt-p and 
K-p ) in units of detector resolution. 
The horizontal lines correspond to a 
three sigma particle separation. 

The pattern recognition program of DELPHI, DELANA, calculates for each photo elec
tron the corresponding Cherenkov angle, the expected error on this angle and the ^-coordinate 
along the ring. A comparison is made of the measured Cherenkov angles and the angle calcu
lated for the five hypotheses, e fi v K p. The background at this stage is unknown and also 
different for each track. The background for each hypothesis is therefore adjusted such as to 
maximize the compatibility between the signal and the hypothesis at hand. This is done with 
a maximum likelihood fit that produces five identification probabilities of which the sum is 
1.0 . Liquid and gas radiator information is combined. Also the number of photo electrons 
which are located within ±3 o~ of the ring belonging to a particular hypothesis are determined. 
The error of the individual photo electron is denoted with cr. 
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Figure 7.4: Partiele identification with the liquid radiator. Plot (a) shows the averaged 
Cherenkov angle versus particle momentum. Visible are the bands ofv,K and proton. Plot (b) 
shows the averaged Cherenkov angle from muons with more than 8 GeV/c momentum in 
semileptonic events. 
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Figure 7.5: Particle identification with the gaseous radiator. Plot (a) shows the averaged 
Cherenkov angle versus particle momentum. Visible are the bands ofir and K. Plot (b) shows 
the averaged Cherenkov angle from muons with more than 10 GeV/c momentum in semilep
tonic events. 
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In the veto region, that is the region where no photons can be emitted because the 
momentum of the particle is below the Cherenkov threshold, it is imperative that the photon 
detector works properly. In order to verify that, the ionization electrons of the track passing 
the photon detector, are recorded. If this signal is present and the track had no photo-
electrons attached, one can conclude that the photon detector has worked properly and that 
the particle was indeed a veto case. Losses due to this requirement are around 10%. Table 7.3 
shows the description of a track quality word Q. In this table \AZ\ = ZXPC ~ ZBRICH is the 
difference between the 2-extrapolation of the track of the TPC and the measurement of the 
track ionization in the BRICH . If a track leaves more than one electron in the track ionization 
it receives the largest quality level ( Q=4 ). 

Q Description 
no usable BRICH information 
(\AZ\ < 40 cm) OR (Gas ring seen) OR (Liquid ring seen) 
(|AZ| < 40 cm) AND [ (Gas ring seen) OR (Liquid ring seen) ] 
track digitizations (> 2) around other tracks in this tube 
track digitizations (> 2) around the track in question 

Table 7.3: Track qualification for the BRICH. Each track is evaluated with the four listed 
criteria. 

The probabilities, the number of photo electrons and the quality word Q are further used 
by the routine RICHSIGN [49] in order to determine loose, standard as well as tight particle 
identification tags. Table 7.4 lists the main features of this routine ( Version 2.1 ). The 

Des
crip
tion 

momentum 
range 
GeV/c 

KAON 

Lband 

Gveto 

Gband 

Gband 

0.7 - 3.0 
3.0 - 9.0 
9.0 - 16.0 
16.0 - 20.0 

PROTON 

Lveto 

Lband 

Gveto 

(jvcto 
Gband 

0.7- 1.5 
1.5 - 5.0 
3.0 - 9.0 
9.0 - 22.0 

>22 

Loose = LO 
Q> 1 + ---

PLK > 20% 
ncr < 1 

PGK> 10%ffiJVc<30 
PGK > 20% ©//<?< 30 

PLp > 80% 
PLp > 10% 

ncx < 1 
"Gjr < 1 © noK < 1 

PCp > 10%® No < 30 

Identification level 
Standard = ST 

LO + ---

nLK>2 
Q>2 

PCK > 20% 
PGK > 30% 

no condition 
nip >4QPLP>OO% 

Q>1 
Q>2 

PCp > 20% 

Tight = TI 
ST+---

PLK > 50% 
N G < 8 ®PLK> 30% 

ATG<20 
iV G <20 

TIL* < 4 e nLK < 4 
NL < 80 

Na < 8 e PGP > 30% 
NG<8 
NG < 20 

Table 7.4: The identification levels of the routine RICHSIGN (V2.1) for kaons and protons. 
The notations are described in the text. 

identification of kaon and proton is split into several momentum regions. One distinguishes 
generally between identification with reconstructed rings ( band ) and identification without 
these ( veto ). The probability for a particular hypothesis and a particular radiator are 
denoted as Pr,,- where i can be e. p., 7r, K, p. The index r is either L for liquid radiator or G 
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for gas radiator. The number of detected photo electrons for hypothesis i and radiator r are 
denoted as 7ir-,-. A"r is the total number of photo electrons for radiator r assigned to the track. 

Table 7.4 can be read in the following way: the first line represents the identification 
of kaons in the liquid band (Lb*nd) in the momentum region from 0.7 to 3 GeV/c. The 
conditions for a loose (LO) identification is Q > 1 (see table 7.3) and the probability of the 
kaon PK > 209c. In order to meet the standard (ST) level one asks in addition to the loose 
level also more than 2 photo electrons in the liquid band of the kaon . By requiring in addition 
PA' > 50%. one reaches the tight identification. The rest of the table can be understood in 
a similar way. The © sign represents a logical AND. In the proton identification one has an 
overlap of liquid and gas radiator between 3 and 5 GeV/c. If in this region the gas radiator 
produces Chcrcnkov light the particle must bo a. pion and the output is modified accordingly. 

" S 10 15 20 
p [GeV/c] 

Figure 7.6: Efficiency for BRICH kaon identification versus track momentum for Monte 
Carlo events. The identification level is at least loose. The shaded histogram shows pions 
misidentified as kaons with the same cuts as for the full histogram. 

The performance of RICHSIGN on Monte Carlo tracks is demonstrated in figure 7.6. 
The full histogram shows the kaon efficiency with an at least loose level versus the track 
momentum. The misidentification efficiency is shown in the shaded histogram. 
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7.2.3 Combined TPC and BRICH Identification 

The combined hadron identification of the TPC and BRICH is done by the routine HADSIGN 
( V3.0 ) [49]. It offers seven different levels of identification for kaons and protons which are 
described in table 7.5. If identification with the BRICH is not possible, the result from the 

HADSIGN 
-1 
0 

0.5 
1 
2 
3 
4 

Description of kaon and proton identification levels 
identification not possible with either TPC or BRICH 
the track is identified positively as pion 
the track is compatible with a pion 
positive identification, level loose 
positive identification, level standard 
positive identification, level tight 
positive identification, level very tight 

Table 7.5: Identification levels oj the routine HADSIGN for kaons and protons. 

TPC is taken ( see table 7.2 ). In this thesis the kaon identification is employed with the level 
HADSIGN > 1. If, however, no identification (-1) is possible the track can be kept as a kaon 
candidate. Whether or not the -1 cases are accepted depends on the required purity and will 
be stated in the analysis chapter. 

Similar to what was done before we display here the performance of HADSIGN on 
Monte Carlo data. Tracks used were in the geometrical acceptance of the BRICH only. The 
full histogram in figure 7.7 shows the kaon efficiency with the identification level > 1 versus the 

5 10 15 20 
p [GeV/c] 

Figure 7.7: Efficiency of kaon identification using the combined TPC and BRICH infor
mation versus track momentum for Monte Carlo' events. The identification level is HAD
SIGN > 1. The shaded histogram shows pions misidentified as kaons with the same cuts as 
for the full histogram. 

track momentum. The misidentification efficiency of pions is shown in the shaded histogram. 
A comparison with figure 7.6 shows that both plots are very similar below 20 GeV/c. The 
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reason for this is that for Monte Carlo events always both detectors, TPC and BRICH, were 
assumed to work properly. In this case the BRICH overrules the TPC measurement. For real 
data this is not the case since the BRICH was operational for 2/3 of the 1992 data taking. 
The gain in performance obtained by adding the TPC identification can be seen in figure 7.8. 

The kaon identification on the data was verified using kaons from <f> mesons ( <f> -*• 
K+K~ ) . The results are shown in figure 7.8. In plot (a) no particle identification is employed. 
In the plots (b,c,d) one can see the effect of positive kaon identification by the detectors TPC, 
BRICH and the combination of the two respectively. The numbers in the plots indicate the 
amount of reconstructed ó mesons. Both kaons are identified with at least the loose level in 
plot (b.c) and in plot (d) with the HADSlGN-tag > 1. 
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1.02 1.07 

*KK 
(a) NO identification 

1.12 1.17 
MKK [GeV/c1] 

1.97 1.02 1.07 1.12 1.17 
M K K [GeV/c2] 

(b) loose dE/dx identification 

1.02 1.07 1.12 1.17 
M ^ . [GeV/c2] 

(c) loose RICHS1GN identification 

1.07 1.12 1.17 

M K K [GeV/c 2 ] 

(d) HADSIGN > 1 

F i g u r e 7.8: Kaon identification on </>-)• K+K~ with different detectors. For figures b,c and 
d, both kaons are identified with the methods indicated in the caption. 
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Chapter 8 

Determination of the B® Mixing 
Parameter 

8.1 Introduction 

For a determination of the Bj-mixing parameter Xs new scenarios have to be found ( see 
section 1.4.3 ). One can, for example, completely reconstruct exclusive B° mesons in a charge 
sensitive mode (i .e. Ds~x+ ) and decide with the charge of the opposite jet (jet charge or 
charge of a high pt lepton ) whether the B° has oscillated. However, the number of events 
with the statistics on Z° (1992 ) is far too small for such an exercise. In [55] a total of three 
B° events found in the 1992 data were reconstructed in three different decay modes. 

Another method is the reconstruction of the B° in an inclusive way. The obvious advan
tage is a larger statistics due to the many decay channels that contribute but the disadvantage 
is the increased background due to similar decay channels. 

In the next sections we will describe the determination of Xs in the following three decay 
modes of the Bj meson: 

• B° —• D,~l+i> accompanied by an additional lepton in the opposite event hemisphere. 
This channel is very clean but also very low in statistics. This method will be discussed 
in section 8.5. 

• B° —> DSX . In this channel the charge of the Ds is used for tagging the flavour of 
the B°. The flavour of the 6-quark in the opposite hemisphere is tagged with a high 
transverse momentum lepton ( pt ). This will be discussed in section 8.6. 

• B° —¥ 6l+i>X . In this channel the <j> meson is used for B° enhancement. This method 
requires a lepton on the same side as the 4> and a high pt lepton in the opposite hemi
sphere. It will be discussed in section 8.7. 

First a general introduction to the determination of Xs will be given. The selection and 
reconstruction of Ds-mesons is described. Subsequently we will describe for each of the three 
mentioned decay modes the systematic errors and the results on x>- The chapter will end 
with a discussion of the total results achieved on Xa-
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8.2 The Determination of \ s 

8.2 .1 T h e M e a s u r e m e n t Variable R 

The determination of Xs will be done in the following way [56]: each event is divided into 
two hemispheres where one contains an inclusively tagged B° and the other a high pt lepton. 
The flavour of the B° a t the time of the decay is determined by its decay products as follows. 
The J5j, which consists of a b and an s-quark, can decay into D3~l+v. A positive lepton in 
this way tags the 6-quark. If the B° has oscillated. B° —r B°. all the charges are inverted 
and a negative lepton tags the 6-quark. The flavour of the opposite hemisphere is determined 
similarly with the charge of the lepton. 

In a 66-event where no oscillation has happened on either side of the event (or both sides 
have oscillated ), one gets a positively ( negatively ) charged lepton in one of the hemispheres 
and a negatively ( positively ) charged lepton in the opposite one ('unlike-sign' lepton pair ). 
If only one side oscillates one observes two leptons with the same charge, which we will refer 
to as a 'like-sign' lepton pair. Xs c a n t n e n D e determined by counting how often one records 
events with equal and unequal lepton charges in the two opposite hemispheres. The ratio 
between like-sign events and the total number of events can be written as: 

R - N ± ± - N ± ± (R11 
R ~ N±? + N±± ~ IT ( 8 J ) 

and the error on R: 

- - «V(f y • m 
where N±± is the number of events with like-sign lepton pairs and JV*^ the number of unlike-
sign lepton pairs. N refers to the total number of events. 

8.2.2 T h e R e l a t i o n b e t w e e n R and x , 

We have to find now the relation between R and Xs- Generally speaking it is clear that the 
less pure the inclusive B°-tag is, the less sensitive the measured value R will become to \ ' s . 
In order to estimate R we will first consider the two hemispheres of the event separately and 
then obtain the formulae for the complete event. 

Suppose that we have a pure sample of 66 events where in both hemispheres we find a 
semileptonic decay. One hemisphere contains a B° and the other one a lepton. We now define 
the quantities P+ ( P~ ) which denote the probabilities that the lepton in the hemisphere 
opposite to the one containing the B° will ( not) reflect the flavour of the original 6-quark. We 
also have to connect the flavour of the quark with the charge of the lepton. A correct flavour 
tag can be achieved with a lepton directly coming from a B-meson which has not mixed ( for 
the classification of the leptons see section 1.4.2). The other possibility to produce a 'correct' 
flavour tag is that the lepton comes from a 6 —r c —> I transition and the B-meson has in fact 
mixed. The complementary probability describes the wrong flavour tag. We can therefore 
write: 

"+ = /p r imary V ^ — X ) T ( . l - Jprimary ) X to o\ 

i — =— Jprimary X T v * — Jprimary J { -t ~ X J 
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where /primary denotes the fraction of primary or prompt leptons ( & —»• I) in 66 events and 
where X is the averaged mixing parameter of B° and B 2 " m e s o n s ( s e e equation (1.25) and 
[20] ). 

On the side of the partially reconstructed B°, we now determine the flavour of B°. For 
this we assume that the B° is tagged with a ZVlepton pair. For the sake of simplicity we 
consider here a sample containing real B° events and background events that produce a Ds-
lepton pair from the decay of a Bu or a B° meson. We will describe the decays in detail in 
section 8.4.1. Since the charged Bu meson cannot mix it contributes only to the unlike-sign 
lepton pairs. The B° mixes with the probability Xd and produces a lepton of opposite sign to 
what a Bf would give. The ratio of the signal events to the total number of recorded events 
(signal plus background ) will be denoted by Rs, that of the two backgrounds with Rd and 
Ru. The sum of those three ratios adds up to 1. Analogously to what we did before in the 
opposite hemisphere for the lepton, we can now define a probability that the signal describes 
the flavour of the B° at the time of its decay: 

R+ = RsXs + Rd{l-Xd) 4- Ru (f... 
i?_ = fl.(l-X.) + RdXd (b ' 

Up to now we have considered only 66-events. For a more detailed description we also 
need the contributions from cc events and from events where the lepton is in fact a misidenti-
fied hadron. Since cc-events cannot mix, we expect them to contribute only to the unlike-sign 
lepton events. The background coming from misidentified hadrons on the other hand con
tributes to both flavour pairs equally. 

We now use the probabilities P+, P_ , R+ and R- for the calculation of the probability 
to get a like-sign lepton pair. By combining equation (8.3) and equation (8.4) one gets: 

$ £ = (P+R+ + P-R-)Fbl + l/2Fmis 

(8-5) 
$ £ = (P+R- + P-R+)Fa + l/2Fmis + Fc-C 

Here ^£*- ( i j ^ i ) is the relative number of events, where the two opposite leptons have 
the same ( opposite ) charge, Fbb, FcS and F m t s are the fractions of beauty, charm and 
misidentified hadrons in the final event sample. Substituting equation (8.3) and equation (8.4) 
in equation (8.5) we can express R as a function of Xs' 

R = Fbl RS(P+ - P.)Xs + C = SXs +C (S.6) 

with C being 

C = [RSP- + P+(Rd + Ru) + RdXd(P- - P+)] • Fbb + Fmis/2 . (8.7) 

S is called the sensitivity factor, because the larger this number, the more sensitive R is to 
Xs- The quantities S and C, as well as their systematic errors, are determined for each of the 
three methods outlined in the introduction individually. Although more background channels 
enter into the calculation, the general way of arriving at the final formulae remains the same. 

If we assume the ideal case of having only bb events, only primary leptons and a pure 
sample of B° events ( Fbb = Rs = fprimary = 1, Fmi,= Rd = Ru = 0 and X= 0.12 [20] ) 
equation (8.6) transforms to 

R = (1 - 2xU<5 + X = 0.76X5 + 0.12 . (8.S) 
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8.3 The Experimental Conditions 

In this section we will discuss the selection of the events. Then we will demonstrate the use of 
particle identification on signals like ó —>• KK and K°~ -¥ Kx. Those signals will be combined 
with pions or kaons respectively in order to reconstruct D, mesons. 

8.3 .1 T h e D a t a Sample 

The data sample used for this thesis consists of about 700.000 hadronic Z° decays recorded 
during the 1992 data taking period of the DELPHI detector. The processing of the raw data 
was done with the so called DELANA-92-C version of the general purpose analysis program 
DELANA. The BRICH was operational for about 420,000 hadronic Z° decays with the gas 
radiator and for about 250,000 with both liquid and gas radiator operational. 

8.3 .2 E v e n t Se lec t ion 

Hadronic decays were selected using standard cuts; selected tracks had to have impact param
eters that were smaller than 5 cm in the transverse plane and smaller than 10 cm in direction 
of the beam axis. The impact parameters were calculated with respect to a fill-by-fill averaged 
beam spot. The track length of charged tracks had to be longer than 30 cm. The momentum 
of the particles had to be larger than 0.2 GeV/c. A neutral particle was accepted if it had 
an energy deposited in the electromagnetic calorimeter that was larger than 0.7 GeV/c and 
if it started showering in the first 4.5 radiation lengths in the HPC detector. For the total 
visible energy also neutral particles in the electromagnetic calorimeter were used. An event 
was accepted if it had at least 7 charged tracks and a total visible energy larger than 30% of 
the center of mass energy. 

For the jet, reconstruction both charged and neutral particles were used in a standard 
setup of the Lund algorithm called LUCLUS with a cutoff parameter rfJO,n=2.5 GeV [57]. 

The lepton identification was discussed in chapter 7. For the data sample used only 
"standard" leptons were accepted. The resulting data set consists of 90,000 lepton tagged 
events. 

8.3.2.1 High pt Leptons 

The quantity pt is defined as the transverse momentum of the lepton with respect to the jet 
thrust axis where the lepton has been taken out of the jet. The data sample can be enriched in 
bb content by applying a high pt cut at e.g. 1 GeV/c. Figure 8.1 shows the sample composition 
of semileptonic events where both hemispheres have a high pt lepton. The distribution of the 
smallest p< of the two leptons is plotted for data ( points ) and simulation ( histograms ). 
The different categories are [20]: both hemispheres have a primary lepton from a i-quark 
(b —y l, Pt, — Pi>), both are from secondary c-quarks (b —s- c —• I, Sc — Sc), one side is from 
primary b and the other one from secondary c (Pj — 5C), primary b and a misidentified hadron 
as a lepton (Pj - Bgr.), both sides are from primary c quarks (c —» I, Pc — Pc) and both sides 
are misidentified hadrons {Bgr). 
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Figure 8.1: Semileptonic events with two leptons in opposite jets. The distribution of the 
smaller pt of the two leptons pj" , n for data (points) and simulation (histograms) is displayed. 
Different lepton categories are shown. 

8.3.2.2 Reconstruction of <j>, K°~ and Ds Mesons 

With D, mesons one can efficiently tag B° mesons [58]. Throughout this thesis the D, will 
be reconstructed via the channels Ds —» 4>x and D„ —> K°"K for both of which, if no further 
requirements are applied, particle identification is imperative. In order to demonstrate the 
reconstruction of D, mesons, we first show the signal without explicitly requiring the presence 
of a lepton in the event. 

In the decay channels chosen the D, decays into three charged particles. They all 
apparently come from one vertex due to the short lifetimes of the <j> and the K°". A vertex fit is 
done varying the track parameters within their errors. Based on the x2 of the fit a probability 
is given. Rejecting fits with probability below typically 0.1% one achieves reconstruction 
efficiencies around 78% for three prongs and 87% for two prong decays. The reconstruction 
of D, is performed the following way: first one combines two oppositely charged tracks in 
the event and checks whether the invariant mass lies in the expected range of either the <t> or 
the K°~ meson. In case this requirement is fulfilled a third track is added and a vertex fit is 
performed. If the vertex fit probability is larger than typically 0.1% and the invariant mass 
is between 1.5 and 2.4 GeV/c one has a loose tag for a D,. Figure 8.2 shows the 4> and the 
A'0* signals found in this way and the resulting Ds meson. 
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Figure 8.2(a) shows the invariant mass distribution of two oppositely charged kaons. The 
distribution contains a signal from the decay ó —»• A'A". Both kaons were required to have more 
than one hit in the micro vertex detector in order to ensure a good track reconstruction. The 
vertex position found in the vertex fit must be less than 2 cm away from the beam spot. 
This cut removes K° reflections; the <j> signal stays untouched. Furthermore both kaons were 
positively identified with the routine HADSIGN ( >1 ) ( see chapter 7-2.3 )• A gaussian 
distribution x2 n t t o t n e invariant mass distributions gives a mass of 1019.3 ± 0.5 MeV/c2 

and a width of 3.2 ± 0.6 MeV/c2. 

Figure 8.2(b) shows the invariant mass distribution of oppositely charged kaon-pion pairs. 
This distribution contains a signal from the decay A"ü" —> Kir. The A'ü" sits on top of a large 
pion combinatorial background. To obtain this signal additional cuts were made; the vertex 
found had to be in the hemisphere of the kaon-pion track pair. Loosely speaking one often 
calls this also a "positive flight distance", which reflects the fact that sufficiently long lived 
particles fly a measurable distance before they decay. The vertex reconstruction probability 
had to be larger than 5%. The momentum of the A'0* had to be larger than 6 GeV/c. The 
kaon was positively identified with the routine HADSIGN ( >1 ). A x 2 fit to the invariant 
mass distribution gives a mass of 895.9 ± 2.1 MeV/c2 and a width of 13.3 ± 2.3 MeV/c2. 

Both figures ( 8.2(a), 8.2(b) ) show the invariant mass cuts around the signals that are 
used to select the events for the reconstruction of the Ds mesons in figure 8.2(c). In addition 
to this we require the momentum of the Ds-candidates to be larger than 9 GeV/c and the 
flight distance to be positive. A cut on the angle between the pion (kaon) with respect to 
the kaon of the © ( A*0" ) in the rest frame of the ó ( K°~ ), denoted with tf", is very 
effective in selecting Ds mesons. Because è and A'0* have spin 1 and TT, K as well as the 
Dj have spin 0, we expect the signal to be concentrated toward small angles in forward and 
backward direction whereas the background is expected to be distributed isotropically. We 
therefore require |cos(i?*)| > 0.4. A \ 2 fit to the invariant mass distribution gives a mass 
of 1965.1 ± 3.1 MeV/c? and a width of 12.3 ± 2.2 MeV/c2. The fitted invariant masses are 
compatible with the values given by the Particle Data Group[ll]. 
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Figure 8.2: Invariant mass distri
butions showing the 4> (a) and K°' 
(b) signal, (c) is the KK- distribu
tion of the events selected by the cuts 
indicated in (a) and (b) (see text). 
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8.4 B® Reconstruction via the Decay Ds l+u 

Having discussed the reconstruction of D3, we now describe the decay of B j mesons into 
D,\v. We will also see which channels contribute to the background and pollute our sample 
and which cuts are needed in order to maximize the number of signal events. 

8.4.1 Channe l s produc ing Dsl Pairs 

It is important to know which channels contribute to the Ds-lepton tag. Figure 8.3 shows the 
four main channels that can produce a i?s-lepton pair in the same hemisphere. Here we will 
also consider the charge of the lepton, because it is needed for the mixing measurement. 

W+ \V+ .-' 

B° D -(-) 
6 

B 

u,d 

w 
u,d 

• ( • ) 

(a) B° -» Djt-'h+v 

W+ 

(b) B-yD" MD, ; D0'_(-> -> l~X (not shown) 

1+ 

W+ 

B? D7 

(c) B° -> Dt DT , where one D, -» luX (not 
shown) 

{d) B-*D7"K"l*v 

Figure 8.3: Channels producing a Ds lepton pair; (a) represents the channel of interest and 
(b)-(d) the background channels. 

The decay process B° —»• Ds~l+u, is shown in figure 8.3(a). It represents the channel we 
want to identify and select. A lepton-neutrino pair is produced from the decay of a virtual 
W-boson. The charge of the lepton is positive. 

The most significant background comes from B% and Bu mesons that decay into two 
D-mesons. Figure 8.3(b) shows this case where the Ds is created from the decay of the W 
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and where the lepton originates from the decay D° '' —»l~X. The lepton has a negative 
charge. This channel has therefore the same signature as the decay of a B° into Dfl~v. 

Figure 8.3(c) shows a B° decay into two Ds-mesons where one of the Da consecutively 
decays into a semileptonic channel. This channel produces either a positive or a negative 
lepton with equal probabilities. 

The last background channel in figure 8.3(d) shows the decay of Bu or B° into a D3, 
a lepton and an additional K+ or a K°. The estimated branching ratio for this process is 
very small <0.2% ( see appendix ). Since this channel has one more particle in the final state 
than the other channels, the momentum spectrum of the lepton and the D, are expected to 
be softer. The charge of the lepton is positive, and thus this type of event can be mistaken 
for a signal event ( compare figure 8.3(a) ). 

8.4.2 Background Reduction 

For the selection of 23-mesons in semileptonic events one can use two methods. The first 
one relies on the measurement of the transverse momentum of the lepton with respect to the 
thrust axis of the jet it belongs to. The lepton itself is generally excluded for this calculation. 

inv.mass(Dsl) (GeV/c2) invjnass(D$I) (GeV/c2) 
(a) quark content (b) 66 contributions 

Figure 8.4: Monte Carlo Ds-lepton pairs. Shown is the invariant mass of the Ds meson and 
the lepton. The Ds and the lepton have a minimum momentum of 5.0 GeV/c and 3.0 GeV/c 
respectively. 

This method has the disadvantage that the direction of the jet reflects the direction of the 
original quark only to a certain extent. The second method uses the invariant mass of the 
Ds-meson and the lepton. This method has the advantage of being independent of jet clus
tering algorithms and of measuring directly the quantity of interest. In this thesis the second 
method is used for the lepton in the same hemisphere as the Ds. 

Figure 8.4 shows the invariant mass distribution of £)s-lepton pairs from Monte Carlo. 
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Figure (a) compares events from all quarks that can produce a jDa-lepton pair to the case where 
they come from pure fib-events only. Figure (b) splits the fifi-events further into background, 
secondary leptons and signal events, J5° -4 D,lv. The peak at 2.5 GeV/c2 corresponds to 
events where the lepton is in fact a misidentified hadron. 

In order to eliminate the backgrounds that were discussed in figure 8.3(b,c,d) two kine
matical cuts are applied: 

• the momentum of the lepton must be >3 GeV/c, because secondary leptons have a 
slightly softer momentum spectrum 

• in addition the reconstructed invariant mass of the D3 and the lepton must be larger 
than 3.3 GeV/c2, which selects prompt lepton decays. This cut removes 93% of the 
background whereas the signal loss is only 34%. 

Without those kinematical cuts one would get about the same amount of Dj-lepton pairs from 
B° and Bu as from the B° signal. The remaining number of signal and background events is 
listed in table 8.3 in the next section. 

8.4 .3 Se lect ing Dfl* Pairs 

We require a standard lepton for this decay mode ( see chapter 7 ) and the above mentioned 
cuts on the reconstructed invariant mass of the Ds and the lepton. For selecting the Ds 

mesons in the channel Ds -J- <̂7r we use the following cuts: 

• cut on 4> mass, 1.009 < M^ < 1.029 GeV/c7 

• vertex probability > 1.0%, and positive flight distance 

• momentum of Ds > 10 GeV/c 

• |cos(tf*)|>0.4 

• particle identification was not employed in this channel because of the tight mass cut 
on the ó meson and the restrictive nature of the other cuts. 

In the Ds -> K°'K channel the following cuts are applied: 

• cut on K°' mass, 0.86 < MKo. < 0.94 GeV/c1 

• vertex probability > 5.0%, and positive flight distance 

• momentum of Ds > 13.0 GeV/c 

• \cos(&-)\> 0.4 

• at least one of the two kaons had to be identified positively with HADSIGN> 1 ( see 
chapter 7.2.3 ). 
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(a) D , -* <i>n 
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(b) D.-^K'-K 

(c) Ds - • <** or «•"•/•f 

Figure 8.5: Invariant mass distri
bution for KKTT combinations in the 
channels (a) <J>TT and (b) K°'K. The 
unshaded histogram in figure (c) is 
the sum of figure (a) and (b). The 
line represents the result of a maxi
mum likelihood fit. The shaded area 
are events where the Ds-candidates 
and the lepton have the same charge. 
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Figure 8.5 shows the invariant mass distributions after application of the above men
tioned cuts. Figure (a) and (b) show the distributions for the channels containing Ds -»• 4>~ 
and Ds —¥ K°*K respectively. In these histograms the D3 and the lepton have opposite 
charge. The histogram of figure (c) shows the sum of (a) and (b). The shaded histogram 
in figure (c) shows events where the charge of the Ds-candidates and of the leptons are the 
same. No enhancement of events can be seen near the Ds mass. The fitted line represents the 
result of a maximum likelihood fit to the unbinned event distribution. The number of events 
found, the mass and the sigma of the distribution are 19.0 ±4 .8 , 1960.3 ± 6.1 MeV/c2 and 
5.6 ± 3.5 MeV/c- respectively. 
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8.5 Study of Bj? Mixing using the Ds Double Lepton Channel 

In this section we will discuss the determination of Xs with events containing a Ds and a lepton 
in one hemisphere and a high pt lepton in the opposite hemispherp. With the Z?a-lepton pair 
in one hemisphere we can determine the flavour of the B° whereas i t e lepton in the opposite 
hemisphere tags the flavour of the 6-quark. By counting how often like- and unlike-sign lepton 
pairs occur we can calculate the time integrated mixing parameter for the S°-meson. 

From the technical point of view we have the same situation as in the previous section 
with a Ds and a lepton on the same side where in addition we now require a high pHepton 
in the other hemisphere. 

8.5.1 E v e n t Select ion and Calculat ion of R 

The selection of the events is almost identical to that described in section 8.4.3. A standard 
lepton is required in the opposite hemisphere with a pt above 1.0 GeV/c. 

Since the requirement of two leptons is very restrictive, we can loosen the cuts on the 
Ds reconstruction. The cuts used for the Ds -*• </w channel are the same as described in 
section 8.4.3 except that the required minimum momentum of the Da is lowered to 7 GeV/c. 
For the D, —> K°"K channel the D, momentum is required to be > 11 GeV/c. 

The KKx invariant mass distribution ( containing Ds -»• 4>n and D3 -¥ K°"K ) after 
these cuts is shown in figure 8.6(a). Opposite charges of D3 and lepton on the same side were 
selected. It shows an enhancement of events at the D„ mass. Figure (b) shows those events 
where the Ds candidates and the lepton have the same charge. At the place of the D3 no events 
are encountered. The background can be estimated from this figure to be 0.13±0.06 events 
per 10 MeV/c2 . With the fitted width of the Ds peak in figure 8.6(a) one gets approximately 
1 background event under the Z?s-peak. 

For the B° mixing measurement we now have to separate the event sample into events 
in which the two leptons have the same charge ( figure 8.6(c) ) and opposite charge ( fig
ure 8.6(d) ) respectively. The fitted lines represent the result of maximum Hkelihood fits to 
the unbinned event distribution. The number of events found, the mass and the width of the 
distribution are listed in table 8.1. The position and the width of the gaussian were fixed 
parameters for the fits of figures (c) And (d). 

Figure 8.6 
(o) SUM 
(c) LIKE-sign 
(d) UNLIKE-sign 

Number of events 
5.2 ± 2 . 5 
2 .0+1.4 
3.1 ± 2 . 0 

Mass in MeV/c* 
1962.2 ± 6 . 6 

gaussian width in MeV/c2 

13.1 ± 4 . 4 

Table 8 .1 : Results from the selection of Ds mesons and two leptons in opposite hemispheres. 

For the ratio R of like-sign lepton events to all the reconstructed D„ double lepton events 
we find: 

R±i = ^ - = 0.38 ± 0.33 (8.9) 
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Figure 8.6: KKir mass distributions containing D, -4 cj>ir and K°"K events with two leptons 
in opposite hemispheres. Figure (a) shows the results where the Ds and the lepton on the 
same side have opposite charge. The case where they have equal charges is given in figure (b). 
Figures (c) and (d) show the signals for events with like-sign and unlike-sign lepton pairs 
respectively. 
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(a) Transverse cross section of the tracking detectors and the HPC (b) Vertex reconstruction 

Figure 8.7: DELPHI event view of a D, double lepton events 

8.5.2 A D, Double Lepton E v e n t 

One of the three Z?s-lepton unlike-sign events ( run 33356, event 10622 ) is shown in fig
ure 8.7(a). It shows the transverse cross section of the barrel part of the DELPHI detector 
with the tracking detectors and the HPC. In the upper half of the figure one can see four 
charged tracks: a negatively charged muon with a momentum of 20.7 GeV/c, a pion and two 
kaons. One of the kaons is identified with dE/dx and identification of the other kaon was not 
possible. A magnification of the vertex region is shown in figure (b). The pion with the two 
kaons form a vertex with a vertex fit probability of 15% and an invariant mass of 1962 MeV/c !. 
The ZVvertex is well separated from the primary vertex. With this the reconstructed decay 
chain is: B° -> D^fi'i/^ with Df -> K°'K+ and A'0" -*• K~-+. The opposite hemisphere 
has a positively charged muon with a momentum of 15.2 GeV/c and a reconstructed vertex 
with three charged tracks with a vertex fit proability of 45%. Since the charges of the two 
muons are opposite, the event shows no mixing. 
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8.5 .3 Signal and Background 

We have seen that the final event sample can be split into three categories: bb, cc and events 
where at least one of the leptons is a misidentified hadron - see table 8.2. The numbers in 
this table are determined from Monte Carlo studies. Due to the selection criteria of the two 
leptons, we are left with 100% 6fr-events from which 11.5% have at least one lepton which is 
a misidentified hadron. The efficiency for detecting a primary ( prompt ) lepton was found 

Contribution 

Fa 
Fa 
F • 
1 m i s 

«11 >C 

88.5 
0.0 
11.5 

Table 8.2: Final event sample composition for the Ds-double lepton mixing channel. 

to be 91.4 ± 3.5%. The fraction of && events has now to be separated into signal events and 
background, which are shown in the previous section in figure 8.3. 

Table S.3 lists the contributions of the signal channel and the three background channels 
which are shown in the figure 8.3. The ratio of the signal, B j -* £>S~/+A" ( fig. 8.3(a) ), to 
the total number of ZVdouble lepton events is denoted with Rs, which is the product of the 
signal efficiency es, the fraction of B°-events produced in 66-events, ƒ„, and the branching 
ratio of the process ( see appendix ). The numbers fUj^s denote the fractions of £„ , B% and 
B° mesons in bb events and are put to the usual values of 40.0%, 40.0% and 12.0% respectively 
( see table 8.4 ). The signal efficiency t s is determined from Monte Carlo and found to be 
57.8±2.0%. It can be interpreted as the probability that a signal event passes the kinematical 
cuts which are mentioned above. In order to calculate the absolute number of signal events, 
one would need to multiply Rs with the global detection efficiency. But since we are always 
measuring a ratio of selected events to the total number of events, the global efficiency cancels 
out. Table 8.3 shows that the signal events form 80.9% of the finally selected events. 

The main background contribution ( fig. 8.3(b) ) is the D — Ds production from Bu,i 
mesons where the Z>-meson decays semileptonically ( notation Wl, because the Ds is created 
from the W-decay ). The efficiency with which this channel passes through the cuts is ejyi = 
19.6 ± 2.1%. The final event sample consists for 17.2% of those events. Similarly, for the 
double Ds-decay of the B° ( fig. 8.3(c) ) we find an efficiency of «;y2 = 6.8 ± 2.1% which 
results in a contamination of 1.9% of the final event sample. For the third type of background 
( fig. 8.3(d) ), where an additional kaon is produced via an ss-quark pair, no events were 
found to pass the cuts. The efficiency to pass this cut is therefore, conservatively, assumed to 
be eA- = 0.0 ± 5.0%. 

signal 
backgr. 
backgr. 
backgr. 

Figure 8.3 
(a) 

(*) 
(c) 
(d) 

Contribution 
Rs = csf. • Br(Bs

u -+ D71+X) 
Rwi = ewifd • Br{Bu<d -s- D+l~X) 
R\V2 = 2 • tW2fs • Br{B° ->• DSDS -¥ Dsl) 
RK = eKfd • Br(Bu,d -+ D^ICl+X) 

in % 
80.9 
17.2 
1.9 
0.0 

Table 8.3: Composition of bb events. 
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8.5.4 Calculation of R and \ s 

For the calculation of \ ' s we have to divide the contributions in table 8.3 into categories that 
produce like- and unlike-sign lepton pairs. Following the principle discussed in section S.2.2 we 
can calculate the relation between Xa and Rmeamre- n ° w in the presence of three background 
channels ( compare also equation (S.8) ). We find: 

R„e.sti.e = ^ = - = 0.31 4- 0.45 • \ , (8.10) 

Using the measured value from equation (8.9) one can calculate \s: 

X, =0 .14 ±0.73 . (8.11) 

8.5.5 Systematic Errors 

In order to get a comprehensive estimate of the systematic error, ail parameters needed 
for the calculation are simultaneously smeared in accordance with their errors. In this way 
correlations are fully propagated. The smearing of several dependent parameters is done such 
that the sum does not exceed its natural limit, i.e. fBaryon = 1-0 — ƒ, — fd — fu. The behaviour 
of Xa under this variation was studied using a total often thousand smearing cycles. Table 8.4 
lists the individual contributions to the error on Xa- One can see that the influence of ƒ, and 
the uncertainty in the branching ratio of B —> D",D' give the largest contributions to the 
systematic error. 

The smeared value of the total systematic error is 

±X* (sys) = 0.035 . (S.12) 

The result is thus 

X, = 0.14 ± 0.73{stat.) ±0.035(sj/s.) (8.13) 
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Contribution 

~X from LEP measurement 
Xd from Argus / Cleo 
&->B°, ƒ, 
b -¥ Bu , i , ƒ„ + fd 
primary lepton 

fmis 

Fti 
BR(B° -* D;l+X) 
BR(B ->• D;D') 
BR(DS -> IX) 
efficiency for signal; es 

efficiency for D3 via W decay: €\vi 
efficiency for B° -» D,Da;tw2 
efficiency for D, with add. kaon; ex 

Value 

11.90 
16.20 
12.00 
80.00 
91.38 
11.46 
88.53 

8.93 
8.00 

11.00 
57.79 
19.57 

6.75 
0.00 

± 
(%) 

± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 

error 

1.20 
2.10 
5.00 
5.00 
3.51 
0.80 
2.03 
0.80 
3.00 
3.00 
2.02 
2.14 
2.10 
5.00 

Infl. on x, (%) 
+ 

-0.29 
-0.22 
-2.18 
0.96 
0.69 

-0.89 
-2.00 
-0.60 
2.71 

-0.04 
-0.24 
0.81 

-0.05 
-0.63 

-
0.27 
0.22 
5.29 

-0.96 
-0.82 
0.89 
2.09 
0.71 

-2.71 
O.04 
0.26 

-0.81 
0.05 
0.63 

Ref. 

[59] 
[60, 61] 
[18, 19] 

[11] 
MC 
MC 
MC 
[62] 

[11] 
MC 
MC 
MC 
MC 
MC 

Table 8.4: Contributions to the systematic error on Xi-
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8.6 Study of B° Mixing using the Ds Opposite Lepton Channel 

We have seen in section S.5 that the Da-double lepton channel tag produces a very pure B° 
sample, but suffers from low statistics. 

In this section we will discuss the determination of \i with events containing a D, in one 
hemisphere and a high pt lepton in the opposite hemisphere. With the D, one can determine 
the flavour of the B° whereas the high pt lepton in the opposite hemisphere tags the 66 event 
and the flavour of the decaying 6-quark. In accordance with the charge of the D, and the 
charge of the opposite lepton we can count the number of like- and unlike-sign events. This 
gives us R with which we can determine x,. Technically seen, this tag resembles the one from 
the previous section except that now there is no lepton present on the same side as the Ds. 
Special care must be taken for the fact that like-sign events correspond now to the unmixed 
events, in contrast to the previous case. 

8.6.1 Event Selection and Calculation of R 

The requirements for the lepton in the opposite hemisphere remain the same as in section 8.5. 
The cuts on the D3 have to be tightened because the lepton on the same side as the D, is 
now missing. 

For the selection of D, mesons in the channel Ds —>• <f>~ we use the following cuts ( we 
state here only those that changed with respect to section 8.4.3 ): 

• vertex fit probability > 0.5%, and positive flight distance 

• momentum of the ZVcandidate between 9 and 25 GeV/c 

• positive identification » ' both kaons ( HADSIGN >1, see chapter 7 ) If no identification 
was possible ( HADSIGN = -1 ) the tracks were kept as kaon candidates. 

For the channel Ds —> K°"K we changed the following cuts compared to section 8.4.3: 

• cut on A'0* mass, 0.85 < Mh*. < 0.95 GeV/c2 

• momentum of the ö^-candidate between 9 and 25 GeV/c 

• |cos(tf")|>0.5 

As shown by Monte Carlo studies, the cuts on the positive flight distance and the upper 
limit on the momentum of the D5-meson reduce the cc contribution by 60%. The KKTT 
invariant mass distrioution containing both Ds decay channels after application of the above 
mentioned selection criteria can be found in figure 8.8. 

For the determination of \ s we now divide the events into categories where the charge of 
the Ds and the charge of the opposite lepton are either equal or unequal. Figure 8.9(a) shows 
the invariant mass distribution of both Ds channels that are accompanied by an opposite 
lepton. Figure (b) and (c) show the distributions for like- and unlike-sign events. The curves 
are the results of likelihood fits of the unbinned distribution. The fitted parameters can be 



98 S. Determination of the Bj Mixing Parameter 

> 

S 10 

* M 
a 

Z5 

01 

111 
(I 

' ' I ' l l ' ' 
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Figure 8.8: KKit invariant mass distribution containing Ds —f KKit with a high pt lepton 
in the opposite hemisphere. 

Figure 8.9 
(a) SUM 
(c) LIKE-sign 
(d) UNLIKE-sign 

Number of events 
31.5 ±8.2 
14.6 ±5.1 
17.0 ± 5.6 

Mass in MeV/c2 

1965.4 ±3.0 
gaussian width in MeV/c* 

5.8 ±4.3 

Table 8.5: Results of maximum likelihood fits to the unbinned invariant mass distribution of 
D, mesons accompanied by a high pt lepton in the opposite hemisphere. 

found in table 8.5. The mass and the width of the Ds are fixed at the values found in the fit 
of all events in figure 8.9(a). 

The ratio Rmeasure of like-sign to all the reconstructed D, events is found to be: 

R„ 
N 

• = 0.46 ± C.20 (8.14) 

8.6 .2 Contr ibut ing Channels 

For the channel presently studied we have to consider not only the semileptonic decays of the 
B° but also hadronic decays. The enrichment of B° relies now on the tag of D„ mesons only. 
The charge of the Ds is directly used for the determination of B° flavour, i.e. DJ tags a B° 
(b). See also figure 8.3 ( disregard the leptons ). 
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Figure 8.9: KKi> invariant mass dis
tribution (a) containing the channels 
D, —¥ <JMT and D, -* K°"K accompa
nied by a high pt lepton in the oppo
site hemisphere. The event sample is 
divided into D„-lepton pairs with like-
(b) and tinlike-sign (c). 
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The application of this selection method leads to an increased fraction of background cc 
events ( as compared to the method of section 8.5 ) in the final event sample. This mainly 
stems from the fact that it is less powerful as it is based on one characteristic only: the high 
pt lepton in the opposite hemisphere. Monte Carlo studies have shown that the signal is 
contaminated for 2.7% by cc events. The individual fractions of bb, cc and events where the 
lepton is a misidentified hadron in the final event sample are listed in table 8.6. 

Contribution 

hi 
Fee 

in % 
86.5 
2.7 
10.8 

Table 8.6: Final event sample composition of the Ds-opposite-lepton sample. 

In table 8.7 we list the final sample composition of 66-events obtained with the Ds-
opposite-lepton selection. In the following paragraph we describe the composition in more 
detail and quote the contributions from different channels. 

signal 
background 
background 
background 
background 

Contribution 
Rs = ƒ,- Br{B» -+D7X) 
Rwx = fd-Br(Bu4-*D+X) 
Rw2 = f. • Br(B° -t D,D,) 
RK = fd-Br(Bu,d->D;«K»X) 
RBary = /floryon ' Br(Bbary —)• DSX) 

in % 
42.9 
42.2 
4.4 
7.3 
3.1 

Table 8.7: Composition ofbb events. 

The contribution of the signal events, in which the Ds is produced by the decay of a B°, 
is denoted by Rs and amounts to 42.9%. The main background comes from decays of BUld 
mesons where the Ds is produced from a virtual W decay ( Rw\) and amounts to 42.2%. Rw2 
denotes the contribution of the double Ds decay of the B° which was found to be 4.4%. RK 
represents the contribution of £>6-events where an additional K is formed via the production 
of an ss quark pair in the decay of BUli mesons and amounts to 7.3%. Also .B-baryons can 
produce a D3 in the final state. This contribution is denoted with RBary and is determined 
by Monte Carlo to be 3.1%. The branching ratios used can be found in the appendix. Also 
here the global efficiency factor will cancel in the ratio of like-sign to all events. 

8 .6.3 Calcu lat ion of R and Xs 

The processes in table 8.7 have to be divided into two categories with like- and unlike-sign 
ZVopposite lepton pairs. With the principle outlined in section 8.2.2 one gets 

i?meOSure = - ^ = 0 . 5 5 - 0 . 2 0 - X 5 • ( 8 .15 ) 

The minus sign in this formula reflects the fact, that a like-sign Z)5-opposite lepton pair is a 
signature for NO mixing. 
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With equation (8.14) the measured result for Xs is thus: 

Xs = 0.42 ± 0.99(sfaf.) (8.16) 

8 .6 .4 S y s t e m a t i c E r r o r s 

Like in the previous section, all the parameters used for the calculation of Xs are smeared in 
accordance with their error. Table 8.8 shows the individual contributions to the systematic 
error. The largest contribation comes from the uncertainty in fs, which is poorly known. The 
second largest contribution comes from the uncertainty on the branching ratio Buj —> D,X. 

The total systematic error is: 

A X s (ays) = 0.12 . (8.17) 

The result is thus 

X, = 0.42±0.99(s*at.)±0.12(sus.) . (8.18) 

Contribution 

X from LiSP measurement 
Xd from Argus / Cleo 

b-*B°, fs 
b -*• Bu,d, ƒ« + Id 
b —> Bsary i JBarytm 

primary lepton 
F -
F • 

Fa 
BR(B° -¥ DSX) 
BR(Bud-+D,X) 
BR(Bu,d -> DSITX) 
BR(B -> DS"D') 
BR{Bbaryon ~* DSX) 

Value 

11.90 
16.-0 
12.00 
80.00 

8.00 
86.05 
2.74 

10.80 
86.46 
86.00 
11.50 
2.00 
8.00 
9.00 

± 
(%) 

± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 

error 

1.20 
2.10 
5.00 
5.00 
2.00 
2.51 
0.53 
0.64 
1.80 

10.00 
2.80 
1.00 
3.00 
0.40 

Infl. on x, (%) 

+ 
-0.83 > 
-0.85 
-5.71 
5.78 

-0.51 
1.65 

-2.60 
-1.57 
-3.81 
-2.08 
7.42 

-4.51 
0.30 

-0.09 

0.78 
0.85 

13.88 
-5.78 
0.51 

-1.90 
2.60 
1.57 
3.97 
2.69 

-7.42 
4.51 

-0.28 
0.09 

Ref. 

[59] 
[60, 61] 
[18, 19] 

["] 
[11] 
MC 
MC 
MC 
MC 
[63] 

[11] 
[64] 

[11] 
MC 

Table 8.8: Contributions to the systematic error on Xs-
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8.7 Study of B® Mixing rising t h e 4> Double Lepton Channel 

We will now discuss the fi° mixing using another inclusive Bj-tagging mode, namely the 
B° —i 4>IX channel. The <£-meson comes in this case from the decay D, -> <j>X which profits 
from a large branching ratio of 14.5±5.0%. This should be compared to the previously used 
decay channel D, -f </nr, which has a branching ratio of 2.8±0.5% [11]. Of course we now 
have to take into account the contributions to background from other physics channels that 
can produce o's. 

hi this section we will discuss the determination of \ s using channels with 6 mesons, a 
standard lepton in the same hemisphere as the <p and a high pt lepton in opposite hemisphere. 
With the <£-lepton pair and some kinematical cuts we enhance the fraction of B° mesons in the 
final event sample whereas the lepton in the opposite hemisphere tags 66-events and ensures 
the determination of the quark flavour. 

8.7.1 Event Selection Criteria 

«^-mesons are reconstructed in the K+K~ channel. The cuts applied for the selection of <£> 
mesons are optimized in order to maximize the B° content. They are listed below: 

• both leptons in opposite hemispheres are standard leptons. The lepton opposite the <p 
has a pt > lGeV/c. 

• ;ft>r the 4> reconstruction, both particles must be identified as kaons with HADSIGN>1 
or HADSIGN=-1 ( see chapter 7 ). 

• the probability of the 4> vertex fit reconstruction is > 0.5% 

• the momentum of the (£-meson p$ > 4.0 GeV/c. This cut reduces the number of <£'s from 
the fragmentation process considerably. 

• the invariant mass of è and lepton on the same side must be between 2.0 and 4.0 GeV/c2. 
This cut reduces the background by 81% whereas the signal is reduced by 24%. Fig
ure 8.10 shows the invariant mass distribution of ^-mesons and accompanying lepton 
for Monte Carlo events. Figure (a) compares the <£-lepton pairs coming from u, d, s and 
c -quarks to those coming purely from 66 events. In figure (b) one can see the further 
breakdown of 66 events into background, secondary leptons, primary leptons and the 
signal. The tightly hatched area shows the behaviour of the signal, B° -» DJu, with 
Ds - 4 <j>X. 

The reconstruction of 0-mesons is quite difficult because the two kaons have a relatively small 
opening angle; the tracks are almost parallel. Reconstruction of the tracks from ^-mesons 
becomes difficult, because hits in the micro vertex detector may be associated to the wrong 
track. This is especially probable for high momentum ó's. In order not to reject too many 
genuine events the cut on a positive flight distance was omitted. 

The results of this selection can be seen in figure 8.11(a) which shows the K+K~ in
variant mass distribution for all events with two leptons in opposite hemispheres. For the 
determination of the \s mixing parameter we have to divide the final sample into like- and 
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is 15 3 3.5 4 4.5 
inv.mass(«l>l) (GeV/c2) 

(a) quark content 

15 2 IS 3 3.5 4 4.5 

invjnass(*l) (GeV/c2) 

(b) 66 contributions 

Figure 8.10: Monte Carlo <j>-lepton pairs. Shown is the invariant mass distribution of the 
4> meton and the accompanying lepton. The minimum momentum of the <j> is 4.0 GeV/c, that 
of the lepton is 3.0 GeV/c. See the text for more details. 

unlike-sign le^toii pairs ( figure 8.11(b) and (c) ). The fittvid lines are the results of maximum 
likelihood fits to «he unbinned event distribution. For figure (b) and (c), the mass and the 
width of the <j> are fixed parameters which are determined fronx the fit to the invariant mass 
distribution of figure 8.11(a). Table 8.9 lists the results of those fits. 

Figure 8.11 
(a) SUM 
(6) LIKE-sign 
(c) UNLIKE-sign 

Number of events 
40.5 ±8.6 
18.6 ±5.3 
22.3 ±6.2 

Mass in MeV/c2 

1021.4 ±1.6 
gaussian width in MeV/c2 

6.6 ± 1.4 

Table 8.9: Fit results from the sample of <f> mesons accompanied by two leptons in opposite 
hemispheres. 

For the ratio of like-sign events to all the reconstructed 0-double-lepton events we find: 

R±± = fe = 0.46 ± 0.16 (8.19) 

8.7.2 C o n t r i b u t i n g C h a n n e l s 

<£-mesons are not only produced in fifr-events but also in cc and light quark events. With Monte 
Carlo simulation one can study the composition of the final event sample. Table 8.10 shows 
the result. Apart from the usual fraction from bb, cc and misidentified hadrons we have now 
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Figure 8 . H : Invariant mass distribu
tion of kaon pairs in events with two 
leptons in opposite hemispheres. Fig
ure (a) shows all selected events, fig
ure (b) and (c) show the signals in 
events with like- and unlike-sign lep
ton pairs respectively. The fitted curves 
represent the result of a likelihood fit to 
the unbinned event distribution. 

(c) Lepton unlike-sign events 
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W+ .-

/ 

w+ 

B° D7l'] -> èX 

b 

B 

u,d 

- « — » =—*-

u,d 

(a) B? -> DTMl+u followed by Da -»• <!>X (b) B -i- I»0,-'< , '/+i/ followed by D°'-'<*> -» <£X 

D7K"' -»• <£A" 

(c) B -+ DT "iCI+K followed by D7**' - • *X 

F i g u r e 8 . 1 2 : Z?t'reci semilep-
tonic B decays producing a <f> lep
ton pair 

one new category, that of 4> mesons produced in the hadronic fragmentation process of a bb 
event. This fraction is denoted with F]Tag\ it contributes in equal amounts to the events with 
like- and unlike-sign lepton pairs. Fjrag is reduced considerably by the cut on the momentum 
of the <j> candidates. However, the final contribution to the 66 events is still 11.1%. 

Contribution 

Fa 
Ffrag 
F • 
x mts 

in% 
67.9 ± 2.0 
11.1 ± 1.7 
20.3 ± 1.7 
0.7 ± 0.2 

Table 8.10: Flavour composition of the final event sample. 

For the determination of \s one has to split the fraction Fjj into all its constituents. 
First we subdivide it into two main parts: the direct decays where the lepton comes from the 
decay of a W boson, and the cascade decays where the lepton comes from a D-meson that 
was produced via the W respectively. These two main categories are shown in the diagrams 
of figure 8.12 and figure 8.13 respectively. 

Table 8.11 lists their contribution to the <f> lepton signal. Rs denotes the signal which 
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Figure 8.13: Cascade B decays producing a 4> lepton pair 

sig. 
bgr. 

bgr. 
bgr. 

bgr. 

bgr. 

Figure 

8.12(a) 
8.12(b) 

8.12(c) 
8.13(al) 

8.13 (a2) 

8.13(b) 

R.= 
Rudi = 

Rud2 = 

Rwi = 

R\V2 = 

R\V3 = 

Contributing 

e3fs Br{B, -+ D^'l+X) Br{Di'> -> 4>X) 

(udl2fd Br(BUtd -» DWl+X) Br{D -*• 0X) 

C ^ / j Br{Bu,d -* Z ^ i + X ) B r (D , -4 <f>X) 
eCIS2fd Br(Bu,d -+ DD+) Br(D+ -4 <j>X) 

Br(D -> i"X) 

£ e M 2 / , Br(BUl(i -». DD+) Br(Df -4 /+X) 
Br(JD -4 </>X) 

2 • e D j D , / 5 B r ( B . -4 D ; D + ) Br(D 5 -4 iX) 
Br (D, -4 <6X) 

in % 

57.6 
30.5 

0.0 

10.6 

1.3 

0.0 

Table 8.11: Event sample composition for the B3 -4 <f>l+X decay channel. 
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amounts to about 57.6% of the final event sample. The efficiency for a signal event to pass 
the selection cuts was determined by Monte Carlo to be es = 55%. The efficiencies for passing 
the cuts for a <j> meson that was produced via a direct or via a cascade decay depend on the 
pt cut of the lepton and on the reconstructed mass of the $1 pair. These efficiencies for the 
different contributions to the background, e^di, eud2, «cos and tD,D„ were found to be 48%, 
0%, 17% and 0% respectively. The branching ratios used are listed in the appendix. 

Of course also the D3 itself can decay into a <f> with a lepton, but this contribution can 
be neglected because of the requirement that the reconstructed invariant mass of é and lepton 
should be larger than 2.0 GeV/c2 . 

8.7.3 Calculation of R and x» 

After dividing the contributions of table 8.11 into contributions from events that produce <j> 
mesons and like- or unlike-sign lepton pairs, one can determine the sensitivity factor S and 
the constant C which are needed for the calculation of x». Following the general calculation 
scheme of section 8.2.2 one can write: 

R±± = - ^ = 0.35 + 0.27 -X5 (8.20) 

The result for the mixing parameter is: 

X* =0 .42 ±0.60 (stat.) (8.21) 

8.7.4 Systematic Errors 

Table 8.12 shows the individual contributions to the systematic error on Xs- The largest 
contribution comes from the uncertainty on the branching ratio of Ds —> 4>X. The second 
largest comes from the error of the fraction of 66 events in the final event sample JFJJ. 

The total systematic error is found to be 

Ax» (sys) = 0.092 . (8.22) 

The result for Xs is thus 

XJ = 0.42 ± 0.60(stat.) ± 0.092(si/s.) . (8.23) 



108 8. Determination of the B° Mixing Parameter 

Contribution 

X from LEP measurement 
Xd from Argus / Cleo 
b^B°3, f. 
b -> Bu,d, fu + fd 
primary leptons 
tec 
Fmis 

Fa 
Ffrag 
BR(B° -> D7l+X) 
BR{B -> D-1+) 
BR{B -> D",D-) 
BR{D, -> 4>X) 
BR(D°,D+-><j>X) 
BR{DS -> IX) 
efficiency for signal €, 
efficiency e^n 
efficiency eu<j2 

efficiency £caj 

efficiency €D,D, 

Value 

11.90 
16.20 
12.00 
80.00 
95.00 

0.71 
20.25 
67.93 
11.11 

8.93 
6.50 
8.00 

14.50 
1.75 

11.00 
55.38 
48.00 

0.00 
17.25 

0.00 

± 
(%) 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 

error 

1.20 
2.10 
5.00 
5.00 
7.60 
0.18 
1.76 
2.00 
1.70 
0.80 
O.70 
3.00 
5.00 
0.25 
3.00 
5.14 
5.54 
5.00 
4.86 
5.00 

Infl. on Xs (%) 
+ 

0.14 
0.39 
1.58 
3.98 

-0.36 
-0.67 
-3.28 
-4.30 
-1.68 
0.44 

-1.61 
3.59 
4.01 

-2.23 
-0.18 
0.46 

-1.66 
-0.38 
2.87 
0.24 

-
-0.12 
-0.39 
-3.85 
-3.98 
1.18 
0.67 
3.28 
4.56 
1.68 

-0.53 
1.61 

-3.59 
-8.23 
2.23 
0.18 

-0.55 
1.66 
0.38 

-2.87 
-0.24 

Ref. 

[59] 
[60, 61] 
[18, 19] 
[11] 
MC 
MC 
MC 
MC 
MC 
[62] 

[11] 
[11] 
[65] 
[65] 
MC 
MC 
MC 
MC 
MC 
MC 

Table 8.12: Contributions to the systematic error on Xs-
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8.8 Conclusions concerning the B® Mixing Results 

The time integrated mixing, Xs> of the B° meson has been determined by using three different 
tagging methods. Table 8.13 lists the main results. The errors on the constants C and S are 
determined by smearing all input parameters, similar to what has been done for the systematic 
error estimate of xs in the individual methods. In the data sample presented, none of the 

Tagging method 

Ds double lepton 
D, opposite lepton 
ö double lepton 

R = C + S-X, 
C 

0.31 ± 0.05 
0.55 ± 0.05 
0.35 ± 0.03 

S 
0.45 ± 0.07 

-0.20 ± 0.06 
0.27 ± 0.07 

^measured 

0.3S ± 0.33 
0.46 ± 0.20 
0.46 ± 0.16 

\-5 ± (stat.) ± (sys.) 

0.14 ± 0.73 ± 0.035 
0.42 ± 0.99 ± 0.120 
0.42 ± 0.60 ± 0.092 

Table 8.13: Summary oj results of the three different methods to determine \ s . 

events was used in more than one method. The x* results are therefore independent, which 
allows to combine them quadratically. This gives: 

X's combed = 0.33 ± 0.42 (stat. e sys.). (S.24) 

The calculation of x's using the result of ~\ from the di-iepton measurement of DELPHI 
[20], x> cifc. = 0-^7 ± 0.19, ( see equation (1.26) ) is still more accurate than the result 
presented here. The statistical error in our result is by far dominant. A better determination 
of Xs would thus necessitate more statistics. The systematic error shows that a measurement 
of Xs seems possible if the sample is sufficiently large. 

Clearly, the method with a Ds and two leptons in opposite hemispheres is the most ac
curate one, but also the one with the least events. Extrapolating with the present efficiencies 
of particle reconstruction to 5 million hadronic Z° decays, one would get about 33 events of 
this type. But the error on \ s would still be 0.35. 

The method with a Ds on one side and a high pt lepton in the opposite hemisphere has 
the most background channels and has thus also the lowest sensitivity. An extrapolation to 
5 million hadronic Z° decays would yield about 200 events, which would give an error on \ s 

of 0.32. 
The third method, a ó meson with two high pt leptons in opposite hemispheres, offers 

the clean environment of the double lepton tag with a 57.6% enhancement of the B° signal. 
The extrapolation to the 5 million hadronic Z° decays would yield some 270 events, resulting 
in an error on \s of 0.20. An improved track reconstruction efficiency of the tracking detectors 
might be particularly interesting for high momentum 4> mesons. 

The three methods combined would result in a total error of Xi of 0.15 . 

It is clear that this measurement would profit from the new data taken now and in the 
future; with a 4TT RICH detector, a double sided micro vertex detector and an improved lepton 
reconstruction. 

In the future, the B° mixing parameter will also be measured with a time dependent 
analysis where the actual oscillation from B° to B° and back is observed. This measurement 
needs a very good vertex reconstruction and a good particle identification for which DELPHI 
is particularly well equipped. 
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Appendix 

The branching ratios that are used in the analysis chapter 8 will be summarized here. The 
important branching ratios for the Z3° mesons are discussed in more detail. 

The semileptonic decay of t h e 23°. The branching ratio of the semileptonic decay Bs -» 
DfFv is estimated to be 83 ± 4%. The rest of the B° signal, that is 17%, decays into 
D"lv. A maximum of 25% of those D" is expected to decay also in D,X. This leads to the 
estimation of the semileptonic branching ratio of the B°, Br (JB° —!• DJv), of 85 ± 5% [66]. 

The product ion of DJ mesons f rom B mesons . In the decay Bu<t -* D~l+X a kaon is 
created via the production of an ss quark pair ( see figure 8.3(d) ). The ARGUS experiment 
has given an upper limit of 1.2% for this process [64]. 

The semileptonic branching ratio of the B meson into D^l+v was measured to be 
6.5 % [11]. The total semileptonic branching ratio of the B meson is 10 % which then leaves 
3.5% decaying into D" or creating an additional qq quark. If we assume further that an s s 
quark pair is created with the probability of ƒ,, and that half of the 3.5% decay into D", we 
can estimate the branching ratio of 

Br{B -> D7"K"l+X) < 0.2% . 

For the hadronic decays this results in: 

Br{B-+DJ,,K"X)<2% . 

We use these values in a conservative way. 

Branching rat io Bsaryon -+ DSX. A Bsaryon can also produce a Ds meson. This branch
ing ratio was estimated from Monte Carlo to be Br(BBaryon —»• DSX) = 9.0 ± 0.4%. 



Branching Ratios used in the Analysis 

1 
2 
3 
4 
5 
6 
7 

Br(Z —t hadrons) 
Br(Z -» vv) 
Br{Z -» bb) 
Br{Z -+ cc) 

ƒ. 
/ d 

JBoryon 

69.80 ± 0 . 3 3 % 
20.2 ±0 .4% 
15.2 ±1 .0% 
12.6 ± 2 . 1 % 
12% 
40% 
8% 

tH] 
[11] 
[11] 
[U] 
[18,19] 

(HI 
[H] 

Table A.l: Branching ratios of the Z°. 

1 
2 

3 
4 
5 
6 
7 
8 
g 
10 
11 
12 
13 
14 
15 
16 

17 
18 
19 

20 
21 
22 

Br(Bs -+ D+X) 
Br(B -» D+rX) 

Br(Bs->Di')+l-v)/Brs,(B,) 
Br(Bs -+ D"s-l+v -*• D,X)/Bral{Bs) 
Br(Bs -> B; /+i /X)/Br . i (B,) 

« 
Br(Bs -» <£,Y) 
B r r f ( B , -+ <M*) 
B r ( B , -> £>;*+) 

Tt 

» 

Br(B a -+ Z ? " - ^ ) 
n 

n 

B r ( B 3 - * J/flty) 
... ft, 

Br(B„ -+ Dlm)-Dt')+) 
Ï? 

n 

Br(Bs -»JDi* )_I?J"H) 
W 

. ÏÏ 

(8<Ö?3) 
< 1.2% 

85% 
< 4 % 
85 ± 5 % 
84% 
10% 
1% 
2.8 • lO"3 

5.5 • 10- 3 

5 • H P 3 

2.8- lO" 3 

4.1 • lO"3 

2• lO" 3 

(1.4 ± 0.4) • 10"3 

1.3 • lO"3 

2.1-10" 3 

2.2 • lO"3 

1.9 • 10"3 

5.4-lO"2 

4.1-10"2 

3.8-10"2 

[63] 
[64] 

[62] 
[62] 
[62] 
MC 
MC 
MC 
[67] 
[68] 
[69] 
[67] 
[681 
[691 
[67] 
[68] 

[67] 
[681 
[69] 
[67] 
[681 
[69] 

Table A.2: Branching ratios of the Bs meson from several sources. 
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1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

Br(B ->• Puhadrons) 
Br{B -> D±X) 

tt 

Br(B -> D°D~öX) 
Br(B->D°X) 
Br(B -» DfX) 

n 

Br(B - • ÓX) 
tt 

Brs,(B -+ <t>fiX) 
Br(B -* £><*>£>) 

n 

Br(B -> D+X)Br{D+ -> 4>n+) 
tt 

Br(B -• D"lu)/Brsi 
Br(B+ -> DO-l+fc-) 
Br(B+ ->• D°/+i>) 
Br(B° -+ D-'l+v) 
Br(B° ->• D-/+I/) 
N(D°)/N(D+) in 66 events 
BrJc-^iyBrCjDs-^Tr) 

10.5 ±0.7% 
22.7 ±3.3% 
22% 
46 ±5% 
66% 
11.5 ±2.8% 
10% 
2.3 ±0.8% 
3.3% 
0.2% 
6.5 ± 1.9% 
8% 
8.4 ±4.0% 
(2.92±0.50) -HP3 

17.4 ±4% 
4.6 ± 1.0% 
1.6 ±0.7% 
4.9 ± 0.5% 
1.8 ± 0.5% 
3.0 
0.300 ±0.045% 

I"] 
[11] 
MC 
[11] 
MC 
[11] 
MC 
[11] 
MC 
MC 

[11] 
MC 
[70] 
[70] 
[71] 
[66] 
[11] 
[11] 
[11] 
[11] 
MC 
[63, 72] 

Table A.3: Branching ratios of the B° and Bu mesons. 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 

Br{Ds -»<t>7!+) 
tt 

Br{Ds -»• K"°K) 
Br(Ds -t K+K-W+) 
Br(Ds ->• fa+TT+ir-) 
Br(Ds -> 4m+T°) 
Br{Ds -> <j>lv) 
Br(D3 -> 4>X) 

tt 

tt 

Br{Ds -> itX) 
Br{Ds -> eX) 

tt 

Br($->K+K-) 

2.8 ± 0.5% 
3.4% 
2.6 ±0.5% 
3.9 ± 0.4% 
1.2 ±0.4% 
6.7 ± 3.3% 
1.4 ± 0.5% 
12 ± 3% 
14.5 ±5.0% 
13% 
11% 
11% 
<20% 
49.1 ±0.8% 

[HI 
MC 
[11] 
[11] 
[11] 
[11] 
[11] 
[HI 
[65] 
MC 
MC 
MC 
[Hi 
[11] 

Table A .4 : Decays of the Ds meson. 



-

2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

Br(D+ -4 4>ir+) 
Br{D+ -4 K*0AT) 
B r ( £ + - f A'+/<r-ff+) 
Br(D+ -4 ^-+7r+s-) 
iJr(D+ -4 07r+ff°) 
Br(D+ -f <£X) 

« 
» 

Br(D+ -4 /xX) 
Br(L>+ -4 eX) 

« 

0.60 ±0.08% 
0.47 ±0.09% 
1.01 ±0.13% 
< 0.2% 

2AtU% 
0.60 ±0.08% 
1.7 ± 0 . 3 % 
2.8% 
20% 
25% 
17.2 ±1 .9% 

[11] 
[Hl 
[11] 
[11] 
[11] 
[11] 
[65] 
MC 
MC 
MC 

[11] 

Table A.5: Decays of the D+ meson. 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

Br{D° -4 4>7T+x-) 
Br{D° -4 K+K-n+x-) 
Br(D° -4 A'°<?!>) 
Br(D° -4 <£*) 

JT 

rt 

Br(D° -4 itX) 
» 

Br(£>° -4 eX) 
ïï 

0.24 ±0 .08% 
0.24 ± 0.04% 
0.88 ±0.12% 
1.12±0.14% 
1.8 ±0 .2% 
1.6% 
8.8 ±2 .5% 
13% 
7.7 ±1 .2% 
11% 

[11] 
[11] 
[11] 
[11] 
[65] 
MC 

[11] 
MC 

[11] 
MC 

Table A.6: Decays of the D° meson. 
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Summary 

This thesis presents the Barrel RICH detector of the D E L P H I experiment and t h e way i t is 
used in t h e determination of the B° mixing parameter Xs- T h e D E L P H I exper iment is located 
a t L E P , the Large Electron Pos i t ron collider a t C E R N . 

T h e first chapter describes briefly t h e theory of the interactions between fundamental 
particles, known as the Standard Model ( SM ). The electroweak pa r t of the S M is impor t an t 
f->: unders tanding of B° mixing. T h e CKM-mat r ix formalism is discussed. I t is shown 

*•. 3° — B° oscillation is t rea ted in t he SM and w h a t t h e prediction is for t he oscillation 
frequency of the B° meson. 

At L E P Z° particles are produced tha t , for example, can decay into a pair of bb quarks . 
The way Monte Car lo programs describe the fragmentat ion in bb events is presented. T h e 
chapter ends with a description of t he methodology of t h e experimental s t u d y of B° — B° 

mixing using hadronic events t h a t contain leptons ( semileptonic events ) . 

T h e second chapter deals with the D E L P H I detector se tup , designed with special a t t e n 
tion to t h e identification of particles produced in the e + e ~ collisions. Embedded in a magnetic 
field of 1.2 T , the detector features a good momentum determinat ion using the t racking cham
bers . 

The energy of the particles is measured with the electromagnetic calorimeter a n d / o r t he 
hadron calorimeter, depending on the na ture of the part icles. For t h e identification of muons 
the detector is surrounded by muon chambers. The mos t impor tan t pa ramete rs relevant t o 
each subdetec tor are also s ta ted in this chapter . 

C h a p t e r 3 describes the Barrel RICH ( BRICH ) detector . RICH s t ands for Ring Imag
ing CHerenkov counter. This de tec tor is used for hadron identification in t h e barrel pa r t of 
D E L P H I . By measuring the opening angle (angle of emission) of t he Cherenkov photons with 
respect t o the particle t ra jectory one can determine t he velocity of the particles. Using t h e 
momen tum measured by the t racking detectors, one can assign a mass to t he particle and 
thus identify it. 

T h e successful operation of the detector relies on t he efficient detection of these Cherenkov 
photons, which, in our detector , is done via photo ionization of t he photo sensitive vapour 
of T M A E . The drift of single electrons, created in th i s way, over a distance of u p to 1.5 m 
and their subsequent detection must be seen as an ou t s t and ing accomplishment of the R I C H 
technique. 

T h e Cherenkov effect and the working principle of t he detector a re discussed in deta i l . 
Fur thermore , design features of the most important de tec tor components are presented. T h e 
chapter finishes with a discussion of the uncertainties in t h e measurement of the Cherenkov 
angle. 
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Operation of the BRICH involves several control systems, e.g. for voltages, gas mixtures, 
pressures, circulation of liquids etc. 

One such system controls the drift high voltage, the so-called Very High Voltage (V H V ) . 
This system is described in chapter 4. The requirements for safety of detector and operator as 
well as the design specifications are discussed in detail. The electric field configuration inside 
the detector and the control system are presented. 

Another control system concerns the heating of the detector. Heating is necessary be
cause the gas radiator has a boiling point of 28"C and the TMAE vapour pressure corresponds 
to 25°C In order to avoid condensation of f hes\j gasses, the temperature of the detector and 
the pipes have to be kept well above these values. The working temperature is set to 40°C. In 
chapter 5, the requirements and the technical realization of the heating system are described. 
A special section is dedicated to the computer control, the interlocking to other BRICH and 
DELPHI systems and the error reporting philosophy. 

A reliable particle identification necessitates the BRICH detector to be well aligned to 
the tracking detectors of DELPHI. Chapter 6 presents the BRICH alignment for the data 
taken in 1992. 

The alignment is performed using selected two prong events which provide high momen
tum particles that produce saturated Cherenkov angles (angles at the physical limit) in the 
liquid as well as in the gas radiator. The coordinates, describing the position of the detector 
modules and the track trajectory, are slightly modified (optimized), such that the measured 
Cherenkov angle matches expectations. After a description of the alignment program ERA, 
the fit parameters and the results for each detector module are presented. The alignment of 
the liquid radiator is mainly done by adjusting the track trajectory. The achieved Cherenkov 
angle resolution on high momentum muons is 13.2 mrad; only 10% higher than expected. The 
resolution for the gas radiator photons, achieved after alignment, is 4.8 mrad, in agreement 
with expectation. 

In chapter 7, the particle identification capabilities of the DELPHI experiment are dis
cussed. The physics analysis of this thesis is based on semileptonic events with identified 
electrons or muons. The identification of electrons is done with the electro magnetic calorime
ter (HPC), while muon identification uses the muon chambers. For the physics analysis only 
those lepton candidates are chosen that have a standard or tight identification tag and a mo
mentum larger than 3 GeV/c. 

Hadron identification uses the detectors TPC and BRICH. The use of the truncated 
mean of the TPC dE/dx distribution is discussed. The BRICH pattern recognition part of 
the DELPHI analysis program is briefly described. This program calculates for each track 
producing Cherenkov photons the probabilities for all particle hypothesis and outputs them 
on DST. At second stage, these probabilities are used to derive a three level identification of 
kaons and protons which again is used in the physics analysis. The chapter finishes with a 
discussion of the combined particle identification by TPC and BRICH. 

In chapter 8, the determination of the integrated mixing parameter \s ° f t n e &a meson 
is presented. Three decay modes tag the B°: B° -*• Djv, B° -> DSX and B° -» <j>luX. The 
mixing parameter is determined by using one of these tag-channels and requiring a high 
transverse momentum { pt ) lepton in the opposite hemisphere which tags 66 events and in 
addition gives the flavour of the original 6-quark. If the B° undergoes an oscillation into B° , 
one encounters like-sign flavours in opposite hemispheres. By simply counting how often one 
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records these like- and unlike-sign flavours in opposite hemispheres, one collects the material 
for the determination of the mixing parameter Xa-

The calculation of how \s is determined from the ratio of like-sign to all events is shown. 
After a review of the experimental situation of semileptonic events with high pt leptons, 
we describe the techniques used for the reconstruction of ó, K°' and JDS mesons in the 
semileptonic event sample of the 1992 data taking period. The Ds mesons are reconstructed in 
two decay channels: Ds -*• <j>T and Ds -> K°"K. In a further step, a lepton is required having 
together with the Ds an invariant mass above 3.3 GeV/c2. A total of 19 events were found 
from -which 80.9% come from B° mesons. In order to be abk to perform a determination of 
the mixing parameter, also the opposite hemisphere has to contain a lepton with a high pt. 
Five events were found and \-s was determined to be 0.14 ± 0.73(stat.) ± 0.035(sys.). The 
statistical error is dominant. 

The second method to determine Xs is the Dj-opposite-lepton-channel. In this case, we 
have only one lepton with high pt that tags the bb events and the flavour of the fr-quark. The 
Ds is now used for the determination of the flavour of the B° . This method unavoidably 
suffers from a higher contamination from other physics channels with similar characteristics. 
Only about 43% of the 31 encountered events are indeed from S° mesons, which obviously 
decreases the sensitivity. The value found for Xs is 0.42 ± 0.99(stat.) ± 0.12(sys.). 

The third method uses two opposite high pt leptons and a <$> meson in the events, where 
the latter one tags the B°. From this category about 40 events were found from which around 
57% come actually from B° mesons. Xs was determined to be 0-42 ± 0.60(stat.) ± 0.092(sys.). 

A combination of the results of the three methods gives: Xs combined = 0.33±0.42(star.© 
sys.) . Because the statistical error is still dominant, the determination of Xs would improve 
if more data would be included in the analysis. 
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Samenvatting 

Dit proefschrift beschrijft de Barrel RICH detector van het DELPHI experiment en de manier 
waarop deze gebruikt wordt bij de bepaling van de B° mixing parameter XJ- DELPHI is een 
van de experimenten bij LEP, de Large Electron Positron collider van CERN in Genève. 

Het eerste hoofdstuk behandelt op beknopte wijze de theorie betreffende de interacties 
tussen elementaire deeltjes, bekend als het Standaard Model ( SM ). Het electrozwakke deel 
van het SM is belangrijk voor de beschrijving van B° mixing. Het CKM-matrixformalisme 
wordt hier besproken. 

Eveneens wordt duidelijk gemaakt op welke wijze B° — BG-oscillatie in het SM wordt 
behandeld en welke oscillatiefrequentie voor het B°-meson wordt voorspeld. 

Door LEP worden Z° deeltjes geproduceerd, die in een 66 quarkpaar kunnen vervallen. 
De manier waarop Monte-Carlo simulatie de fragmentatie in deze 66 gebeurtenissen beschrijft 
wordt daarna behandeld. Het hoofdstuk eindigt met een beschrijving van de methodologie 
van de experimentele studie van B° — B° mixing aan de hand van hadronische gebeurtenissen 
met leptonen ( semi-leptonische gebeurtenissen ). 

Het tweede hoofdstuk behandelt de DELPHI detector, die ontworpen is met het oogmerk 
een goede identificatie mogelijk te maken van de deeltjes geproduceerd in e+e~ botsingen. Het 
magnetisch veld van 1.2 T in DELPHI en de aaanwezigheid van zgn. 'tracking' detectoren 
( die reconstructie van de baan van deeltjes mogelijk maken ) waarborgen een goede bepaling 
van de impuls van de deeltjes. 

De energie van de deeltjes wordt gemeten door de electromagnetische calorimeter en/of de 
hadronische calorimeter, afhankelijk van de aard van de deeltjes. Ten behoeve van identificatie 
van muonen is de detector omsloten door muon kamers. De belangrijkste parameters van elk 
van de subdetectoren worden vermeld. 

Hoofdstuk 3 beschrijft de Barrel RICH ( BRICH ) detector. Het acronym RICH staat 
voor Ring Imaging CHerenkov counter. Deze detector wordt gebruikt voor hadron identificatie 
en is gesitueerd in de zgn.'barrel' (het tonvormige middendeel) van DELPHI. Uit de meting 
van de openingshoek (hoek van emissie) van de Cherenkov fotonen ten opzichte van de baan 
van het deeltje kan de snelheid van het deeltje worden bepaald. Gebruikmakend van de 
impuls, gemeten met behulp van de tracking detectoren, kan men nu een massa aan het 
deeltje toekennen waarmee het dus geindentificeerd is. 

Het succesvol functioneren van de detector hangt af van een efficiënte detectie van deze 
Cherenkov fotonen. Dit gebeurt hier via photo-ionisatie van TMAE damp. De zo gecreëerde 
electronen 'single electrons' driften afzonderlijk over een afstand, die tot 1.5 m kan bedragen. 
De detectie van deze electronen mag beschouwd worden als een van meest in het oog springende 
successen van de RICH techniek. 
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Het Cherenkov effect en de werking van de detector worden in detail beschreven. Ook 
worden kenmerken van het ontwerp van de belangrijkste detectorcomponenten gepresenteerd. 
Het hoofdstuk eindigt met een bespreking van de onzekerheden die een rol spelen bij de meting 
van de Cherenkov-hoek. 

De BRICH wordt bedreven met behulp van diverse regelsystemen, zoals er zijn voor de 
spanningen, gasmengsels, drukken en vloeistofcirculatie. 

Een van deze systemen regelt de hoogspanning voor het driftveld, de zogenaamde Very-
High Voltage ( VHV ). Dit systeem wordt beschreven in hoofdstuk 4. De veiligheidseisen voor 
detector en operator en de ontwerpspecifkaties worden uitgebreid behandeld. De configuratie 
van het electrisch veld in de detector en het regelsysteem worden hier gepresenteerd. 

Een ander regelsystem is dat voor de verwarming van de detector. Verwarming is nodig 
aangezien het Cherenkov radiator gas een kookpunt van 28°C heeft en daarnaast de TMAE 
dampspanning in het driftgas overeenkomt met een temperatuur van 25°C. Om conden
satie van deze gassen te voorkomen, moet de temperatuur van de detector zowel als van 
de leidingen ruim boven deze waarden liggen. De werktemperatuur wordt daarom op 40°C 
gehouden. Hoofdstuk 5 beschrijft de eisen die gesteld worden aan dit verwarmingssysteem 
en de technische verwerkelijking daarvan. Een gedeelte is speciaal gewijd aan de geautoma
tiseerde controle, de 'interlocking' met andere BRICH en DELPHI systemen en de filosofie 
achter het foutmeldingssysteem. 

Voor een betrouwbare deeltjesidentificatie is een nauwkeurige alignering van de BRICH 
ten opzichte van de tracking detectoren van DELPHI vereist. Hoofdstuk 6 beschrijft de 
BRICH alignering voor de in 1992 genomen data. 

De alignering is uitgevoerd onder gebruikmaking van daartoe geselecteerde twee-deeltjes 
gebeurtenissen. De deeltjes in deze gebeurtenissen hebben een hoge impuls, en produceren 
daardoor 'verzadigde' Cherenkov hoeken (d.w.z hoeken met een nauwkeurig bekende limiet
waarde) in zowel de vloeistof- als de gasradiator. De coördinaten van positie van de detector
modules en de baan van het deeltje worden dusdanig veranderd (geoptimaliseerd), dat gemeten 
en verwachte Cherenkov-hoek overeenstemmen. Vervolgens wordt het aligneringsprogramma 
ERA beschreven en de fit parameters en resultaten voor elke detector-module gepresenteerd. 
De alignering van de vloeistofradiator wordt hoofdzakelijk verkregen door aanpassing van de 
baan van het deeltje. De na alignering verkregen resolutie van de Cherenkov hoek voor hoge-
impuls muonen bedraagt 13.2 mrad, slechts 10% hoger dan verwacht. De resolutie behaald 
voor de gasradiator is 4.8 mrad, in overeenstemming met de verwachte waarde. 

In hoofdstuk 7 worden de mogelijkheden voor deeltjesidentificatie in het DELPHI ex
periment besproken. De fysische analyse in dit proefschrift is gebaseerd op semileptonische 
gebeurtenissen met geïdentificeerde electronen of muonen. Electron identificatie maakt ge
bruik van de electromagnetische calorimeter HPC; muon identificatie wordt gedaan met be
hulp van de muon kamers. Alleen semileptonische events met lepton-kandidaten, die aan de 
standaard- of aan de strenge selectiecriteria voldoen en een impuls van meer dan 3 GeV/c 
hebben, worden geselecteerd voor deze fysische analyse. 

Hadron identificatie maakt gebruik van de TPC- en BRICH detectoren. Het gebruik van 
het 'truncated mean' van de TPC-dE/dx distributie wordt besproken. De BRICH patroon-
herkennings-gedeelte van het DELPHI analyse programma wordt kortelings beschreven. Dit 
programma berekent voor de track de bij elke deeltjeshypothese corresponderende waarschijn
lijkheid en schrijft deze waarden op de DST. In de tweede fase worden deze waarschijnlijkhe
den gebruikt voor de identificatie van kaonen en protonen, die gebruikt worden in de fysische 
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analyse. Het hoofdstuk wordt afgesloten met een discussie betreffende het combineren van 
resultaten van de deeltjes-identificatie verkregen met de TPC en de RICH. 

In hoofdstuk 8 wordt de bepaling van de geintegeerde mixing parameter Xs van het 
B° meson gepresenteerd. Drie vervalskanalen kenmerken de B°: B® —>• D,lv, B° —> D,X en 
B° -»• 4>lt/X. De mixing parameter wordt bepaald in events met een van deze kenmerken 
waarbij bovendien nog een lepton met hoge transversale impuls ( pt) in de tegenoverliggende 
jet aanwezig is. Dit lepton kenmerkt 66 gebeurtenissen, en draagt bovendien informatie over 
de 'flavour' van de oorspronkelijke 6-quark. 

Wanner de B° een oscillatie ondergaaten in een B° transformeert, vindt men in tegen
overliggende hemisferen gelijke 'flavours'. Door eenvoudigweg te tellen hoe vaak zulke 'like-
sign' en 'unlike-sign' gebeurtenissen in tegenoverliggende hemisferen gevonden worden, verza
melt men het materiaal voor de bepaling van de mixing parameter \a-

Getoond wordt hoe y\s berekend wordt uit de verhouding van like-sign gebeurtenissen 
tot het totale aantal. Na een overzicht van de experimentele situatie van semi-leptonische 
gebeurtenissen met hoge pt leptonen volgt een beschrijving van de technieken gebruikt voor 
de reconstructie van <j>, K°' en Ds mesonen in de semi-leptonische gebeurtenissen die zijn 
gevonden in de 1992 data. De D, mesonen worden gereconstrueerd in twee vervalskanalen: 
Ds -> è~ en Ds —>• K°"K. In een volgende stap wordt geëist dat de invariante massa van de 
combinatie van lepton en Ds groter is dan 3.3 GeV/c2. In totaal konden 19 gebeurtenissen 
worden geselecteerd, waaronder 80.9% afkomstig van B° mesonen. Om de mixing parameter 
te kunnen bepalen moet de tegenoverliggende hemisfeer een lepton met hoge pt bevatten. 
Vijf van zulke gebeurtenissen zijn gevonden en Xs werd bepaald op 0.14 ± 0.73(stat.) ± 
0.035 (sys.). De statistische fout domineert. 

De tweede methode om \ s te bepalen maakt gebruik van het zogenaamde 'Ds-opposite-
lepton'-kanaal. Hier wordt slechts één lepton met hoge pt geëist om de 66 gebeurtenissen te 
kenmerken en om de 'flavour' van het 6-quark te bepalen. De Ds wordt nu gebruikt om de 
'flavour' van de B° te bepalen. Dit kanaal is noodgedwongen meer besmet met ongewenste 
('achtergrond') gebeurtenissen uit andere fysica kanalen met vergelijkbare karakteristieken. 
Slechts 43% van de 31 gevonden gebeurtenissen zijn daadwerkelijk afkomstig van B° meso
nen, hetgeen de gevoeligheid van de analyse vermindert. De voor Xs gevonden waarde is 0.42 
± 0.99(stat.) ± 0.12(sys.). 

De derde methode gebruikt gebeurtenissen met twee tegenoverliggende leptonen met 
hoge pt en een ó meson dat de B° kenmerkt. Van de 40 gevonden gebeurtenissen komt 57% 
inderdaad van B° mesonen. \-s werd bepaald op 0.42 ± 0.60(stat.) ± 0.092(sys.). 

Het resultaat van een combinatie van deze drie methoden is: \'s combined = 0.33 ± 
0.42 (stat. 3) sys.) . Deze bepaling kan verbeterd worden door meer data te analyseren, 
aangezien de statistische fout domineert. 
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