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| ntroduction

In the framework of the Standard Model, the heavy flavor sector still requires further
experimental investigation. The weak decays of heavy quarks give the possibility to study
the interplay of weak and strong interactions and to investigate the structure of hadrons.
In particular, better experimental information on charmed baryons is needed.

Of the four weakly decaying charmed baryons, the A is relatively well measured, while
the three baryons with charm and strange content (=7, =2 and ©2) are still poorly known.
Models exist with which matrix elements of baryon decays are calculated and the corre-
sponding inclusive decay amplitudes are estimated. This information is used to predict the
lifetime hierarchy of the four charmed baryons. Important indications on the validity of
the models and on the relative weight of the processes involved can be therefore obtained
with the experimental determination of these lifetimes and their ratios. An overview of
the weak decays of heavy flavors and the existing predictions for the lifetime hierarchy of
charmed baryons are given in chapter 1.

In fixed target experiments, a large acceptance forward spectrometer with high precision
track reconstruction and momentum measurement, and good particle identification is
required in order to reconstruct and select charmed hadron candidates from a very large
background due to lighter quarks.

In particular, the range of lifetimes to measure (10~%2 - 10~12 sec) imposes severe require-
ments on the tracking detectors to achieve the high resolution necessary to reconstruct
well identified and separate production and decay points of the charmed hadrons. This is
an essential condition to measure the particle decay time event by event, and estimate the
mean lifetime. Silicon microstrip counters are the only detectors which offer the resolution,
compactness, speed and stability of operation to fulfill the above requirements.

Single sided microstrip detectors with 25 um pitch were tested, equipped with VLSI
readout electronics performing zero suppression, and installed in the vertex area of the
hyperon beam fixed target experiment WA89 at CERN. The single sided detectors, the
readout electronics, and the system performance during the 1993 and 1994 data taking
periods are described in chapter 2, and the WAS89 experimental apparatus is reviewed in
chapter 4.

The excellent quality, detection efficiency, and high resolution of the microstrip detec-
tors provide the information necessary to reconstruct primary and secondary vertices of
charmed hadrons with very high precision, and consequently they allow the measurement
of lifetimes of mesons and baryons with charm content. In particular, the analysis pre-
sented in this thesis is focused on the search for the D° and D~ mesons and the charmed
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strange baryon = in the decay channels A°K~n*x* and =~ n*rn*.

The data processing and the methods used for the analysis are illustrated in chapter 5:
In particular, the program based on a candidate driven approach used for the selection of
charmed hadron candidates and the method used for lifetime fitting are discussed. The
results of the analysis and the measured lifetimes are presented in chapter 6 and discussed
in chapter 7.

A significant improvement in tracking and particularly in pattern recognition can be
achieved with double sided detectors, even though their implementation in fixed target
experiments requires major developments. Double sided counters have been tested, assem-
bled, studied with beams of high energy particles, and installed in the “next generation”
hyperon beam experiment SELEX at Fermilab, downstream of the vertex area. This is
the first time that double sided detectors read out in sparse mode were implemented in a
fixed target experiment. The success of the project supports the attractive possibility of
including double sided detectors close to the vertex area to limit the amount of scattering
material and improve pattern recognition.

The double sided counters installed in SELEX, the development of a reliable readout in
sparse mode and preliminary test beam results are presented in chapter 3.



Chapter 1

The physics of charmed baryons

1.1 Introduction

Since the discovery of the charm quark in 1974, heavy quarks and their fundamental
interactions became a major field of research in high energy physics. The bottom quark
discovered in 1977 and the top quark, of which evidence was lately obtained, complete

the three quark weak doublets:
u c t
@) () () =

These, together with the corresponding lepton doublets formed by electron, muon and tau,
and the three neutrinos, are considered the basic constituents of matter in the standard
theory of electroweak and strong interactions.

The unified theory of electromagnetic and weak interactions is described by the Standard
Model, a gauge theory based on the group SU(2)®U(1). This model has been largely tested
and is supported by considerable experimental evidence. Still, some of its parameters
are not yet well established and the heavy quark sector particularly requires further
experimental exploration. The weak decays of heavy quarks are the most suitable processes
to study their weak interaction.

However quarks are confined in bound hadronic states by the effect of strong interactions.
These are described by the Quantum ChromoDynamics (QCD) gauge theory, based on
the group SU(3). Each quark flavor exists in three colors; leptons and bound quark states
(hadrons) are color neutral objects.

In order to study the parameters of the weak interactions from observed properties of
hadron decays, the impact of strong interactions must be understood and correctly taken
into account. And conversely, further information on strong interactions can be obtained
by the study of heavy flavor decays.

Due to the short-range nature of the weak force, weak decays allow the study of the
dynamical behaviour of quarks at very small space-time distances. In this range hard
gluon interactions modify the structure and effective strength of the weak couplings.
But the calculable short-distance effects of strong interactions are alone not enough to
describe properly heavy hadron decays. From the study of experimental results from
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charmed hadron decays published in the late 1970s, it was realized that the soft gluons and
the light quarks present in hadronic bound states induce significant effects on the decays.
Consequently, both short and long distance effects must be taken into account in order to
give a complete description of the weak decays. And only the collection of large samples
of experimental data will improve the understanding of the relative weight of the different
processes.

Charmed hadron decays provide an excellent environment to study weak decays of heavy
flavors and better understand the involved dynamics.

1.2 Charmed baryons

Even though, in experiments, the statistics of charmed baryons is far smaller than that of
charmed mesons, it is important and interesting to study charmed baryons. The presence
of three quarks instead of only a quark and an antiquark allows a larger variety of possible
processes. For baryons there are decay mechanisms that do not exist in charmed mesons.
There are also decay mechanisms that are suppressed but not forbidden in charmed meson
decays, and they can be fully studied in charmed baryon decays. These can be used to make
higher order corrections to meson decays. Moreover, further experimental information on
the structure of baryons can be obtained.

In the (u d)(s ¢) 4-quark model, charmed baryons are classified as members of the SU(4)
multiplets with spin=1/2 and spin=3/2, respectively. The two multiplets contain 20 particles
each, as schematically represented in figure 1.1. No doubly charmed baryons have been
observed so far and only first evidence has been lately obtained of the = states among
the spin=3/2 baryons [1].

Baryons with spin=1/2 containing one charm quark (C=1) can be described combining
the SU(3) flavor symmetry group of the three lighter quarks u, d, and s. Considering the
flavor symmetry of the diquark in the baryon formed by the pair of light quarks, the
baryon multiplet can be represented as the combination of an antisymmetric triplet and a
symmetric sextet:

3®3=3@6 (1.2)

The nine components of the baryon multiplet and the respective quark content are listed
below. The brackets denote antisymmetric and symmetric diquark states:

Al clud]
Antisymmetric triplet = c[su]
=2 c[sd]
x? cdd
DI c{ud}
Symmetric sextet pI cuu
5’ c{us}
Z c{ds}
Q0 css




1.2 Charmed baryons 5

Figure 1.1: The SU(4) baryon multiplets, with spin=1/2 (a) and spin=3/2 (b).

Among the nine baryons listed above, the =’ states have not been observed yet; The A}
is relatively well measured, and all others need considerably more statistics and more
precise measurements.

Only four of the singly charmed baryons with spin=1/2 decay weakly: the A}, =7, =0, and

the Q2, and their lifetime is measurable. The other states either decay strongly (%) or
radiatively (=) into one of the other four particles.

The characteristics of the four weakly decaying charmed baryons which have been exper-
imentally observed, reported by the Particle Data Group, are listed in table 1.1.

Charmed hadron | Quark content | Mass [MeV/c?] | Lifetime [psec]
A} (udc) 2285.1+0.6 0.200 79513
= (usc) 2465.1+1.6 0.3500;
=0 (dsc) 2470.3+1.8 | 0.09823%23
QO (ss¢) 2710 +5 0.065*35%"

Table 1.1: Mass and lifetime world average values of the weakly decaying charmed baryons [2]. T The
lifetime of the Q2 has been calculated as average of the two measurements published in 1995 [3, 4]
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1.3 Weak decays of heavy quarks

1.3.1 Thec quark freedecay

Flavor changing weak decays proceed via charged current interactions, that is to say via
exchange or radiation of a W= boson, since flavor changing neutral currents are forbidden.
The relevant term of the fundamental Lagrangian is:

—e
Le = —— (W (h*+1") + h.c. 1.3
© = T5en eW( u ( ) ) (1.3)
with the hadronic charged current
d
h, = (@TH) (1 — %)Verm | s (1.4)
b
and the leptonic current
o
b = (VeVive) (1 — %) | 1™ (1.5)
-

Vckm 1S the Cabibbo-Kobayashi-Maskawa matrix which describes the mixing between
the weak eigenstates d’, s, and b" indicated in (1.1) and the mass eigenstates d, s, and b.
For the “reduced” 4-quark model, the d-s mixing is expressed with only one parameter,
the Cabibbo angle 6c:

d = cosOc d + sinée s

, ) (1.6)
S =¢0SOc d — Sinb¢c s

where sin6c = 0.23. As a consequence of this mixing, ¢ — s and u — d transitions
are “Cabibbo favored” (modulated by the factor cos?6¢), while the ¢ — d and s — u
transitions are “Cabibbo suppressed” (modulated by the factor sin?6c). The latter will be
ignored in the following.

Since all quarks established are much lighter than the W boson, the momentum transfer
involved in weak decays is considerably smaller than the W mass and it is appropriate to
take the limit my, — . With this assumption we can write the effective Hamiltonian for
the hadronic component as:

Ge
V2

The T-matrix element for a weak transition i — f, in second order of the weak coupling,
IS given by:

H had(o) —

o (h*hl + h.c.)  where g3, =4v2Gemj, (1.7)

T = (] [ d*x d G TIH 0H 00l i) (1.8)
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where T denotes the time ordering operator. Consequently, for the optical theorem, sum-
ming over all possible final states, the total decay amplitude is given by:

r = %lmUITIU = %Im<i|i/dX4T[Heff(X)HeTJff(O)]|i> (1.9)

The effective Hamiltonian bears a clear similarity to the one describing the muon decay.
This can be used to deduce the expression of the total amplitude of the free decay of the ¢
quark:

5
m _
5 (;ﬁf) |\45FIKH,—>vhvee)

u
GEm?
19273

The factor 5 comes from counting the number of open decay channels: The W boson can
decay with two leptonic channels e*ve, u*v, and three ud quark channels, accounting for
three colors.

Assuming m, ~ 1.5 GeV/c?, one obtains for the lifetime of the free charm quark a value of
about 0.7 psec. This value gives the right order of magnitude for the lifetimes of charmed
mesons. We would expect equal lifetimes if we assume similar mechanisms in charmed
mesons and charmed baryon decays. The fact that charmed baryon lifetimes are shorter
needs explanation: effects induced by strong interactions must be taken into account.

r(c — sdu) 110
11

=5 | Vs

1.3.2 Short distance QCD corrections

Because of confinement, weak decays of hadrons necessarily involve strong interactions.
According to the characteristic momentum scales involved, one can divide the strong
interaction effects into long and short distance phenomena. Normally it is assumed that,
in spite of the complexity of their interplay, one can separate long and short distance
interactions. Long distance effects are then absorbed in the initial and final hadronic
wavefunctions.

Short distance effects originate in hard gluon interactions and the respective corrections
can be included in the effective Hamiltonian [5]. This is done in perturbation theory
because of the asymptotic freedom property of QCD.

Four graphs which modify at first order the hadronic decay amplitude of the charm quark
decay are illustrated in figure 1.2.

In processes happening at energies at the scale p ~ m. < my, my can be taken as an
ultraviolet cut-off in the evaluation of the four indicated graphs and they turn out to be

finite. Therefore, their contributions in the first order of In Z—QV can be added to the effective
Hamiltonian (the reader can refer to [5] for the complete calculation).
The new effective Hamiltonian can be written as:
H —&*V(CO + C:0y) (1.11)
eff \/E ud ¥ cs\~—~— + :
where V;, and V,; are the elements of the Cabibbo-Kobayashi-Maskawa matrix involved
in the process; O. and O_ are the 4-quark operators for the antitriplet and the sextet
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c S c S
I I
I I
I I
I I
d u d u
c S c S
I I
I |
I I
I I
d u d u

Figure 1.2: First order QCD corrections to the charm decay amplitude.

channels in the SU(3) color representation; the Wilson coefficients C, and C_ are expressed
by:

O
I
|

1 ( Ofs(.uz) )_%
VC- os(Mmiy)

2
b mg\
(1 + (xs(uz)%ln u—z")

(1.12)

where b = 11 — 2N, and N; is the number of relevant quark flavors.

The corrections at the next orders turn out to be significant and can not be neglected. In
the leading log approximation the sum on all orders in o is estimated.

Several values of the C. coefficients are given depending on the different methods applied.
Calculations done by Guberina et al. [6], considering Aocp =250 MeV, and the number of
flavors equal four, give the following values:

C_.=18 and C, =074 (1.13)

1.3.3 Longdistance effects

With the effective Hamiltonian, the decay amplitude of a baryon B can be calculated as:

Fuo(B) = 7 I(Bi | AX“TlHo (I, OV]8) (1.14)



1.3 Weak decays of heavy quarks 9

b)

C

d)
S S

S\
U
i S
c c A
—(
u | u T

Figure 1.3: Contributions to the hadronic decay amplitude of charmed hadrons derived from the matrix
element (B|HeffHeTff|B). a) Free decay of the charm quark; b) W-exchange with a d quark; c¢) Interference
with a u quark of the initial state; d) Interference with an s quark of the initial state.

The graphs given by the matrix element above are illustrated in figure 1.3. The physical
meaning of the four graphs is indicated below:

a)

b)

d)

The firstis the free quark decay diagram. Itis also called factorization diagram since
the W* decay vertex can be treated independently from the processes on the baryon
side. This diagram is important for all charmed hadrons.

The second graph represents the W-exchange, which can only occur in the presence
of a d quark in the initial baryon (or an s quark or an T quark in Ds and D° mesons,
in which case it is called annihilation diagram). This process is relevant only for the
decays of A} (udc) and =2 (dsc) and should lead to a larger total decay amplitude
for them compared to the other two baryons.

The third graph is the first example of interference which happens when the baryon
contains a quark flavor (the u in this diagram) which is also present in the decay of
a free ¢ quark. In this case an intermediate quark from the ¢ decay can mix with
the spectator quark. The u interference is connected to the color sextet operator and
consequently turns out to be destructive (reduces the decay width). This process is
present for the A (udc) and =7 (usc) baryons.

The second type of interference, involving an s quark, is illustrated by the fourth
graph. This type of interference is connected to the antitriplet color operator and
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thus it is constructive. It concerns all charmed strange baryons: = (usc), =2 (dsc)
and Q2 (ssc).

These four contributions to the hadronic decay rate can be expressed as follows:

2m>5
r(8) = To(2CE+ C2) o (Blo(L — )elB)
exc —_ Gém(.z? 1 ™)
re() = e Ct o (BI(er (L - W@n(1 — w)D)IB)
int GFm2 2 1 -
rE) = L CHC, — 20 )y (Bl L — AR - W8]
int Glgm2 2 1
rB) = ZELCHeC + C) o (Bl (L - WASH( — 1)

+ 5(@’%0)(%(1 — 1)5)|B)

where & = |V,q|?| Ves|?. The matrix elements must be evaluated within the framework of
some quark model. The phenomenologic nature of these models induce large uncertainties
in the predictions. Because the rates scale like n for the spectator decay and m? for the
non-spectator terms, numerical calculations are very sensitive to the precise choice of
m.. The ratios of interference to exchange contributions and constructive to destructive
interference are, however, free from uncertainties in m.. The signs of each of the four
contributions listed are unambiguously fixed since C_ > C, > 0 for all values of m,.

The important point consists in determining the relative weight of the four processes to
estimate the total decay amplitude of charmed baryons and, consequently, their lifetimes.
Several models exist: their predictions will be summarized in the next section.

1.3.4 Lifetimehierarchy of charmed baryons

The total non-leptonic decay rates for A} (udc), =;(usc), Z2(dsc) and Q(ssc) can be
written as:

TN (A]) STP(AL) + T¥C(A) g + TM™(AD),
T (E) =T99(E) + TI(E0) + T (E7)s
I (29) =T7°(20) + T2 + T2
T () =Ire(QQ) + I (20)s
The interference contribution for the Q2 needs special consideration because of the pres-
ence of two spectator s quarks in the final state, which interfere with the s from the ¢ quark
decay.
Qualitative lifetime differences can be obtained by applying specific quark models. Gu-
berina, Rickl and Trampeti¢ [6] use the values of the Wilson coefficients given above
(C+=0.74 and C_ = 1.8), and apply in one case a non-relativistic model. They obtain:
10

ree: iy i+ ~1:0.5: -0.3  and ") = 3

Flnt(—O +)
(1.15)
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from which the lifetime hierarchy follows:
Q) : 1(ZY) : (A} ©(E)) ~ 0.60:0.64:1:16 (1.16)

Voloshin and Shifman [7] use a non-relativistic approach similar to that used by Guberina
et al. but incorporating soft gluon modifications to the effective weak Hamiltonian by
employing a logarithmic renomalization technique. The predicted lifetime hierarchy is:

Q) : 1(ZD) 1 t(A))  t(E)) =~ 058 :0.74:1:1 (1.17)

A more recent work by Blok and Shifman [8] takes into account in the matrix elements
higher order operators. The resulting hierarchy is:

Q) 1 1(Z)) : (A} 1 1(E) =~ 0.32:0.46:1:1.3 (1.18)

The predictions listed above are strongly model dependent and are affected by large
uncertainties. Only good experimental measurements of charmed baryon lifetimes will
allow a better understanding of the weak decay dynamics and the influence of baryonic
structure.
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Chapter 2

Single ssded microstrip detectorsin
WAS89

2.1 Silicon microstrip detectors

Since the beginning of the 1980s, silicon microstrip detectors have played a key role in
high energy physics experiments. The small feature size possible on strip devices makes
compact detectors with excellent spatial, and consequently angular, resolution possible
for tracking applications.

Semiconductor materials have been extensively used and developed as radiation detectors
since the 1960s in nuclear physics for energy measurements (first signals were seen in
1951, from « particles crossing a reverse biased germanium junction [1]). During the 1970s
they appeared in high energy physics experiments: surface barrier diodes were initially
used mainly to measure the energy loss, for example, of recoil nuclei in segmented targets
to localize interactions, or of secondary particles to measure their multiplicity, and only
later for tracking. One side of the junction can be segmented with the signals recorded on
the individual segments used to determine particle positions. The first important results
obtained with a silicon surface barrier microstrip detector are given in reference [2].

The reason for the wide use of such detectors is related to some basic properties of
semiconductors. Germanium and silicon are solid and compact and work well in vacuum
and in magnetic fields making them suitable for operation in many difficult environments.
They have a high intrinsic energy resolution. In silicon, for example, 3.6 eV are enough
to create an electron-hole pair, a very low value compared to 30 eV necessary to ionize
a molecule in a gas detector or about 300 eV to extract an electron from a photocathode
coupled to a scintillator.

The high energy loss for minimum ionizing particles in silicon (3.88 MeV/cm) allows
the use of very thin detectors (100 - 500 um), an advantage in all applications where
it is important to limit the multiple scattering effects which degrade the track quality,
Bremsstrahlung, and the probability of secondary interactions.

The high mobility of charge carriers in the crystal allows a very fast charge collection (in
typical times of the order of 10-20 nsec) and consequently very fast signals.

Some relevant parameters of silicon are summarized in table 2.1.

An important impetus to the spreading of microstrip devices came in the 1980s from the

13
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Atomic number Z 14

Atomic weight A 28.09

Density 2.33 g/lcm®
Dielectric constant ¢ 11.7

Band gap 1.115eV
Intrinsic carrier concentration n; 1.45x10% cm—3
Electron mobility u = v/ E 1350 cm?/Vsec
Hole mobility u = v/ E 480 cm?/Vsec
Energy per electron/hole pair 3.66 eV
Electron diffusion constant 34.6 cm?/sec
Hole diffusion constant 12.3 cm?/sec
Radiation length 9.36 cm
Interaction length 24 cm
Breakdown field 30 V/um

Table 2.1: Physical properties of silicon at room temperature (300°K).

application of the planar technology to silicon detector production (J. Kemmer [3, 4]).
The planar process was initially developed in the electronics industry and later applied
to detector fabrication. It presents fundamental advantages with respect to the previous
production of silicon surface barrier detectors. Though these had very low generation cur-
rents because there were no high temperature treatments during production, they showed
rather high surface leakage currents, and had a very time consuming fabrication cycle
because every single detector had to be fabricated and tested individually. In contrast, the
planar process allows faster production at a lower price of a high number of detectors with
very small tolerances in their geometrical and electrical properties, with high precision
elements (thanks to ion implantation and photoengraving techniques) and good control of
leakage currents (due to oxide passivation procedures).

Since then microstrip detectors have had a very fast development and came into regular
use in high energy experiments where high resolution tracking is required. A complete
and detailed guide to the development of these detectors can be found in reference [5].

2.1.1 Microstrip detectors

Semiconductor detectors are basically a p-n junction operated with a reverse bias. This
creates a sensitive region depleted of free charge carriers and sets up an electric field across
the detector. Particles traversing the depleted region liberate charge by ionization, and this
moves to the electrodes under the influence of the electric field. Basics on intrinsic and
doped semiconductors, the p-n junction, its fundamental characteristics and its use as a
radiation detector will not be given here and can be found in references [5, 6, 7, 8].

In order to achieve high spatial resolution, the p-n junction can be segmented in many
independent, very narrow, parallel strips each connected to a readout circuit. This is called
microstrip detector and is realized in the following way.
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The basic material is an n-type silicon crystal with low level doping and consequently
high resistivity (1-10 kQ-cm). For this application it is now possible to grow ingots of a
diameter up to 4”. These are sliced to wafers about 500 um thick and then polished to
obtain a very smooth and clean surface with the desired thickness of 100-300 um. The
crystal usually has a <111> structure, which gives the highest energy loss.

One face of the crystal is n* doped (where ’+’ means high doping concentration) and
aluminized. This is indicated as n-side or ohmic side of the detector. On the other
face narrow p* strips are produced by means of ion implantation or diffusion, using the
photomasking technique. The fine strips create asymmetric, nearly abrupt p-n junctions.
The strips are usually 3-10 um wide, with a 10-200 um pitch and up to few centimeters
long. They are then provided with aluminum contacts to allow ultrasonic bonding to the
electronics. This is called p-sideor junction side.

The p* elements serve to reverse polarize the junction and the n* to prevent the depletion
zone from reaching the backplane and to ensure a good ohmic contact. For n* doping
mostly arsenic and phosphorus are used, while p" doping is usually done with boron. A
passivation oxide serves to protect the silicon surface.

The cross section of a strip detector is shown in figure 2.1.

pitch: 10-200 um

traversing particle

3-10 um

_ ; sio, : -
p-side
Al / i Al
1-2 um $
p+ ’\Re @N p+
& S] ’/' 2]
§e @N 100-300um
o o &/ n-type silicon
R

n-side Vbias
Figure 2.1: Cross section of a microstrip detector.

Usually an additional p* line with the shape of a ring is implanted all around the sensitive
area of the detector on the junction side; it is called guard ring and has the main function
of rectifying the field lines at the edges of the detector and collecting the surface leakage
current contributions. These functions are of extreme importance especially after the
detector is cut from the wafer, an operation which always introduces irregularities in the
crystal at the edges.

Initially microstrip detectors equipped with hybrid or component readout electronics were
used in fixed target experiments. Tracking devices included up to roughly 10000 readout
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channels. In order to increase the number of channels and to extend the use of microstrips
in collider experiments, the use of LSI* electronics with multiplexing became mandatory
because of the lack of space close to the interaction region. This motivated important
developments in the technology of microstrip detectors.

DC-coupled and AC-coupled detectors

In DC-coupled detectors the aluminum readout strip covers directly the p* implantation
and is then connected to the amplifier, as shown in figure 2.2 on the left. This connection has
the disadvantage that the leakage current of the junction is fed directly into the amplifier,
inducing considerable base line differences between channels of one chip and requiring
an otherwise unnecessarily large dynamic range of the ADCs. In hybrid electronics this
problem was solved by putting a discrete coupling capacitor of a few tens of picofarads
at the input of the amplifier. This solution cannot be adopted for LSI electronics due to a
lack of space for the capacitor.

One solution consists of integrating the coupling capacitors on the detectors themselves
separating the p* strip from the metal readout line by a thin layer of silicon dioxide [9, 10],
as shown in figure 2.2 on the right. The area of metal defines the coupling capacitor. The
capacitor value can be tailored by varying the oxide thickness (typically between 100 and
200 nm to give respectively a coupling capacitance of about 20 and 10 pF/cm related to
the strip length).

I, 1/
Ef Sio, Ef Sio,

Figure 2.2: DC- and AC-coupled strip.

The total value of the capacitance must be high enough to guarantee the good operation
of the detector. It has to be large compared to the capacitance to the backplane and to
the interstrip capacitance (the capacitance between one strip and its neighbours) in order
to avoid signal losses by capacitive induction. It has also to be larger than the feedback
capacitance of the charge sensitive amplifier in order not to deteriorate the signal-to-noise
ratio at the output of the amplifier.

The quality of the thin coupling oxide must be excellent because defects result in short-
circuits (called pinholes) in the capacitors. Such a high quality oxide is able to withstand
a voltage difference of 50 to more than 100 V. In order to decrease the risk of pinholes,
a layer of silicon nitride (SizN4) is sometimes added on top of the silicon dioxide. The

!Large Scale Integrated
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probability that a pinhole in the nitride falls exactly in front of a pinhole in the oxide is
extremely small.

With this system the leakage current is decoupled from the amplifier input and is called
an AC-coupled detector.

An alternative is to use DC-coupled detectors together with external capacitors placed on
a separate chip. This solution will be illustrated in the next chapter.

For DC-coupled detectors the bias voltage is brought to the single strips by the same
connection to the amplifiers, so that the counter can be uniformly depleted. A different
way of biasing is required for AC-coupled detectors. This is done with a common bias
line (generally a metal line which surrounds the active area of the counter) connected to
the single strips by individual resistors integrated on the detector. The resistors can be
made of polysilicon, a polycrystalline state of silicon having very high resistivity. Using
ion implantation, it is possible to make thin lines, from the bias line to the strip, of length
(number of squares) adjusted to obtain the total desired resistance. Usually one wants to
have a few MQ so that most of the charge created in silicon is collected by the amplifiers
(100-200 nsec integration time) before being discharged through the resistors towards the
bias line. The value should not be too high though, since in the case of localized high
leakage currents this could create a potential difference between strips. It is also very
important that the value of the resistance is uniform through the whole detector in order
to guarantee uniformity of the bias voltage at the strips.

A top view and a section of strips connected to a bias line in the described way is shown in
figure 2.3. The indicated contact hole allows a direct contact to the p* strips and resistors
in order to perform measurements.

Other biasing methods are possible, such as FOXFETSs, punch-throughs and electronic
channels. The last two will be described in detail in the next chapter.

TOP VIEW guard ring B 5 implant
=l ‘ ‘ _ L] polysilicon
‘ ‘ = H A
= = 1l sio,
= E

SECTION resistor

Al readout strip

T; contact hole
bias ﬁ polysilicon
line —\L J

1

sio, = [ g Lmi sio,
!

*otri
guard ring p strip

Figure 2.3: Top view and section of AC-coupled strips connected to a common bias line through a
polysilicon resistor.
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2.1.2 Energy deposition and charge collection

A particle traversing the depleted p-n junction interacts through various mechanisms and
deposits part of its energy. Electromagnetic interaction induces both excitation and ioniza-
tion. A fraction of all deposited energy is spent to create electron-hole pairs. The energy
deposited and consequently the number of pairs created are approximately described by a
Landau distribution (see figure 2.19a) but the distribution is wider because of the effect of
the binding energy of electrons in silicon atoms (the Landau theory assumes a free electron
cross section). For a MIP (Minimum lonizing Particle) crossing a 300 um thick layer of
silicon, the most probable energy loss is approximately 26 keV/100 um and the mean loss
is 39 keV/100 um. Consequently the most probable and average number of created pairs
is 25000 (= 4fC) and 32000 respectively.

The ionization charges are created in a narrow tube around the particle path. Under the
influence of the electric field, they migrate in the depleted region, the electrons drifting
towards the n-side and the holes towards the diode strips. During the migration time, the
narrow tube of charge carriers widens because of transverse diffusion and electrostatic
repulsion. Finally the holes are collected by the strips. The charge collection time is of the
order of about 8 nsec for electrons and 25 nsec for holes.

An attempt was already made in early works [11], to calculate the shape of the collected
charge distribution. Assume that the detector is uniformly irradiated with high energy
particles and for every event the values of the pulse height (PH) of the individual strips are
recorded. A sample of events with particles traversing the counter between the adjacent
strips L and R is selected. For those we calculate the following quantity:

PH(R)

T PH(L)+ PH(R) (2.1)

An example of the distribution dN / dn is shown in figure 2.4, on the left side on top.
If p is the strip pitch, the average impact point x, for a given n can be obtained by:

—,dn' — Xo (2.2)

For the derivation it was assumed that Ny particles, uniformly distributed in x,, have
traversed the counter in the pitch distance between strips L and R. X; is the constant which
relates the origin of the n scale to the origin of the xp scale. In absence of magnetic fields
the deposited charge spreads symmetrically around the particle trajectory and Xo=p/2.
The distribution of Xp is shown in figure 2.4, on the left side on bottom.

The distribution dN / dn can then be used to determine f(&), the Gaussian distribution of
charge carriers at the readout plane. For a particle traversing the counter at xo, the measured
pulse heights are related to f(&) by: PH(L)  [*, f(£)d& and PH(R) o [y f(&)dE.
Using the definition of n we obtain dn/ dx, = f(Xo) and from this follows that:

N _ N o 1
dn dxdn p f(X)

Equation 2.2 allows the determination of X, for every n bin. Using equation 2.3 the
corresponding value of f(xp) can be calculated.

(2.3)
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Figure 2.4: On the top left: dN / dn distribution. On the bottom left: xo dependence on n. On the
right: charge distribution at the readout plane in absence (top) and in presence (bottom) of a magnetic
field, for different bias voltages. All pictures are taken from reference [11].

The ACCMOR collaboration also measured this charge distribution, using a detector with
25 um readout pitch [11]. The calculated curves and the measured points are shown in
figure 2.4 on the right part, for different bias voltages and magnetic fields. Without a
magnetic field the charge distribution is symmetric with a full width of 10 um at depletion
voltage (50 V, not shown), decreasing to 6 and 4.5 um at higher voltages. In presence of a
magnetic field the charge distribution is asymmetric. For example, a field of 1.68 T parallel
to the direction of the strips introduces a systematic shift of the measured coordinate of
the order of 10 um and an increase in the width of the collected charge distribution from
5 to approximately 12 um.

The charge localization is actually spoiled by the emission of high energy electrons (6
electrons) along the ionization path. The probability of such emission is rather low but
the electron range can be quite big and this causes a displacement of the track position
of a few microns. Such events can be recognized because the signal recorded is higher.
In these cases the track position is measured with a more significant error. In fact the
intrinsic spatial resolution of microstrip detectors is ultimately limited to approximately
1 um exactly by this effect.
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2.1.3 Digital, analog and capacitive chargedivision readout

The information provided by a microstrip counter is used to localize the position where
a particle crossed the detector. The accuracy with which this can be done depends on the
following factors, among others:

e the strip pitch and the readout pitch;
o the diffusion of charge carriers during their drift to the electrodes;

o the possibility to readout only the digital or also the analog information concerning
the signals.

When the detector is operated in over-depletion (when the bias voltage is significantly
higher than the depletion voltage) the resistance between adjacent strips becomes ex-
tremely high. In addition the charge collection time is decreased. The latter effect is also
caused by a not optimal fabrication process which significantly reduces the minority carri-
ers lifetime. Because of these effects the charge diffusion is reduced and consequently the
signal is spread over a narrower area. If tracks are mostly perpendicular to the detector,
the charge produced by the particle will be collected by one single strip. This provides a
digital information. In this case the spatial resolution or accuracy with which to determine
the position of the track is given by the strip pitch itself. Assuming a rectangular hit
distribution over one strip, the resolution is ¢ = pitch/y/12. Reducing the strip pitch is
not always the solution for improving the resolution: the number of channels increases
dramatically and some noise parameters of the detector tend to become dominant.

The ionization charge can also be distributed over several strips. This happens in particular
when the detector is operated at a voltage not much higher than the depletion voltage (so
that more transverse diffusion can take place) and in the case of inclined tracks.

If, in addition, one can have the analog information regarding the charge collected by
the single strips, it is possible to improve the resolution. One can simply calculate the
charge center of gravity and linearly extrapolate the track position. Even better results are
obtained with a non-linear method [11], using the n distribution introduced in the previous
paragraph. This, in fact, takes into account the real Gaussian distribution of the charge and
the non-linear correlation of the predicted and measured positions (see figure 2.4). With
such a method resolutions as good as a few microns are possible. With very low noise
readout electronics a precision as small as 1.25 um has been reached [12], down from
5 um reported already in 1983 [13].

The influence of the applied bias voltage on the resolution is shown in figure 2.5 from
reference [14]. The measurement was performed by the ACCMOR group, with a 25 um
readout pitch detector, depleted at 50 V. The best resolution is obtained exactly at the
depletion voltage. For lower voltages it gets worse because part of the charge is created
in the non-depleted region and lost, and the noise is relatively higher. For higher voltages
drift time and diffusion are reduced, there are more events with only one hit strip and the
resolution is again slightly worse.
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Figure 2.5: Dependence of the spatial resolution on the bias voltage, from reference [14].

So far it was always assumed that every individual strip is connected. An alternative way
of readout is based on charge division by capacitive coupling [15, 16]. This is done by
connecting to the electronics only every Nth strip, where N can be 2, 3, or even more.
The other “floating” strips are nevertheless brought to the same potential of the ones read
out (either by the effect of surface leakage currents or by individual biasing resistors) in
order to preserve the field uniformity in the counter. When a particle traverses one of the
unconnected strips, the charge liberated is collected on that strip in 10-20 nsec and decays
away slowly. Thus image charges are induced on the closest readout strips by capacitive
coupling. Their amplitude is inversely proportional to the distance between the hit strip
and the readout strip. The charge division is determined purely by the geometry, provided
that the detector is correctly depleted.

This method reduces the number of readout channels but nevertheless allows good spatial
resolution. In fact this turns out to be better compared to the case of a detector with the
same readout pitch but without the intermediate strips (interesting examples can be found
in references [11] and [14]).

For capacitive charge division to work as desired, several conditions have to be met:

« for uniform charge collection, it is important that the intermediate strips reach the
same potential of the ones read out, as already mentioned;

e to avoid crosstalk, the impedance between readout strips has to be significantly
larger than the input impedance of the electronics (this is generally not difficult to
achieve since the interstrip capacitance is only a few picofarads);

e inorder to obtain optimum spatial resolution and uniformity of pulse height response,
it is desirable to avoid signal losses to the backplane of the detector. To fulfill this
condition, the interstrip capacitance must be larger than the capacitance of the strips
to the backplane. Figure 2.6 shows the main elements of the capacitive network in a
strip detector and some optimal values for the capacitance involved. In this example
only every second strip is read out.
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Figure 2.6: Capacitive network in a microstrip detector.

The advantage of the capacitive charge division method is the significant reduction in
number of electronics channels. Problems arise when more tracks traverse the detector
close to each other and their clusters overlap. In that case this method yields worse
two-track separation with respect to reading out every channel.

2.14 Noise

In the case of silicon detectors, the noise problem is important. In a p-n junction there is
no multiplication of charge and the =25000 charges created by a traversing MIP can be
even spread over more strips. In order to preserve the accuracy in position measurements,
it is essential to limit the noise per strip and have a relatively high signal-to-noise ratio in
the readout channels.

The signal-to-noise ratio is determined both by the electronics and by the detector itself.
The electronics noise has a constant part (depending on the specific design of the readout
chip) and a part which is a function of detector parameters. In this second part there are
three main contributions: one coming from the load capacitance to the preamplifier, one
from the detector leakage current, and a third from the bias resistors [5].

The most relevant term is the one depending on the load capacitance. This is mostly given
by the capacitance of one strip to its neighbours (called interstrip capacitance). This value
strongly depends on the geometry of the detector (the smaller the pitch and the longer
the strip, the higher the capacitance). It is important to keep it as low as possible. For
conventional charge sensitive amplifiers the electronics noise is calculated as an equivalent
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noise charge (ENC) from the formula:
ENCc,,, =A+B-C (2.4)

where A and B are constants and C is the detector capacitance. The constants A and
B vary depending on the preamplifier and the electronics design. An example of this
dependence is given in figure 2.16 for the specific case of the SV X readout chip.

Particular efforts have been made to improve these parameters of the electronics. A novel
readout chip developed at CERN (called VA2 [17]) has the constants A and B equal to
60 (80) electrons and 11 (15) electrons/pF respectively for 1 usec (2 usec) shaping time.
Usually this contribution to the noise can vary between 300 and even more than 1000
electrons.

Another term takes into account the contribution of the detector leakage current. The
equivalent noise for a simple CR-RC filter is given by:

IT,

i (2.5)

ENCIIeakage =€

where eis the natural logarithm base, q s the electron charge, | is the diode leakage current
and T, is the peaking time, equal to the integration time of the shaper. For a peaking time
of 1 usec and a typical leakage current of 1 nA per strip, this term contributes about 130
electrons.

The contribution of the bias resistors can be expressed in the following way:

T, kT
2R

ENCg,,. = — - (2.6)

Q| o

where k is the Boltzmann constant, T the temperature and R the value of the bias resistors.
For a case similar to the previous example and a bias resistor of 5 MQ, this contribution
is about 420 electrons.

The various contributions must be summed in squares to give the total ENC and with it the
signal-to-noise ratio is calculated. This value determines directly the spatial resolution.
Figure 2.7 from reference [18] shows the obtained resolution as a function of the signal-
to-noise ratio for a detector with 25 um pitch and the readout pitch of 25 and 50 um.

As we can see, the reduction of the noise is very important. This can be achieved with
the optimal choice of the readout electronics (taking into account the requirements of the
experiment) and with the proper detector design aiming for low interstrip capacitance,
high coupling capacitance, low leakage currents and high bias resistance.
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Figure 2.7: Spatial resolution as a function of the signal-to-noise ratio, from reference [18].

2.2 Thesingle sided detectorsin WAS89

The microstrip counters used by our group for the WAS89 vertex region are single sided,
AC-coupled detectors produced by Hamamatsu Photonics, Japan. They are fabricated on
300 um thick, 4” diameter, very high resistivity wafers.

The detectors have a very large active area of 63.5x63.5 mm?. Including all parts around
the active region (the bias resistors, the bonding pads, the bias line and the guard ring
which surrounds all the previous elements) the total detector size is 70.0x66.0 mm?. On
4” wafers this is the maximum size possible to realize. It was chosen in order to achieve
good transversal acceptance and improve the reconstruction efficiency in the vertex region
of the experiment.

The active area includes 2540 p* strips with 25 um pitch. Each strip is connected to
a common bias line by an individual polysilicon resistor which provides the depletion
voltage. Odd and even strips have resistors respectively on opposite ends of the strip itself
and the bias line is surrounding the whole active area.

The implant strips are aluminized, in order to reduce the series resistance and to make the
connection to the readout electronics possible. All metal lines have four bonding pads.
Usually only the first one is used for connection to the electronics. The spare ones are
available in case of unsuccessful first pad bonding.

In case of 25 um readout pitch, odd and even strips are read out on opposite edges of the
detector in order to match the standard 50 um pitch of readout electronics channels. For
50 um readout pitch only every second strip is connected to the readout electronics (which
is then placed only on one edge of the detector) and intermediate strips are left floating.
Some parameters of the Hamamatsu detectors are summarized in the top part of table 2.2.

When ordering detectors from a company as in the case of Hamamatsu, some limits and
reference quantities (called specifications) are fixed in order to define when the quality
of a detector meets the customers’ requirements. Only pieces satisfying the specifications
are delivered.
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The specifications agreed upon with Hamamatsu Photonics are listed in the bottom part
of table 2.2. A strip is defined "not good” when it has a shorted capacitor (or pinhole) for
a voltage lower than 30 V applied across the coupling capacitance oxide.

n-type silicon resistivity > 5 kQ-cm

detector thickness 300 um

active area 63.5x63.5 mm?

total detector size 70.0x66.0 mm?

number of strips 2540

strip pitch 25 um

p* doping concentration 5x10%%/cm?3

strip bonding pad size 150%50 pum?

bias and guard ring bonding pad size | 150x150 pm?

quality of strips 50% of detectors with at least 99% good strips
50% of detectors with at least 98% good strips

leakage current <1uAat100V

depletion voltage <80V

coupling capacitance >5 pF/cm

bias resistors (first batch) 1-3MQ

bias resistors (second and third batch) | 3-8 MQ

Table 2.2: Parameters and specifications of the Hamamatsu detectors.

We received detectors with this design from three different productions: 12 pieces were de-
livered at the end of 1992, other 23 in spring 1994 (from batch SSX311579 and SSX40702)
and other 10 in autumn 1994 (from batch SSX40702 and SSX40797). They were 45 coun-
ters in total, later used for various applications.

Before the delivery, some tests were performed by the company itself. They measured
the total leakage current, the number of defective lines (by probing all strips individually)
and the value of the polysilicon resistors and of the coupling capacitors on side test
structures, by random sampling tests. Only detectors within specifications were delivered,
consequently we do not know the overall yield of the Hamamatsu production.

When the detectors arrived, we performed full and detailed electric measurements on
all counters. Even after the preliminary tests performed by the producer, it is essential
to check the status of the detectors after transport and delivery and to repeat in a more
systematic way the evaluation of detector components (resistors, capacitors), determine
the operating conditions of the counters and study their stability in time.

The measurements and the results are presented in the next section. After the tests, the
counters were mounted on ceramic boards and connected to the electronics. The readout
chip is described in paragraph 2.4.

The photograph on the next page shows the enlarged view of one corner of one single
sided detector.
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Figure 2.8: Photograph of one corner of a single sided detector. The thin outer metal line indicates the
guard ring, with a large square pad for bonding. The inner square pad belongs to the bias line: This
runs horizontally below the strip bonding pads, and is connected to the polysilicon bias resistors,
which appear as slightly green vertical lines. The ending part of the microstrips is visible on the
bottom: Each metal strip has four bonding pads.

2.3 Measurement of thedetector quality

Tracking devices made with microstrip detectors are required to have a uniform and stable
behaviour, good detection efficiency, and high spatial resolution. In order to satisfy these
requirements it is mandatory to use high quality silicon counters and to operate them in
optimal conditions. In particular the various regions of a detector must have very uniform
parameters, the percentage of defective elements has to be minimal and the behaviour
must be stable in time.

In order to select the counters with highest quality and to know the optimal conditions for
their operation, systematic and detailed tests are performed in the laboratory before the
mounting procedure and the connection to the readout electronics. The tests consisted of
static electric measurements dedicated to study the parameters of each detector and all its
elements.

The evaluation of the depletion voltage allows the determination of the bias needed during
operation and a check of the resistivity of the silicon wafer.

The leakage current flowing in the junction, the bias resistors, and the load capacitance
value were measured. These are the more important parameters determining the electronics
noise, as seen in paragraph 2.1.4. We also checked the stability of the leakage current in
time and the uniformity of resistor and capacitor values over the whole area of the counter.

The interstrip resistance and the capacitive network were measured in order to insure
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the correct sharing of charge among neighbouring strips and guarantee high resolution in
position determination.

All measurements were performed in a probe station inside a light tight box. The detector
was placed on a special chuck covered with teflon or conductive rubber (to avoid me-
chanical damages) and held by a vacuum system. Contacts were made with probes having
micrometric tips in order to be able to reach the small elements of the detectors. The
probes were equipped with special mechanisms to move the tips with high precision. The
connections were made with the use of a microscope mounted on the probe station. The
single probes were then connected to the measuring instruments placed outside the box
via BNC cables.

Silicon detectors should be handled in a clean room, with great care taken not to damage
them mechanically or contaminate their surfaces with grease or dust.

Because of the typical range of currents, resistances and capacitances to be measured,
very sophisticated high precision instruments must be used.

Currents, resistances, and voltage levels were measured with a Hewlett Packard 4155A
Semiconductor Parameter Analyzer [19]. It has four built-in source/monitor units, two
voltage source units and two voltage monitor units. These have 10 fA/2 uV resolution,
3pA/700 uV accuracy, 10 fA-1Aand 2 uV-200 V measurement ranges. The instrument of-
fers very high flexibility in performing and programming measurements and the possibility
to store setups and collected data on diskettes.

A Keithley 590 CV Analyzer [20] was used to measure capacitance values. It uses a
15 mV signal both at 100 kHz and 1 MHz frequency. It has a resolution of 1 fF (100 fF)
in the 2 pF (2 nF) measuring range, and an accuracy of about 1%. Apart from a built-in
bias source (able to provide from -20 V to 20 V), the instrument can also handle an
external voltage source and can provide an analog output which allows the CV meter to
be connected to the Semiconductor Analyzer and perform measurements with the two
instruments together. The CV meter is able to distinguish the capacitive and the resistive
components of a net, in series or in parallel, by selecting the proper measuring modality.

Very well stabilized power supplies must be used.

During the tests described in this paragraph the single sided detectors were usually biased
by applying a positive voltage to the backplane (n-side) while the bias line and the guard
ring on the p-side were kept at ground potential.

The single measurements and the obtained results will be shown in the next sections.

2.3.1 Theleakagecurrent

The measurement of the current flowing across a reverse biased junction is one of the
fundamental elements to estimate the quality of a detector. In fact, it strongly influences
the noise level per readout channel, as shown in section 2.1.4.

The main contribution to the leakage current comes from minority charge carriers thermally
generated in the silicon bulk. The depleted region is free of majority carriers (electrons
in the n-type material and holes in the p-type material) but under equilibrium conditions
electron-hole pairs are generated continually in the crystal volume. In absence of an
electric field the created pairs recombine. If, however, an electric field is present, the pairs
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are separated and have little chance to recombine. Electrons and holes drift under the
influence of the electric field giving rise to a current. This is called generation current and
can be expressed as [7]
n;

lyen=-—eSd 2.7

o = 5o @7
where n; is the intrinsic charge carrier density (of the order of 1.5-10'° cm~2); Sis the active
surface and d the thickness of the depleted area; e is the electric charge (1.6-10~%° C) and
1o IS the effective lifetime of the minority carriers. Its value can vary from about 100 nsec
to more than 1 msec, depending on the care taken in the silicon processing. It is given by:

1
To —
Op VNt

(2.8)

where v is the thermal velocity of the charge carriers; N; is the density of generation-
recombination centers and oy is their capture cross section. In fact, most generation of
electron-hole pairs does not occur directly but by means of intermediate generation-
recombination centers (due to impurities and lattice defects) creating new energy levels
near the band-gap center. Thus an electron-hole pair may be thermally created in a process
where the hole is free in the valence band and the electron is captured by the trapping
center, to be subsequently emitted into the conduction band. These bulk trapping states
strongly decrease the minority carrier lifetime and increase the generation of currentacross
the junction. Their density depends on the purity of the crystal and, as already mentioned,
on the fabrication process. Consequently high quality silicon must be used and particular
care taken in the wafer treatment [4].

According to equation 2.7 the generation current is increasing linearly with the surface of
the junction and with the thickness of the depleted region. In particular the thickness d
can be expressed as [7]

d=/2eupV (2.9)

where ¢ is the silicon dielectric constant; u is the majority carrier mobility; p is the silicon
resistivity and V the applied voltage. Once all other parameters are fixed for a given
detector, the generation leakage current component is expected to increase linearly with
v/V until the junction is fully depleted.

The temperature dependence of the generation current does not appear explicitly in the

above equations but is contained in the n; term (n; = CT%%e~ 7 where C is a constant,
T is the absolute temperature, E; is the band gap and k the Boltzmann constant). As n;
doubles with an increase of only 8°C around room temperature, it is extremely important
to keep the temperature constant to guarantee a stable behaviour of the detector.

A second component is represented by surface and edge currents also due to generation-
recombination centers, caused by imperfections at the edges and on the surface of the
crystal. The amount of this contribution largely depends on the fabrication process and on
possible humidity or other contaminants present on the detector surface. Normally edge
currents are efficiently collected by the guard ring.
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Figure 2.9: IV curve: dependence of the current collected by the bias line and by the guard ring on the
applied bias voltage.

The first measurement performed concerns the dependence of the total leakage current on
the reverse voltage, which determines the IV curve. Because all strips are connected to the
bias line through the polysilicon resistors, it is possible to collect the current generated
in the whole active area by simply connecting to the bias line. A variable bias voltage is
applied to the n-side of the detector and the current is measured separately from the guard
ring and from the bias line.

A typical 1V curve is shown in figure 2.9. The bulk generation current collected by the
bias line shows approximately the expected v/V dependence together with some surface
contributions. Note that the total level of current is also very low.

This measurement was performed for each detector. It always showed the expected be-
haviour proving that the counters were working correctly and were not damaged during
transport.

In order to collect and compare all results, the value of the bias line and the guard ring
leakage current at 100 V reverse voltage was recorded. The distribution of the value of
the active area current for the 45 detectors tested is shown in figure 2.10.

The average leakage current per detector was 156 nA, corresponding to 3.9 nA/cn? (a
useful expression to make comparisons with detectors of different geometry) or 62 pA/strip
(the value to be considered while calculating the noise per channel), a very good value for
large area AC-coupled detectors.

For several detectors the leakage current behaviour at a given bias voltage as a function of
time was also studied. The measurements were taken over 1 to 3 days, with the temperature
continuously monitored. No detector showed significant instabilities: the current level
stayed constant within a few percent, an important condition for stable operation in the
experiment.
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Figure 2.10: Distribution of the leakage current from the active area measured at 100 V for the 45 detectors
tested.

2.3.2 Depletion voltage

In a simplified model, a p-n junction can be considered as a capacitor where an insulator
layer (the depleted region) is placed between two conducting plates (one represented by
the n* layer and the other given by the sum of all the p* strips).

The capacitance across the junction is given by:

S € _ [eeNy
C = g 1/2,upVS = v S (2.10)

where Ny is the donor density and V the applied voltage.

As we can see from the formula, the value of the capacitance C decreases for increasing
bias voltage as 1/v/V (all other terms in the formula are constant in a detector). It reaches
a minimum constant level when the detector is fully depleted. In fact, if we consider
the linear dependence of 1/ C? on V, the proportionality factor is 2 / (¢eS?Ny). At fixed
detector geometry, the factor depends only on Ny, the donor density in the n-type silicon.
The factor becomes practically zero when the depleted region reaches the n* layer, where
Ny is very high, and 1/ C? becomes constant.

By measuring the dependence of the junction capacitance on the reverse bias (the CV
curve), we can determine the depletion voltage corresponding to the point where the
capacitance reaches the constant value.

This measurement is done by connecting the bias line and the guard ring together and
evaluating the total capacitance between them and the n-side of the detector. One example
of a CV curve is shown in figure 2.11: on the left the dependence of C is shown, on the
right the one of 1/ C?. In this case, the depletion voltage is approximately 40 V. The total
capacitance is about 1.45 nF, corresponding to approximately 0.57 pF/strip and 0.09 pF/cm
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referred to the strip length. The measurement is performed with the Keithley CV Analyzer
with a frequency of 100 kHz.
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Figure 2.11: CV curve: dependence of the junction capacitance C (on the left) and of 1/C? (on the right) on
the applied bias voltage (the value of 1/C? has been multiplied by 1000 for convenience).

The CV curve has been recorded for every detector in order to check the proper operation
of the junction and determine the operational voltage of each counter. The measured
depletion voltage value was always between 20 and 40 Volts. The operational voltage is
usually chosen to be slightly higher than the depletion value to ensure full depletion of the
counter.

2.3.3 Silicon resistivity

Using the information given from the previous measurement we can also determine the
resistivity of the silicon substrate. From equation 2.9 we can obtain the following relation:
di
2epp

Knowing the total thickness of the detector (d;;=300 um in our case), the dielectric
constant (¢=11.7 -¢p = 1 pF/cm) and the majority charge carrier mobility (u=1350 om?

Vsec/!
we can write the dependence of the depletion voltage on the silicon resistivity p as follows:
N 300Wolt 2.12)

plkQ - cm]

Having determined the depletion voltage, we can deduce the resistivity. For all the mea-
sured detectors its value was very high, between 6 and 15 kQ-cm, another indication of
the excellent quality of the crystals used.

The high resistivity of silicon allows operation of the detectors at relatively low bias
voltage, and thus smaller drift velocity. Consequently, the charge has a longer time to
diffuse and spreads over a larger area giving improved spatial resolution, using proper
algorithms, as indicated above.
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2.3.4 Polysilicon biasresistors

As explained in the introductory part, individual polysilicon resistors connect the p* strips
to a common bias line. It is extremely important that the values of the resistors are uniform
throughout the whole detector: this guarantees that all strips are held at the same potential
level and that the field lines in the bulk are uniform.

Furthermore the resistance has to be high enough (> 1 MQ) to allow most of the charge
accumulated on single strips to be collected by the amplifiers before being discharged
through the resistors. Besides, as shown by equation 2.6, a higher value of the bias
resistance reduces the electronics noise.

As indicated in figure 2.3, a contact can be made at the point where the polysilicon is
connected to the p* implant which allows the measurement of the value of the individual
resistors. We applied a small voltage difference (variable between + 250 mV) between
the contact point and the bias line (where the other end of the resistor is connected). The
resistance value can be estimated by measuring the induced current. This test should be
done while the detector is fully depleted.

The result of one measurement of this kind, performed with the Semiconductor Parameter
Analyzer, is shown in figure 2.12. Fitting the current dependence on the applied voltage
difference we can calculate the resistance (in this case equal to 4.6 MQ).

In case of a significant leakage current, its contribution per strip can give an offset at zero
voltage difference.
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Figure 2.12: Measurement of the value of a polysilicon bias resistor: the dependence of the induced current
on the applied voltage gives a resistance of 4.6 MQ in the case shown.

Itis important not to apply voltage differences higher than 250-500 mV. Too high potential
differences between the measured strip and its neighbours cause the induced current to be
non-linear and hence the resistance measurement can be distorted.

For each detector several resistors located in different areas of the counter were measured
in order to check their uniformity. The result was always very good indicating an almost
constant value of the resistance inside one detector.
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The average value changed from the first batch of detectors (in which it was approximately
1.3 MQ) to the later ones due to our explicit requirement that the value be 4-8 MQ.

2.3.5 Interstrip resistance

Another important parameter of the detectors is the resistance between neighbouring
strips, the interstrip resistance. It influences the charge sharing among adjacent strips. Its
value must be high enough to prevent a too large distribution of the charge cloud over
many strips, which would limit the position resolution. A safe lower limit is given by the
feqUifement Rinterstrip >10- Rpolysilicon-

The measurement is performed by applying a voltage difference (varying from -250 mV to
+250 mV) between the contact points of two adjacent strips, while the detector is depleted.
From the induced current the resistor value can be estimated.

This measurement is particularly delicate for two main reasons. Due to the very high
resistance (of the order of 0.1-10 GQ) the induced current is extremely small. Consequently
a very high sensitivity instrument is needed and the measurement has to be performed in
a very accurate way. In particular, one has to remove possible distortions created by the
constant leakage current flowing in the single strips.

The interstrip resistance is part of a complex resistive network formed by all polysilicon
resistors and by the resistance between all the other strips of the detector. Disentangling
the exact value of the interstrip resistance is very complex and is beyond the aim of our
measurement. In this test it is important to obtain an approximate value and verify that it
is higher than the lower limit imposed.

The interstrip resistance has been measured between several pairs of adjacent strips located
in different regions of a detector. Also in this case it is extremely important to verify its
uniformity through the whole counter. The average value measured for several detectors
was between 2 and 10 GQ. The measurement was usually not too difficult to perform thanks
to the low leakage current of the detectors and to the high sensitivity of the Semiconductor
Analyzer.

2.3.6 Coupling capacitance

In our detectors, capacitive coupling to the readout electronics is made by a thin layer
of SiO, placed between the p* implantation and the metal readout line. As explained in
section 2.1.1, the capacitance value must be high enough to avoid signal losses to the
backplane and to the neighbouring strips.

The measurement of this value is relatively simple. It is possible to make a connection to
individual p* strips (one “plate” of the capacitor) through the contact holes and to the metal
lines (the other “plate” of the capacitor) at the bonding pads. The test can be performed
without depleting the detector and in the presence of light. The Keithley CV Analyzer was
used and operated at 100 kHz. It is important to calibrate the instrument correctly in order
to subtract the stray capacitance due to cables and probes (of the order of a few pF).

The coupling capacitance was measured for several strips on a few detectors and found
to be nearly identical for each counter. Its average total value was approximately 55 pF,
corresponding to about 8.7 pF/cm.
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Itis also possible to make the measurement faster by connecting to the bias line instead of
the single contact holes. The measuring instrument offers the possibility to automatically
disentangle the bias resistance in series with the capacitor measured. This solution is very
convenient for testing large numbers of strips.

Using a simplified expression for the coupling capacitance of

e-S e l-w

Ceoupling = (2.13)

dsio, dsio,

we can roughly estimate the oxide thickness. In the formula e is the oxide dielectric
constant (=3.9-¢p=0.34 pF/cm); S is the capacitor plate area. This can be approximated by
the product of I and w, the average length and width of the implanted strip and the metal
line, respectively. The oxide thickness is indicated as dsjo, .

In our case [=6.35 cm, w=8 um and Ccoypiing=55 pF. The corresponding oxide thickness
can be estimated to be approximately 315 nm.

As already mentioned, the defects of the coupling oxide can produce pinholes, i.e., short
circuits of the capacitors. Usually the corresponding readout channels show a very high
noise as the leakage current is directly fed into the preamplifier. Sometimes it is even
necessary to remove the connection to the defective channels. It is therefore essential to
limit the number of pinholes per detector.

This condition was included in the specifications of our detectors. Hamamatsu performed
the test of all individual strips, checking if the coupling oxide would withstand a 30 V
voltage difference. In order to satisfy the specifications half of the detectors had to have at
most 1% defective lines and the other half at most 2% defective lines. Figure 2.13 shows
the distribution of pinholes in the delivered detectors, according to the results provided by
the producer.
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Figure 2.13: Distribution of pinholes for the 45 delivered detectors, according to the tests performed by
Hamamatsu Photonics (one detector with 22 defective lines is not shown).
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2.3.7 Interstrip capacitance

One of the main contributions to the electronics noise is the load capacitance. In a mi-
crostrip detector this is given by the capacitance between one strip and all its neighbours
(called interstrip capacitance) and the capacitance between the strip and the backplane of
the detector.

The first contribution is the more relevant one and it is an important parameter to measure
for a certain detector design. Its value is mostly determined by the geometry of the counter
(the strip width and pitch, the coupling oxide thickness) and by the materials used in the
fabrication. It generally does not vary from counter to counter.

This test is extremely delicate. A detailed discussion of similar measurements can be
found in reference [21]. The capacitance value is small (between 1 and 20 pF per strip).
In order to achieve sufficient precision a very careful calibration of the system must be
done before the measurement and has to be repeated after any change of the connections.
Cables and probes contribute significantly (a few pF) to the total capacitance measured.
Their contribution must be therefore carefully evaluated and corrected for.

The other challenging point is to reproduce the real working conditions of the detectors
where all readout lines are kept at a common potential level by means of the connection to
the electronics. In our measurement it is essential to have a similar situation. Evaluating the
capacitance between two adjacent strips would not give a sensible information. Therefore
for one counter 300(150) strips had been connected to each other by means of ultrasonic
bonding, 150(75) on each side of the strip to be measured at 25(50) um pitch. In this way
the capacitance between the single strip and the group of all others could be measured
with a relatively simple connection.

As shown in reference [5], the main contribution to the interstrip capacitance comes
from the closest neighbours (up to approximately 10-15 adjacent lines), while strips
further apart contribute less and less. Consequently, one can assume that in the condition
described above the measured capacitance approximates well the load capacitance seen
by the preamplifier.

The measurement was performed with the CV Analyzer, with the detector fully depleted.
Equal results were obtained for 100 kHz and 1 MHz frequencies. All measurements were
made over a long time interval to be sure that stable conditions were reached.

The obtained capacitance values are 7.1 pF/strip for 50 um readout pitch (with intermediate
floating strips) and 9.3 pF/strip for 25 um readout pitch. They correspond to a capacitance
per unitary length of 1.13 pF/cm and 1.48 pF/cm respectively.

Figure 2.14 shows the dependence of the interstrip capacitance on the applied bias voltage.
Its value reaches a plateau above about 15 V, since full sideways depletion is already
reached at low bias voltage.
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Figure 2.14: Dependence of the interstrip capacitance on the applied bias voltage.

Summary

All detectors received were accurately tested and showed an excellent and very uniform
behaviour. All parameters measured confirmed the expected quality level and satisfy the
stringent requirements for an efficient and precise tracking device. The test also proved
the high quality and purity of the used silicon crystals and the very good control of the
fabrication process by the producer.



2.4 The SVX readout chip 37

2.4 TheSVX readout chip

The readout of our microstrip detectors is performed by the SVX (Silicon VerteX) chip,
a fully customized VLSI? circuit, fabricated using a 3 um CMOS? technology. The chip
contains 128 parallel channels; their bonding pads are staggered in two rows, at 50 um
pitch. Each channel includes a charge integrator, an amplifier, a comparator, an analog
multiplexer, nearest neighbour logic and priority search logic. The information supplied
consists of both the digital address of the strip and the corresponding analog signal.

This chip has been chosen because of the possibility to perform zero suppression (or
sparsification) on the chip itself. This means that it is possible to identify the channels which
effectively collected a signal and read out those only, neglecting the empty channels. This
is done by storing the analog information on a capacitor, comparing it to a programmable
threshold and setting a latch in presence of a signal. In the proper operation mode,
only latched channels are read out. Sparsification allows efficient management of low
occupancy events.

In a system like ours the number of channels is high, about 47000, but the fraction of hit
channels in any given event is usually small (less than a few hundred). Other standard
chips read out all channels and the strips containing hit information are later selected by
software. This procedure seriously limits the readout speed and requires a system able to
handle an enormous amount of data.

The long readout time required is a serious problem for fixed target experiments. Random
triggers and high incoming particle fluxes (1-10 MHz) demand that hit information can be
collected quickly and that fast resets clear the electronics in case of rejected triggers. The
readout time and the time spent to clear the system must be minimized in order to limit the
deadtime (the time during which the experiment is not in the condition to accept triggers,
losing sensitivity also to useful events). Performing the zero suppression on the readout
chip allows a considerable saving of time and reduction of the amount of information to
be transferred.

The SVX chip was developed at the Lawrence Berkeley Laboratory starting in 1987
[22, 23, 24, 25]. It was designed for use at the Collider Detector Facility (CDF) at
Fermilab [26, 27, 28], so it is particularly tuned for the well-known time structure of data
acquisition in colliding beam experiments. As the beams are bunched, interactions can
occur only in short intervals, separated by a much longer time. In this situation one has
a well defined time at which the system must be ready to accept a possible event, and
a relatively long time to cancel switching noise, leakage current effects and to clear the
system.

This is not the case in fixed target experiments, where the time interval between successive
events is random. Nevertheless, the possibility of performing very fast resets in the SVX
chip makes its operation also possible there.

Different versions of the SVX chip were developed, with the goal of optimizing the
noise performance and radiation hardness. In WA89 we have used the D version and the

2\fery Large Scale Integrated
3Complementary Metal Oxide Semiconductor
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radiation hardened H version (produced by Hewlett Packard and the United Technologies
Microelectronics Center respectively).

In the following sections | will discuss some parts and functions of the SV X chip which
are interesting for our application. A more detailed and technical description can also be
found in the references mentioned before.

24.1 Theanalog part

The analog part of each channel includes a low noise, low power charge integrator, an
amplifier, a sample and hold circuit, a multi-stage comparator and a signal multiplexing
circuit. Each stage is capacitively coupled (to preserve voltage differences between am-
plifiers) and includes a simple two transistor amplifier with a reset switch. Figure 2.15
shows the layout of a single channel.
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Figure 2.15: Scheme of one channel of the SVX chip.

During initialization of the analog section all stages are reset (by closing their switches)
to their quiescent states, where their input and output voltage levels are equal. During
reset the system cannot accept triggers. Immediately after the chip is prepared for readout.
When a trigger occurs, the signal from the strip enters through the bonding pad. The first
two stages of the electronics, controlled by the switches R, and Ry, integrate and amplify
the signal (15 mV/fC). The output is then stored on the capacitor Csig. Zero suppression
is performed comparing this signal to an adjustable threshold. A calibration pulse is
fed into the common calibration line and stored on the capacitor Ceomp. Transferring the
particle signal to the output effectively subtracts the calibration signal from the data.
The comparator then detects if the remaining pulse is a hit and indicates its decision to
the readout logic by setting a latch. The readout logic then toggles through all channels,
searching for the latched ones, which will be read out. The analog signal is placed on an
analog bus while the corresponding digital address appears on a 7 bit digital bus.

As the speed of the integrator and amplifier is of the order of 100 nsec, no event-specific
triggering can be achieved. Instead we operate the chip in a mode of continuous sensitivity
with interleaved resets, optimized to minimize deadtime.
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The SV X chip can be operated both in the quad sampling mode and in the double sampling
mode (also called the two or one integration window mode). The first case is designed to
remove detector leakage current effects. Usually one integration window is used first for
the particle signal and then for the calibration signal. In quad mode, after every signal (or
before in case of collider experiments), the integration window is repeated with reversed
polarity in absence of the signal itself. The second part thus contains the integration of the
detector leakage current and is subtracted from the first one.

When leakage currents are not relevant, the chips can also be operated in a more standard
double correlated sampling mode with a resulting lower noise (see figure 2.16).

During WA89 data taking two integration windows were always used. Measurements with
one window readout have been performed in a later test beam (see chapter 3).

24.2 Thedigital part

The SVX is operated by 11 Input/Output lines. When configured as input, they are used
to control the analog section of the chip, to program chip identification numbers and to set
special functions. When configured as output, they transmit the chip and channel address
of the recorded hits.

The SV X includes chip and channel priority search logic. Each channel assumes a certain
readout priority determined by its physical position. The logic can quickly locate the
first hit channel (having the highest priority) and read it out (encoding the number of the
channel, while the relative analog signal is gated into an internal bus). Once the readout of
that channel begins, it releases priority, allowing the next hit channel to be found. Many
chips can be daisy-chained and participate together in the priority search. Combining 7 bit
chip and 7 bit channel numbers permit unique identification of over 16000 channels per
bus system during sparse readout. The readout of the pure digital information can operate
up to 2-10 MHz rates, while the time necessary to read out both the digital and the analog
information is about 1.5 psec per channel (0.67 MHz).

In our case, for an average multiplicity of 40 hits per plane per event, we achieve a total
readout time of 150 psec (including also the data transfer to an event builder). It is also
possible to enable the readout of all channels, regardless of the comparator outputs. We
call this mode latch-all and use it to determine the pedestal and noise level of each channel.
The pedestal level can be later subtracted to obtain the pure signal amplitudes. The noise
level can be used to monitor the operation of the system.

The SVX chip also includes the nearest neighbour logic that, in addition to reading out hit
channels, will also read out adjacent channels whose signals were too low to trigger their
comparators. This feature can be very helpful to improve the accuracy of track position
determination as explained in a previous paragraph.

Some technical data regarding the SVX chip are summarized in table 2.3.
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Number of channels/chip 128
Channel pitch 50 um
Power consumption 150 mW/D-chip, 250 mW/H-chip

Nominal gain of analog channel | 15 mV/fC
Integrator feedback capacitance | 0.3 pF
Calibration line input capacitance | 0.06 pF

Linear bipolar range 40 fC (= 20 MIPs)
Supply voltages analog 6 V, digital 5 V
Maximum readout speed analog: 1 MHz

digital only: 10 MHz

Table 2.3: Parameters of the SVX chips.

The noise of the SVX chip (D version) has been measured as a function of the input
load capacitance in both double and quad sampling modes [25]. The results are shown in
figure 2.16. For higher values of capacitance, the ratio of quad sampling noise to double
sampling noise is very close to v/2.
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Figure 2.16: SVX-D noise as a function of the input load capacitance.

2.4.3 TheSVX chip control and data transfer

The chip control is performed by a CAMAC module called SRS (SVX Readout Se-
quencer), originally developed at LBL [29, 30] and redesigned for our application. The
sequencer contains a 10 MHz CPU and a 6 kByte RAM. From the local computer system,
a binary pattern can be stored in the RAM and the CPU sends it sequentially to the SV Xs
via a control bus. The pattern consists of a sequence of instructions which are used to
open and close the switches in the chip, enable special conditions and synchronize data
acquisition. For the input of external communication signals (trigger, ready’s, etc.) the
SRS has an externally accessible condition register, which can be checked and requested
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within the pattern sequence. A TTL output register is used for the threshold control of the
chips.

The SRS controls the communication with all systems involved: trigger logic, data ac-
quisition and the detectors themselves. In particular the SRS can accept trigger and clear
decisions, inhibit the trigger logic during reset, strobe the FADC and the FIFO memory to
store all digital data from one event, send a ’ready for readout’ signal to the data acquisition
system to indicate a filled event buffer. A more detailed description of all functions can
be found in references [30, 31, 32].

In our case, the more important requirements come from running the SVXs in a fixed
target experiment, where a randomly timed input must be accepted:

e periodic resets must be done to remove unwanted interactions and charge from
leakage currents; these resets should be as short as possible in order to minimize
deadtime. This point becomes even more important if we take into account that the
probability for our incoming beam to interact in the target is about 5% and only 6%
of the interactions are then accepted as interesting. It is essential to have good data
rejection capability, so fast clear features;

o the operation of the system must be stable for random intervals between inputs;

o the readout time itself must be as short as possible, also to reduce deadtime.

The pattern used during the WA89 data taking period takes into account these considera-
tions. Its structure will be illustrated in the next section.

2.5 Thedetectorsin WAS89

251 Thesetup

The silicon detectors equipped with SV X readout were introduced in WA89 in two steps.
In 1993 the first 12 planes, with 25 um readout pitch, were installed in the vertex region,
close to the target. They were grouped in 3 structures called stars, each with four detectors,
measuring four projections (vertical, horizontal and at +45°). The vertex detector setup is
shown in figure 2.17. A detailed description of the mechanical and electronical layout of
the system can be found in references [31, 32].

In 1994 other 13 planes were added, all with 50 um readout pitch. Six of them were placed
in front of the target as beam detectors, the other 7 downstream of the vertex area. The
new setup can be seen in figure 4.5. For the 1994 run we also installed an under-pressure
water cooling and a slow control system.

All silicon detectors are mounted on 11.5x11.5 cm?, 600 um thick Al,O5; boards. They
have a central opening for the detector and a printed circuit with five conductive layers
which provides all communication signals to the SV X chips. These are mounted on the
board with conductive epoxy glue. All connections between the board and the pads of
the readout chips, and between the SV X channels and the single strips are realized by
ultrasonic bonding, with 17.5 um diameter Al wires (with 1% Si content).
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Figure 2.17: Vertex detector setup downstream of the target in 1993.

The fully equipped boards are then mounted either directly on massive brass frames (for
the 1993 and the beam stars) or on a wider and lighter honeycomb structure (for the two
1994 downstream stars). The mounting accuracy achieved with respect to the frame is
about 4 um perpendicular to the strips and 25 um in the direction of the strips. The stars
are sealed with silicone rubber and covered with 20 um thick aluminum foil.

The detector boards are connected via 30 um thick capton cables to the main electronic
boards, placed around the mounting frames. The analog and digital parts of the control
and readout system are separated to minimize crosstalk. The digital boards multiplex the
binary control pattern from the SRS into the SV X control bus and the digital data from
the SV X chips into local FIFO memories and then to FASTBUS memories. On the analog
boards 8 bit FADCs digitize the analog signals, DACs adjust the threshold levels for the
SVX chips and set an offset for the FADCs. In addition there are voltage regulators for
biasing the SVX chips (more details can be found in reference [31]).

In our setup there are a total of 370 SV X chips. Part of them were delivered already tested.
A second part, for the 1994 detectors, was not tested. We developed a procedure to check
their parameters and select the good chips.We used a special card with 33 needles in the
probe station, where we placed full wafers (each containing 312 chips). Approximately
50% of the chips were accepted.

2.5.2 Thereadout cycle

The structure of the pattern used in WA89 for the readout of the silicon detectors can be
summarized as follows:

e The chip initialization is performed, giving to each chip of a detector a unique
identification number;

¢ A loop of integrations, short and long resets follows, waiting for a trigger signal. We
use an integration window of variable length (between 1.5 usec and 4 usec) allowing
an interruption of the integration once a trigger is received. Having a complete
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reset after every not interacting beam particle would cause too high deadtime.
Consequently only a 300 nsec reset (clear of the capacitor and amplifier) is performed
every time while a 1.5 psec long reset of the integrator is performed after 50 short
reset cycles. The deadtime due to such readout cycle is about 18%. The drawback of
this longer integration time is that 1.8 additional tracks (from the beam and its halo)
and 2.4% additional interactions per detector per event are recorded together with
the valid data. Some external means must be provided to sort them out. In WA89 we
use the information provided by other silicon detectors present in the vertex region,
equipped with high speed amplifiers (COROM, see in chapter 4);

o If a clear signal comes from the trigger logic, the SVXs are reset and wait for the
next trigger. Otherwise, after an accepted trigger, the calibration signal is sent in the
common calibration line, a second integration is performed and the readout mode
(sparse or latch-all) is requested;

¢ The analog signals are converted by an FADC and stored, together with the relative
chip and channel number, in a local event buffer (from there they will be transferred
to large FIFO FASTBUS memories for event building). This continues until a
priority out signal indicates the end of data;

e The SRS sends a ready signal to the data acquisition system and the SVXs are
switched back into the trigger wait loop;

¢ During off-spill the SVXs are switched into a low power consumption state.

2.5.3 Themonitoring of the system

During the data taking periods, the stability of the system was checked in various ways.
Pedestal levels of all channels were continuously measured and stored, for subtraction
from the recorded analog signal. On the time scale of few days they were very stable.
Long term variations were taken care of by the daily pedestal measurements. At the same
time the noise level of single channels, defined as the width of the pedestal variation, was
evaluated and recorded.

The left part of figure 2.18 shows the pedestal level of 2560 channels of one of the 1993
detectors. It is possible to identify the structure of the 20 SV X-H chips present. The linear
decrease of the pedestal value with the channel address within one chip is a feature of the
SV X-H version and due to a defect of the power distribution line. Even though this is also
reflected in a linear variation of the optimized threshold level over a single chip and only
a single threshold per chip can be applied, no effect on efficiencies was observed.

The right part of figure 2.18 shows the noise profile for the same detector. With the
exception of few noisy channels (mostly due to local defects in the silicon or to bonding
failures) the noise is nearly constant through the whole counter.

Inour system 1 ADC count corresponds to about 0.5 mV. Using the relation 15 mV/fC valid
for the SV X chips, an average noise level of 3 ADC counts corresponds to approximately
0.1 fC (about 1/16 of a MIP).
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Figure 2.18: Pedestal level (on the left) and noise profile (on the right) for one of the 1993 detectors.

Calibration of the SVX chips is a very important aspect as it strongly determines the
quality of data and the performance of the system. This operation consists of selecting for
every chip the best threshold in order to perform zero suppression with high efficiency
and low noise at the same time. Optimized thresholds were set to a level allowing about
1 to 2 noise hits per event per plane. They were checked and adjusted (if needed) every
few days.

For the slow control system, PT100 temperature sensors were installed on all detectors.
A CAMAC-controlled system formed by a high precision multimeter and a switching
card measured the temperature, bias voltage, and leakage current of each detector every 2
minutes. An alarm system gave a warning in case of dangerous variations of the parameters.
An accurate description of the setup and the presentation of results can be found in
reference [33]. A precise correlation between the leakage current of the detectors and
their operational temperature was seen. Due to the cooling system, this temperature was
reduced from about 45-50° of the previous year to 24-30°. The average leakage currents
were about 1-3 pA per detector.

The leakage currents increased slightly from the beginning to the end of the run after
accounting for the temperature effects. This could be due to some moderate radiation
damage of the detectors (the deposited dose is never more than 20-30 krad per run period).

No radiation damage of the SVX chips is expected because they are not hit directly by
the beam and the deposited dose is negligible. Nevertheless some measurements have
been performed on the SV X-C version (fabricated without a radiation hardening process).
Working chips were exposed to Cobalt 60 gamma radiation. The results indicate a doubling
of the electronic noise for a dose of 20 krad for a detector capacitance of 30 pF. More
details about the measurements and the results can be found in reference [34]. The H
version, fabricated with a radiation hardening process, should show better resistance to
radiation damage.

The inner volume of the stars was always flushed with nitrogen to avoid humidity.
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2.5.4 Theperformance

The results presented here concern the detector operation during both 1993 and 1994 data
taking periods.

The efficiency of the SVX detectors was continuously monitored, using tracks recon-
structed from the full WA89 vertex detector. With these tracks the impact position on
the detector under study is predicted. The probability of finding the corresponding hit
determines the efficiency of the counter. The average value was estimated to be more than
98% for all individual detectors.

Figure 2.19a (referring to the 25 um readout pitch detectors) shows the analog signal
distribution, which correctly follows a Landau shape. In figure 2.19b we can see the
different contributions from hits with cluster size 1, 2 and 3 respectively. In general the
quality of the analog information is degraded when sparse readout mode is used because
the comparison with the calibration threshold tends to suppress the tails of the signal and
slightly distort the analog distribution. In sparse mode the signal to noise ratio, defined as
the ratio of the Landau maximum to the 1 o pedestal variation, was measured to be 12:1
and 15:1 for H and D chips respectively.

From the distribution of the difference between the predicted impact point and the found
hits we derive the spatial resolution. The measured positions can be estimated differently
depending on the cluster size. As shown in figure 2.19c, clusters with at most 2 strips
account for 97% of all hits.

In case of a single strip hit the resolution is given by the standard deviation of a rectangular
hit distribution over the strip, which is equal to pitch/v/12. This corresponds to 7.2 and
14.4 um for 25 and 50 um readout pitch respectively.

For two or more strip clusters, the spatial resolution can be improved. For two strips, in the
case of the 25 um readout pitch detectors, using only the binary digital hit information we
have a resolution better than 6.5 um. Using the analog information we can also calculate
a correction function as explained in paragraph 2.1.2. Using a linear correction function
we obtained a resolution better than 5.3 um. These results are shown in figure 2.19d.

In the case of the 50 um readout pitch detectors, the resolution we can obtain with optimized
digital information and analog information is, respectively, 12.5 um and 10.0 um.

The analog information can be used also to reject noise hits and to identify double tracks
or interactions in the detector. If a secondary interaction happens in the counter, the silicon
nucleus usually breaks apart and a large amount of energy is released locally (within
10-100 um). These events can be recognized by means of their very high analog signal.
It is important to be able to tag and reject secondary interactions as they may resemble
hadron decays.

More information about the detector performance and the obtained results can be found
in references [31] and [33].
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Chapter 3

Double sided detectors

3.1 Introduction

The properties of single sided microstrip counters as fast and high resolution tracking
devices have been further improved and extended by the development of double sided
detectors. For these detectors the strip pattern is made on both faces of the silicon plane.
The strips on the two sides can be oriented orthogonally with respect to each other, as
indicated in figure 3.1, in order to read out two orthogonal coordinates.

p-side or

junction side

N
~ /

S

Al

n-type silicon .
P n-side or

ohmic side

Figure 3.1: Schematic drawing of a double sided silicon strip detector (no isolation structures are shown on
the n-side).

Compared to the conventional single sided ones, these detectors have the obvious ad-
vantage of measuring two coordinates from one plane and therefore provide a three-
dimensional information on the trajectory of traversing particles (at least in the case of
single particle hits), without any additional scattering material. Consequently, they are
particularly advantageous for use in systems where compactness and minimization of
scattering material are important.

In addition, the simultaneous measurement in the same plane of both coordinates allows
the reduction of ambiguities in associating hits identified in the silicon planes to tracks

49
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reconstructed by other detectors. In fact, when a particle crosses the detector the amount
of charge collected by the strips of one side should be the same as collected by the strips
on the opposite side, and this amount varies from particle to particle following a Landau
distribution.

If two particles cross the same detector, the height of their pulses differs due to the Landau
fluctuations and this difference helps to correlate the signals from the two sides. This idea
is schematically shown in figure 3.2. Particles P1 and P2 cross a detector in points 1 and
2 respectively and release charges Q; and Q, which are seen on the junction side as Q}
and Q) and on the ohmic side as Q} and Q}. There are two possibilities: the particles can
either have passed points 1 and 2 or points 3 and 4. This ambiguity can be solved by a
proper matching with tracks reconstructed by further tracking devices. But double sided
detectors offer also the other possibility: associating the largest (smallest) charge on the
n-side to the largest (smallest) one on the p-side and determining the correct combination.
Consequently real space points can be measured instead of their uncorrelated projections
as obtained with single sided counters, solving ambiguities and improving the tracking
quality.

p-side

n-side

Figure 3.2: lllustration of the ambiguity arising when two particles hit the same detector.

3.2 Theproblem of separation on the ohmic side

The fabrication of a double sided detector as illustrated in figure 3.1 is not straightforward.
If an n-type silicon wafer is used as substrate, on the junction side strips are made by means
of p™ implantation. But the simple attempt to subdivide the ohmic side of the diode (namely
to realize n* strips on the n-type silicon) would be unsuccessful.

The difficulty is related to the manufacturing procedure used in the conventional planar
technique. At the interface between the silicon and the oxide layer formed during the
passivation of the crystal, before the n™ ion implantation, the oxide becomes a site of fixed
positive charges. The presence of this positive charge induces an electron accumulation
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layer in the n-type silicon substrate, short-circuiting adjacent n* strips as shown in figure
3.3. An explanation of the mechanism can be found in reference [1].

The sheet resistivity of the accumulation layer depends heavily on the fabrication process
(values ranging from 20 to 50 kQ/O have been measured). These electrons cannot be
removed by any reasonable bias voltage applied across the wafer.

fixed
S|02 pOSitiVe
Al $ Al charge

1\@++++++++++++++++§£/
+ +
n n electron
accumulation

n-type silicon Riner= few kQ layer

Figure 3.3: The problem of separation on the ohmic side.

This conduction channel decreases the resistance between two adjacent n* strips to a few
kQ. In this situation, the charge produced by traversing particles spreads over many strips
and this makes any precise position measurement practically impossible.

One possible solution makes use of field plates over the oxide to create a field which repels
electrons [2]. This is done using a MOS (Metal-Oxide-Silicon) structure.

If two phosphorus-doped areas in an n-type substrate are separated by an oxide with metal
gate, one can control the current flowing between the two contacts with the gate voltage. A
negative potential applied to the gate with respect to the substrate creates an electric field
in the oxide which leads to a decrease in the conduction electron density. At a sufficiently
high negative gate voltage a field induced depletion region is created between the strips
and strip separation is achieved.

Sio polysilicon

fieldplates

n-type silicon —— Vs

Figure 3.4: Separation on the ohmic side by means of a MOS structure.

The basic model is illustrated in figure 3.4. Separate lines (here made of polysilicon) are
processed on the thick oxide between two adjacent n* strips and act as fieldplates. They



52 3 DOUBLE SIDED DETECTORS

can be biased independently so that the induced field breaks the conducting accumulation
layer.

The same idea can be realized in an even simpler way in the case of detectors with
integrated coupling capacitors using the coupling oxide and the aluminium lines which
can be biased independently. This solution is shown in figure 3.5.

Al Al
/. /7 /N o/
Sio, +++++++
T - - -
+ +
n n

Figure 3.5: Separation on the ochmic side by means of fieldplates in case of an AC coupled detector.

By extending the metal readout lines sideways beyond the n* strips, the MOS gate structure
is created. Under proper operating conditions, two field-induced junctions are created and
they isolate the n* implants. Normally the positive bias voltage is applied to the n* strips,
while ground is kept at the p-side and on the metal readout lines of the ohmic side.

This design has the advantage of requiring no extra masks or processing steps with
comparison to the p-side. On the contrary one more implantation step is necessary to
produce the polysilicon lines and a separate bias line is needed to provide them with the
gate voltage.

A second solution to this problem consists in inserting a p* blocking strip between every
two n* strips [3], as shown in figure 3.6. All p* lines (often indicated as “p-stops”) are left
floating. When the depletion zone, originating from the junction side, reaches the ohmic
side, the p* strips charge up to a potential that inhibits the flow of electrons between the
n* strips. These are then insulated from each other and the interstrip resistance increases
up to a value of several MQ.

fixed
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Al i Al
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Figure 3.6: Separation on the ohmic side by means of p* blocking strips.
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3.3 Our CSEM double sded detectors

We decided to make use of double sided counters for part of the Large Angle Silicon
Detector (LASD) for the SELEX experiment at Fermilab (this project will be described
in detail in the last section of this chapter).

For this application we needed double sided detectors with the largest possible sensitive
area and stable operation. Similar counters had already been used in the ALEPH minivertex
at LEP, CERN, since 1990. They had been developed by INFN! Pisa (Italy) in collaboration
with CSEM?, Neuchatel (Switzerland). A complete description of these detectors and their
performance in ALEPH can be found in the references listed from [3] to [12].

Based on the proven and successful technique, the group developed new counters to be
installed in ALEPH for the 1995 upgrade. We could have a batch of these latest design
detectors. They were manufactured at CSEM, on very high resistivity (=5 kQ-cm), n-type
silicon wafers.

The detectors have an active area of 52.6x65.4 mm?. On the junction side p* strips are 65.4
mm long and placed at 25 um distance. On the ohmic side the n* strips have 50 um pitch
and are interleaved, at 25 um pitch, with p* blocking strips, used as separation method.
All strips have a nominal width of 12 um. Bonding pads are provided with 50 um pitch
on both sides.

The detectors are DC coupled (the aluminum readout line is in direct contact with the
implanted strip). The AC coupling to the electronics is provided by external capacitor
chips described in a later section.

Our batch of 24 wafers was processed at CSEM and delivered in February 1995.

3.3.1 Thefabrication process

The detectors are based on a well proven and extensively tested design and technology.
The fabrication process was developed by INFN Pisa and CSEM.

The starting material consists of 300 um thick, 4” diameter, n-doped silicon wafers,
manufactured by Wacker Chemitronic. They are polished on both sides to allow for
double sided processing. The crystal has the <111> orientation.

The process for the junction side is the standard one, while on the ohmic side it is more
complex because of the implantation of both p* and n* structures. A total of eight masks
are used, plus an additional passivation step to protect the wafers from contamination and
mechanical damage.

Registration marks are etched on the two sides of a wafer (there is only one side-to-side
alignment operation at the beginning of the process). Then a thermal oxide layer is grown
on the silicon wafer at 900°C. After silicon nitride deposition, the wafers pass several
lithography and implantation steps. Doping is performed through the thermal oxide using
photoresist patterns as masks. First p* implantation is done with boron (at 50 keV with
3x10%* cm~2 flux), then n* structures are realized with phosphorus (at 100 keV with 3x10%°
cm~2 flux). Annealing of implant damage and dopant activation is performed at 850°C.

Listituto Nazionale di Fisica Nucleare
2Centre Suisse d’Electronique et de Microtechnique
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A 0.7 um thick LTO (Low Temperature Oxide) layer is deposited and contacts to the
silicon are defined. Then a 1 um Al layer is deposited and patterned on both sides.

More details concerning the process can be found in references [3], [7], [8] and [9].

The large double sided counter is placed in the central region of the wafer. The remaining
surface is occupied by other small strip detectors and test structures. The first purpose of
such structures is to help keeping the fabrication process under control and to understand
the detailed behaviour of the detector.

CMOS capacitors allow the measurement of the surface doping profiles and fixed charge
densities. With 0.1 cm? diodes with guard ring the wafer depletion voltage and the bulk
generation current can be estimated and studied depending on variable parameters of
the process (like annealing temperature and doping concentrations). Interdigitated gate-
controlled diodes are used to analyse the surface generation at the depleted Si-SiO,
interface. Other structures are specific to double sided detectors, to study the separation
method used on the ohmic side.

The photograph shows the n-side of one full wafer, with the large double sided microstrip
detector surrounded by several test structures.

INFN PISR-CSEM

Figure 3.7: Photograph of the n-side of one full CSEM wafer: The double sided microstrip detector
is surrounded by several test structures.
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3.3.2 Design and bias scheme of thejunction side

The junction side of the detectors is schematically shown in picture 3.8. The left part
shows a cross section while the right part is a top view of the ending portion of the strips,
close to the detector edge.

HEl  metalization (Al) sum T
+
p
i bonding
Sio
2 25 um pad
: E Al
+
12 um p
n-type silicon Al
> >

25um 50um

Figure 3.8: Cross section (left) and top view (right) of the junction side of the CSEM double sided detectors.

The strips consist of a p* implantation to form a rectifying junction with the n substrate,
plus an aluminum contact metallization. They are 65.4 mm long, 12 um wide and are
placed at 25 um distance. There are in total 2048 p* strips.

A bonding pad is provided to every second strip, a 50 um pitch. Consequently the readout
pitch can be any multiple of 50 um. Hit positions are interpolated by exploiting the
capacitive charge division between intermediate floating strips and the nearest readout
lines (as explained in the previous chapter).

Since the aluminum is in contact with the implantation, it is possible to perform direct
measurements of the electrical properties of each individual diode (such as the leakage
current of single strips and the potential level).

All p* strips end 5 um from the inner one of two p* guard rings which surround the
whole active area. These guard rings have the double function of stopping the component
of leakage current coming from edge effects and providing the bias voltage to the diode
strips.

The biasing mechanism is based on a punch-through effect between two close p* implants
[6]. Only the inner guard ring, acting as bias line, is connected to a power supply, while
the single strips are left floating and are biased via the common line. The mechanism is
illustrated in figure 3.9, where the n-side is kept at ground potential.
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Figure 3.9: Illustration of the punch-through mechanism used to bias the single strips on the junction side.
Ugr indicates the voltage applied to the guard ring and Us the potential level of the individual strips.

When no voltage is applied (situation A in the figure) both the guard ring and the single
strip are surrounded by a shallow depletion zone caused by the diffusion of the charge
carriers. With increasing negative voltage, the depletion zone around the reverse biased
guard ring grows. This continues until the two depletion regions touch each other, as
shown in situation B. A further increase of the bias voltage will remove positive charges
(holes) from the floating strips. This hole transport is a punch-through current. This stops
as soon as it has charged up the floating strip high enough to change the potential in the
bulk, in such a way that a barrier for the holes is created. While holes are drained from the
floating strips to the guard ring, the detector leakage current carries additional holes to the
junction side. In steady conditions the punch-through current and the leakage current are
equal and the voltage difference (of a few Volts) between guard ring and strips remains
almost constant, therefore allowing depletion around the floating strips, as shown in C.

The punch-through acts then as a dynamical resistor whose characteristics are defined by
its geometry, in particular the distance of the strips from the guard ring. The equivalent
resistance between strips and guard ring is about R = 60-100 MQ/lieoc[nA]. This means
something of the order of 200 MQ for a typical 0.5 nA strip leakage current. The effective
interstrip resistance on the junction side is then between 10 and 100 GQ.

It is important to guarantee that the potential drop between the guard ring and all the strips
is constant across the whole detector to avoid field distortions.
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3.3.3 Design and bias scheme of theohmic side

Figure 3.10 shows a cross section and a top view of the ohmic side. The metallized n*
strips are 12 um wide and have a pitch of 50 um. Between every two adjacent n* strips,
there are 12 um wide p* strips. These are left floating and, when the detector is completely
depleted, they interrupt the surface electron accumulation layer and separate the n* strips.
Each n* strip has a bonding pad for connection to preamplifiers. Consequently also in the
ohmic side the readout pitch can be any multiple of 50 um.
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Figure 3.10: Cross section (left) and top view (right) of the ohmic side of the CSEM double sided detectors.

The biasing of the n* strips is done via a common n* guard ring which surrounds the
whole active area. However the principle is totally different with respect to the junction
side. Use is made of the electron accumulation layer itself [6].

As shown in picture 3.10 on the right, the p* implant is shaped in such a way to form
a channel between the end of the n* strips and the guard ring. This electronic channel
defines an ohmic resistor. The value of the resistor is determined by the channel geometry
(its width and its length) and is generally tuned to be equal to a few MQ when the detector
is fully depleted.

The bias voltage is then applied only to the guard ring and is brought to the single strips
via the resistors. The channel structure is repeated at both ends of every strip in order
to improve the overall homogeneity of the field. The same structure determines also the
interstrip resistance, which turns out to be of the order of several GQ.
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3.4 AC coupling

The implementation of the biasing schemes described above allows an AC connection of
the strips to the charge amplifiers. In contrast to the detectors described in the previous
chapter, the coupling capacitors are not integrated on the counter itself. A hybrid solu-
tion was chosen and external capacitor chips were processed on an independent quartz
substrate.

The integration of large capacitors on the detectors is certainly a very compact and elegant
solution. But, to perform reliably, a more complex and delicate fabrication process must
be used. A high quality insulation oxide must be grown on a large area. It must be also very
thin (100-200 nm) to provide a sufficiently high coupling capacitance. And the amount of
active pinholes must be minimized.

This choice optimizes the detector behaviour and facilitates its assembly. But the higher
complexity of the technology brings a decrease of the detector production yield and
consequently a rise of the costs.

On the other hand, the use of separate coupling capacitors can prove cost-effective. The
yield problems have to be faced independently for detectors and capacitors. The limitations
arising from the coupling oxide are transferred to the much smaller and relatively less
expensive chip.

Of course, using separate capacitors doubles the number of needed bonds. In our case
this was not a critical problem because of the limited size of the project (we had a total
of about 16000 channels from double sided detectors), but this can be inconvenient for
devices of larger scale.

The capacitor chips were also produced by CSEM [9, 10]. Each chip (13 mm long, 6.425
mm wide and 0.52 mm thick) contains 128 capacitors with effective 50 um pitch. Every
single channel is connected on one end to one strip of the detector and on the other to the
input of the charge amplifiers. The capacitors are made with a double polysilicon layer,
interleaved with a dielectric, as shown in figure 3.11 on the left.

The measured capacitance is approximately 200 pF; the stray capacitance of single chan-
nels is about 0.3 pF (this value is so small thanks to the use of quartz as substrate). The
parallel insulation resistance is larger than 100 GQ and the breakdown voltage is about
8-12 V.

In order to protect the capacitors from accidental high-voltage transients, they are equipped
with protective Zener diodes against capacitor breakdown. This is illustrated in figure 3.11
on the right. The leakage current of the polysilicon diodes is sufficiently low and does
not appreciably contribute to the noise. The diodes provide also a good protection against
electrostatic discharges during the later parts of their fabrication process (chip dicing and
handling), thus allowing a higher yield.

We got 6 wafers from a batch of capacitor chips produced by CSEM in 1994. Each wafer
contains 68 chips. All chips were tested individually at CSEM and only those with 100%
good capacitors were used. For our batch the yield was lower than usual: we had only 150
chips with no defects out of 408 (a yield of 37% versus the usual 50%).
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Figure 3.11: Schematic cross section (left) of a capacitor channel in the external chip on quartz substrate.

3.5 Measurement of thedetector quality

As in the case of the single sided microstrip counters, systematic and detailed static electric
measurements have been performed on the double sided detectors.

In this case the tests were even more crucial for the selection of the counters later used for
the construction of LASD. In fact, in a contract such as we had with CSEM, the producer
and the customer share the risk: no specifications are fixed, the producer delivers one full
batch of detectors without any preliminary test, at a fixed price, and the customer has to
perform fully the selection. There is no guarantee on the production yield but the price
per detector can be significantly lower than in the other type of contract. In addition the
agreement was rather safe in our case, as the detector design was based on a well proven
technology.

We received 24 full wafers, not yet cut. On the base of first basic tests (behaviour of the
leakage current and value of the depletion voltage), the 10 best counters were chosen. On
those all other measurements were performed in a very detailed way in order to select the 7
highest quality detectors. These were brought back to the producer for cutting. Afterwards
their leakage current was measured once again (to be sure that the cutting procedure did
not affect the detector quality) and finally the counters were ready for mounting on the
ceramic boards. The measurements performed and the obtained results will be described
in the following sections.

The handling of double sided detectors is even more delicate than for the single sided,
since there are structures on both sides of the silicon layer and mechanical damage must
be avoided. We used a special jig to fix the counter during the measurements. The full
wafer was placed on a circular teflon structure on a metal support. The contacts to the side
under measurement were realized as in the case of the single sided detectors, at the probe
station. The biasing line on the other side of the counter was reached by a single needle
also fixed to the support. Biasing the detector using the proper connections is an essential
condition to perform correct and sensible measurements.
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3.5.1 Theleakagecurrent

The total leakage current of all 24 detectors was measured and used as a criterion to select
the best wafers. The IV curve was recorded in order to study the leakage current behaviour.
A typical curve is shown in figure 3.12. The measurement was performed applying an
increasing positive voltage to the n-side bias line and collecting the current generated in
the active area from the inner guard ring on the p-side kept at ground potential.
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Figure 3.12: IV curve: dependence on the applied bias voltage of the current collected by the inner guard
ring on the junction side.

The current level at depletion voltage (about 20 V for this detector, as shown in the next
section) is very low. The increase of current which happens above depletion voltage is
generally due to surface contributions from the back side of the counter.

The distribution of the current measured at 50 V for 21 detectors is shown in figure
3.13. The remaining 3 counters had an extremely high leakage current at low voltage
and were immediately excluded from further tests. The mean current level for all 21
counters was 2.8 pA, corresponding to approximately 81 nA/cm?, 2.7 nAlstrip on the
p-side and 2.2 nA/strip on the n-side (only readout strips are considered). These values
already indicated good control of the production process and good quality detectors.

For further tests we selected the 10 detectors with lower current, below 1 yA. For these
10 counters the average value of the current was 0.5 pA, corresponding to approximately
15 nA/cm?, 0.5 nAJstrip on the p-side and 0.4 nA/strip on the n-side.

The stability in time of the current flowing in the junction was checked for a few counters
over several hours (detectors showing instabilities or a large increase of current would
have been rejected). Normally the behaviour was very stable, sometimes reaching constant
levels after an initial drift to lower values.
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Figure 3.13: Distribution of the leakage current from the active area measured at 50 V for the 21 working
detectors.

3.5.2 Depletion voltage

For all wafers the CV curve was recorded in order to determine the depletion voltage of
the detectors and estimate the silicon resistivity.

Having the whole wafer available, we could measure the CV curve both on the full detector
and on simple diodes included in the test structures. In particular we used a round diode
with guard ring, with 0.1 cm? area. A relatively large surface diode approximates the
shape of a parallel plate capacitor much better than the microstrip detector, especially in
the case of double sided. Consequently the measurement of the bulk capacitance shows a
more regular dependence on the applied bias voltage.

Figure 3.14 shows the behaviour of C (on top) and 1/ C? (on bottom) for the full microstrip
counter (on the left) and for the diode (on the right). The diode curves allow a very precise
determination of the depletion voltage of the wafer under study (approximately 22 V in
this case). For all 21 measured detectors the value of depletion voltage was between 15
and 45 V. This result shows that also in this case silicon wafers with very high resistivity
(6-20 kQ-cm) were used.

With this measurement we confirmed the correct operation of the 10 detectors showing
lower leakage currents. Consequently these were chosen for all the following detailed
tests to select the 7 detectors needed for installation.
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Figure 3.14: CV curve: dependence of C (top) and 1/C? (bottom) on the applied voltage for the full microstrip
detector (left) and for the circular diode included in the test structures on the same wafer (right).

3.5.3 Potential drop at the p* strips

As described in paragraph 3.3.2, the strips on the junction side are biased via a punch-
through mechanism. This brings the individual strips to a potential level slightly higher
than the one at the bias line, depending on the geometry of the channel.

In order to check if the mechanism was properly working and if the potential level at the
strip was uniform throughout the whole counter (to guarantee uniformity of the field in
the silicon bulk), the potential drop has been measured on few strips for the 10 selected
detectors.

To perform this measurement, an increasing positive voltage was applied to the n-side of
the counter, the inner guard ring of the p-side was kept at ground and the potential level
of single strips was recorded with the HP Semiconductor Parameter Analyzer.

An example of the measured curve is shown in figure 3.15 for one strip of the detector on
wafer 425.
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Figure 3.15: Dependence of the potential level measured at one individual strip on the junction side on the
applied bias voltage, as an effect of the punch-through biasing mechanism.

The potential difference between the inner guard ring and the individual strips was mea-
sured to be between 2.5 and 4 V for the 10 detectors tested. The value was always
uniform within each counter. Systematic variations from one edge to the opposite one
never exceeded a few percent.

3.54 |Interstrip resistanceon the p-side

The resistance between adjacent strips on the junction side was measured in the same way
as for the single sided detectors. From the dependence of the induced current on a variable
voltage difference applied between one strip and its two neighbours, we estimated the
interstrip resistance to be higher than several tens of GQ.

Also in this case few groups of strips were measured by random sampling in different
regions of the counters to check the uniformity of the resistance value. The result was
satisfactory showing a resistance value constant at the percent level.

3.5.5 Interstrip capacitanceon thep-side

The interstrip capacitance measurement was also performed as described in the previous
chapter. For 50 um readout pitch, the measured value was 8.5 pF, corresponding to
1.3 pF/cm relative to the strip length.

This result is in good agreement with the one obtained in the case of the single sided
detectors for the same readout pitch. The higher value corresponds to the slightly larger
width of the strips in the double sided counters.
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3.5.6 Biasresistanceon then-side

The strips of the ohmic side are biased via an electronic channel as described in section
3.3.3. The value of the effective resistance can be measured similarly as for the polysilicon
resistors of the single sided detectors.

In addition, this measurement provides an important tool to check the separation mech-
anism on the n-side when the dependence of the resistance value on the bias voltage is
studied. For low values of the reverse bias applied across the junction, the depleted region
extends from the junction side towards the ohmic side but does not reach it. Consequently
the electron accumulation layer placed under the Si-SiO, interface is still present con-
necting the n* strips to each other and to the guard ring. In that condition the resistance
measured between the guard ring and a single strip (and also between adjacent strips, as
we will see in the next section) is only a few kQ. When the reverse bias reaches a value
high enough to fully deplete the junction, the p* stops interrupt the electron layer and the
resistor values increase to the operational value.

An example of the dependence of the bias resistance value on the voltage applied across
the junction is shown in figure 3.16. At a given voltage a disturbance AV (+250 mV) is
applied to one strip with respect to the guard ring and the resulting current is measured.
From the slope of this IV curve the evaluation of the bias resistance can be obtained. The
measurement is repeated at increasing reverse voltage.
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Figure 3.16: Dependence of the n-side bias resistor value on the applied bias voltage. The sharp increase
around 20 V indicates the point at which the full separation on the ohmic side is effectively reached.

From this measurement and the one described in the following section we obtain the best
evaluation of the recommended operational voltage of the double sided detectors. The
average value of bias resistance was measured to be between 15 and 30 MQ for all tested
detectors.
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3.5.7 Interstrip resistanceon then-side

The dependence of the interstrip resistance on the applied bias voltage reflects the effect
described in the previous section. This is probably the most relevant measurement to
verify the working conditions of the ohmic side and to decide if the detector can be used
for precise position determinations.

Figure 3.17 shows the dependence of the resistance on the reverse bias. A voltage dif-
ference varying between -250 mV and +250 mV is applied between one n* strip and its
two neighbours. The induced current is recorded and the resistor value calculated. The
measurement was repeated at different bias voltages. One can see the sharp rise of the
resistance from few kQ to several tens of GQ when full separation is reached.

This behaviour was equally reproduced in the other counters. Normally defects (strips
not well separated) were limited to less than 1% of the lines. Only for one of the 10
chosen detectors we found a larger region with lower resistance values. This counter was
discarded from the selection.
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Figure 3.17: Dependence of the n-side interstrip resistance on the applied bias voltage. As in the previous
figure, the sharp increase around 20 V indicates the point at which the full separation on the ohmic side is
effectively reached.

3.5.8 Interstrip capacitanceon then-side

The value of the interstrip capacitance on the ohmic side is also depending on the bias
voltage and reaches a constant minimum only when full separation is realized. For lower
voltages the electron layer which is still present reduces the effective distance of diffusion
lines and significantly increases the capacitance value. The total capacitance was estimated
to be approximately 13.7 pF, corresponding to 2.6 pF/cm at 50 um readout pitch.
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Summary

The measurements performed allowed the selection of the 9 best detectors and the study
of their operation. Seven of them were then cut and mounted with the readout electronics,
for use in SELEX. Six were later installed at Fermilab and one is kept as spare.

We can estimate an overall production yield of approximately 70%, in agreement with the
results reported by the ALEPH group on a larger number of counters produced in several
years.

3.6 Mounting procedure

In order to connect the two sides of the microstrip detectors to the readout electronics,
we decided to make use of two independent ceramic boards instead of a more complex
double sided hybrid.

The 600 um thick Al,O3 boards carry the capacitor chips, the SV X readout chips, individual
voltage regulators for the SV Xs, surface mounted components and all communication lines
between the readout chips and the external electronics boards. Capton cables are used for
the connection to the main boards.

Each detector is equipped with one p-side board carrying 8 chips to read out the 1024 p*
strips on the junction side and one n-side board with 10 chips for the 1280 n* strips on the
ohmic side. The readout chips are located on two orthogonal edges of the detectors.

The mounting procedure was particularly delicate. A top view of the boards, the detector
and the intermediate ceramic spacers is shown in figure 3.18. The detector lies between
the two ceramic boards and the whole is fixed by the additional spacers. The greatest care
had to be taken in order to develop a safe mounting procedure without risk to break the
thin silicon layer.
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Figure 3.18: Top view of the two ceramic boards, the silicon detector and the spacers used to mount the
double sided counters [13].
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First we checked the flatness of all ceramic boards. This is unfortunately not optimal as
the process for the printed circuit involves high temperature steps and the deposited thick
film, while cooling, tend to bend the ceramics. The effect was reduced by also depositing
a few layers on the back side of the boards.

The detectors were cut 1 mm larger on all four sides with respect to the normal scribe line,
in order to guarantee a bigger surface for gluing the silicon to the ceramics. This additional
dead area around the sensitive region of the counter does not represent a serious problem
for the geometry of fixed target experiments. Longer bonds are required between the pads
on the capacitor chips and the pads of the microstrips. This was the reason for a relatively
high number of bonding failures, which nevertheless affected less than 1% of the lines.
The silicon detectors are (300+20) um thick. In order to limit the stress applied directly on
the silicon, the gap between two boards was fixed to about 630 um by the ceramic spacers.
The remaining distance was filled with glue. The spacers precisely glued to the boards are
the ones which finally keep the whole structure fixed.

We made use of a special structure with a high precision 3D moving table together with
metal jigs designed for the purpose. For every detector we proceeded as follows.

The n-side board, already equipped with three spacers, was placed on a metal support and
held by vacuum. The silicon detector was fixed on a chuck covered with teflon, mounted on
the movable part of the structure. Then it was moved close to the board, precisely aligned
with respect to the board edge and the capacitors chips with the help of a microscope, and
glued to the ceramics. The n-side board and the detector, held by vacuum, were left for
one hour in an oven to make the glue harden, and then fixed again to the main structure.
At this point the p-side board was placed on the movable chuck and precisely aligned with
respect to the detector using the microscope. Finally the second board and the last spacer
were glued to the silicon and the whole device was placed in the oven.

The extensive care taken to develop this procedure and test it with dummy glass layers,
to design and produce the high precision mechanical tools allowed us to safely mount all
seven detectors without any damage or accident.

3.7 Thereadout electronics

The silicon counters are biased applying a positive voltage to the n* strips and the ground
level to the p* strips, via the respective guard ring. The readout lines are then connected to
the coupling capacitors located on the external chips. These capacitors can withstand only
very small voltage differences. Therefore we were forced to keep the readout electronics
of the two sides at different potential levels, floating with respect to each other.

This circumstance has a crucial importance for the operation of our detectors, particularly
with respect to the use of sparsification. Having the two electronics floating and at the
same time coupled via the silicon detector makes the system extremely sensitive to any
external noise source. Furthermore, if standard power supplies are used, the potential
levels of the two sides are not stable enough for an optimal operation in sparse mode.
In fact, any potential variation induces an effective shift of the threshold levels and this
causes a serious degradation of the performance and a drop of efficiency.
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The problem could be cured if the detectors were read out completely, without zero
suppression. Collecting the pedestal value of all channels for all events provides the
possibility to compute offline common mode shifts, correct for them, and extract the hit
information without any degradation. But as already explained before, this readout mode
is not practical in a fixed target experiment. Consequently we had to find a way to improve
the biasing system and to protect the device from external noise.

The study of the problem required several steps before an acceptable solution was reached.
Proper shielding and grounding of the device containing one detector with its readout
electronics, together with a 0.5 mF capacitor placed in parallel with the silicon detector
between the two electronics boards already brought the noise to an acceptable level. During
tests performed in the lab and at test beam facilities the noise level was approximately
5-8 ADC counts. However such a noise level still limits the position resolution of the
counters and lowers their detection efficiency.

Efforts were then made to improve the power supply system. Initially the bias for the
electronics was provided by low noise standard power supplies connected to the normal
net. All efforts to shield every connection, to filter possible noise from the net itself and
to use higher quality supplies did not substantially change the situation.

The real solution consisted of replacing the power supplies of the n-side electronics with
batteries, as shown in figure 3.19. Batteries are the cleanest power source and allowed us
to remove the connection to the net on one side of the device.
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Figure 3.19: Schematic view of the power connections for the double sided readout electronics.
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Due to the relatively high current necessary to operate the readout electronics (about 1 A),
batteries have to be regularly recharged. Every board can be connected to two independent
battery sets by a switching device and the batteries can be reloaded in turn.

With the implementation of this supply system the noise level was reduced to approxi-
mately 2-4 ADC counts on both sides of the detectors. Generally the noise on the n-side
is slightly higher than on the p-side due to the larger value of the load capacitance.

Figure 3.20 shows the pedestal level (top) and the noise profile (bottom) on the p-side
(left) and on the n-side (right) of a double sided detector measured in the lab. In this case
the Al,O3 boards were connected to external electronics mother boards equivalent to the
ones used in WAS89.

The slight noise increase visible on the n-side at high channel numbers was simply due to
inadequate shielding used in the lab. The effect was not seen at the test beam facilities.
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Figure 3.20: Pedestal level (top) and noise profile (bottom) on the p-side (left) and on the n-side (right) of a
double sided detector tested in the lab with WAB89-type electronics.

The main electronics boards had to be adapted for the readout of the double sided counters.
In particular for the n-side, optocouplers were needed in order to decouple all voltage
levels, digital and analog data, and all control signals from the high potential level. These
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devices introduce about 25-30 nsec delay in the data transfer. This delay does not pose a
problem in the synchronisation of the readout.

Two different kinds of electronics boards were developed. The first type was a modification
of the design used in WAS89 in order to be able to readout the new detectors in the setup at
CERN. A second type was developed to make our detectors compatible with the SELEX
readout system at Fermilab. This will be briefly illustrated in the last section of this chapter.
Both systems could be used and tested during all the studies performed at CERN, in the
lab and at the test beams.

It should be stressed that this was the first example of double sided detectors operated in
sparse mode to be integrated in a high energy physics experiment. No similar device was
developed and operated in particle beams before.

3.8 Test beam results

The described detectors were tested using high energy particle beams at CERN on three
occasions, one in October, 1994, one in May, 1995, and the last one in November-
December, 1995. High energy electrons and pions from the SPS (in the first two cases)
and from the PS (in the last case) were used.

The main aim was to verify the behaviour of the double sided detectors in an experimental
area, check their stability, evaluate their efficiencies and position resolution, check the
charge partition on the ohmic side and the charge correlation between the two faces.

A schematic view of the test beam setup is shown in figure 3.21.
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Figure 3.21: Schematic view of the test beam setup, with the 1993 WAB89 stars used as reference detectors
and the double sided counter under study.



3.8 Test beam results 71

The trigger was given by the coincidence between two plastic scintillators placed in front
of all detectors.

Beam tracks were reconstructed by a telescope formed by the three stars installed in WA89
in 1993. As described in the previous chapter, they consist of 12 microstrip planes with
25 um readout pitch. They were fixed and aligned on a precision bench.

They measure three points for each of the four projections y, z, and +45°. With this
information space tracks were reconstructed with high precision using very strict criteria.
For example, in order to study the behaviour of the double sided detector, we could restrict
ourselves to tracks having a hitin all 12 reference planes. Normally 6 planes were required.
The double sided detector was placed between the first and the second star, and fixed and
aligned on the bench. The p* strips were measuring the vertical coordinate of traversing
particles, while the n* strips measured the horizontal one.

In total three different double sided have been tested in the beam. Because of the uniform
behaviour they showed, consistent with the lab tests, we did not install in the area the
other four detectors.

During the test beam periods we extensively studied the overall behaviour of the double
sided counters. We could monitor the leakage current of the detectors over long operation
periods, the stability of the calibration of the readout electronics and we could make
systematic tests to reduce the noise on the detectors and to improve their shielding.

In winter, 1995, the double sided counters were fully read out with the SELEX type
electronics (described in the following section) while in the previous tests the standard
WAB89 readout chain was used.

The collected data were first used during the test beam period itself to verify the correct
operation of the whole setup and the quality of the applied calibration. Later on they were
used for an accurate study of the detector performance and for the determination of the
most important parameters such as efficiencies and resolution.

The best data have been collected during the last test beam, when the noise of the detectors
had been minimized by the use of batteries for the n-side electronics. A detailed analysis of
those data is being performed and will be thoroughly described in [14]. | report here only
some preliminary results. More details will be given in the reference mentioned above.

Pedestal levels and noise profiles were regularly monitored and stored. They provide the
first check of the stability of operation of the detectors. Even though the use of batteries
significantly reduced the noise, we could still see occasional jumps of the pedestal level.
This effect was further reduced by proper shielding of the detector box and of cables, but
not completely eliminated. This can be a source of inefficiency, but less than 1%.

Using a random trigger from a gate generator we stored events which are not correlated to
the beam particles and consequently are supposed to contain only noise hits. The detectors
were calibrated so that individual strips should show noise hits in only 0.1% of the cases.
Strips firing in more than 5% of the cases were not considered to be reliable and were
always suppressed.

Tracks reconstructed by the telescope were used to predict the impact point on the double
sided detector under study. With this information we could estimate its detection efficiency
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during the whole test beam period.

The measured efficiency strongly depended on the noise level of the detector. During the
first test beam in 1994, with a noise of about 6-8 ADC counts, we reached efficiencies of
only 92-94%. In the last tests the situation was optimized and we obtained much higher
efficiencies. One example is shown in table 3.1 where the results from one run taken in
autumn, 1995 are shown. In this case space tracks were reconstructed using hits in the
y and z reference planes and were used to calculate efficiencies of the other single sided
detectors (s and t projections) and of the double sided.

| Detector number | Detector type | Projection | Efficiency |
17 single sided S 99.62+0.09
18 single sided t 99.55+0.10
25 single sided S 99.95+0.03
26 single sided t 99.77+0.07
29 single sided S 99.98+0.02
30 single sided t 99.53+0.10
5 double sided: p-side z 97.91+0.22
6 double sided: n-side y 98.44+0.19

Table 3.1: Efficiencies of the single sided detectors measuring the s and t coordinate and of the double
sided counter installed at the test beam in autumn 1995.

The numbers listed in the table show once again the excellent quality of our single sided
counters and the extremely good results finally obtained with the double sided. One has to
remember that the advantages offered by the double sided counters correspond to a much
more complex device to operate. Especially in our case, reading out the detectors in sparse
mode, reaching a comparable performance of single sided and double sided is indeed a
success.

The cluster size distribution is very similar on the p- and the n-side of the detectors,
indicating the correct operation of the separation mechanism for the ohmic side. If strip
separation were not fully achieved, the interstrip resistance would still be lower than
needed and the charge would spread over several strips: The fact that the cluster size is
comparable on the two sides of the counters indicates good ohmic separation.

All tests were repeated using a pattern with one integration window (see paragraph 2.4.1).
The noise profile and the efficiencies measured are completely compatible with the results
shown above for two integration readout.

The detailed description of the program used to perform the analysis of the test beam data
and more extensive results will be available in reference [14].
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3.9 Theapplication: SELEX at Fermilab

As already mentioned earlier in this chapter, the described detectors were prepared for the
SELEX experiment at Fermilab. SELEX (Segmented Large-X Baryon Spectrometer) or
E781 is a fixed target experiment with a high intensity hadron beam at the Fermi National
Accelerator Laboratory [15].

The experiment uses a well-identified beam of pions, protons and hyperons to collect a
large sample of charmed hadrons, especially baryons, to study their production and decay
properties. The first beam particles were seen in E781 in June, 1996. The data taking
period will extend for at least 14 months in 1996 and 1997.

The beam has a mean energy of about 650 GeV and the channel is able to provide both a
negative and a positive particle beam of approximately 2-10° ptc/sec.

The experiment incorporates a “topological” charm trigger based on the reconstruction of
high momentum tracks from the downstream spectrometer extrapolated into the silicon
vertex detector. The software trigger looks for events with a miss-distance between the
reconstructed beam track and at least one of the high momentum tracks.

SELEX aims at collecting 10° reconstructed charm events, half of which of charmed
baryons.

The main physics goals of E781 can be summarized as follows:

o Study of the weak decay characteristics of charmed baryons, with high statistics;

o Study of the strong interaction production characteristics of charmed hadrons, com-
paring 7*, p and X~ beams;

o Study of the electromagnetic form factors of unstable hadrons, by means of hadron-
electron scattering;

o Use of the Primakoff effect to study hadron polarizability and other hadron structure
phenomena, including a search for hybrid meson states of the form (qqg);

o Study of double charm production and search for doubly-charmed baryon and exotic
baryon production.

E781 is a forward spectrometer with large acceptance and three magnetic stages. The
experimental layout is shown in figure 3.22.
The most relevant components of the spectrometer include:

 \ery high precision silicon beam and vertex detectors. The latter has 30 urad angular
resolution for 100 GeV/c tracks;

e Excellent momentum resolution for high momentum, small angle tracks (of the
order of 0.5% for 500 GeV/c tracks);

o Large acceptance first stage spectrometer for measuring associated charm particle
decay tracks and de-excitation pions from excited charm hadrons;
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Figure 3.22: E781 layoult.

e Moderate acceptance second stage spectrometer with electron identification and
Ring Imaging Cherenkov tagging of all transmitted particles;

e Forward A decay spectrometer to reconstruct decay products of = and Q decays;
o 3-stage lead glass photon coverage of the entire forward hemisphere.

SELEX differs from the CERN hyperon beam experiment WAS89 (described in the next
chapter) by having a more flexible, higher energy and higher intensity beam, a broader
range of momentum coverage, a faster data acquisition system and an improved spectrom-
eter system. Having three stages of spectrometer magnets rather than one allows a good
momentum resolution even at high energies.

3.9.1 ThelLargeAngle Silicon Detector

The detector subsystem provided by our group is called LASD (Large Angle Silicon
Detector). It consists of silicon microstrip counters located downstream of the vertex area.
Their purpose is to cover the beam region of the downstream wire- and drift-chambers
to improve track resolution and separation in this area and to allow a precise momentum
measurement.

Our group is particularly interested in the study of hadron-electron elastic scattering
processes in order to determine hadron charge radii. We expect to measure with 1%
accuracy the electromagnetic charge radius of 7z, p and ~. Due to flux limitations, the
measurement for K*, ™ or £~ will be limited to 10% precision [16].

For this study it is essential to measure the momenta and the scattering angles of the hadron
and of the electron with very high precision. High resolution detectors placed downstream
the vertex area, in proximity of the magnets, substantially improve the quality of the
tracking and the momentum determination of the spectrometer.
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In particular our microstrip detectors are placed at the downstream end-plate of the first
magnet (M1 in figure 3.22), and at both end-plates of the second magnet (M2). They are
grouped in three identical structures and their position is aligned around the axis of the
negative beam.

Each of the three groups consists of two single sided and two double sided detectors.
The latter ones determine two points for the vertical and the horizontal coordinate while
the former ones measure one point for each of the two projections at +45° and -45°. All
detectors have 50 um readout pitch. The system includes a total of 21504 readout channels.
The single sided counters used in LASD are the Hamamatsu detectors described in the
previous chapter. Six of the detectors with 50 um readout pitch installed in 1994 in WA89
have been dismounted and adapted for use in SELEX in 1995 (since no further run of
WAB89 was foreseen).

The double sided detectors have been described in detail in this chapter.

The motivations for the choice of double sided counters were the reduction of material
in the beam and the introduction of this comparatively new technology in fixed target
experiments.

In the following sections I will schematically describe the readout of the silicon detectors
in SELEX and the structure of the LASD setup. Some considerations about the radiation
damage induced on the silicon counters will conclude the discussion.

Thereadout eectronics

All silicon microstrip detectors in SELEX are equipped with the SV X readout chips. The
basic components of the silicon readout system are shown in figure 3.23.

The microstrip detector boards are connected by means of capton cables to external
electronics mother boards called Driver Cards. They are located as close as possible to the
silicon counters.

The driver cards for LASD have a different design from those used for the other microstrip
detectors in SELEX. This was imposed by the use of double sided detectors. At the same
time we could keep the pin assignment on the micro-connectors for the capton cables
identical to the one in the WAB89 setup. Consequently the detector boards are compatible
with both readout systems and can be easily moved from one to the other.

The SRS (SVX Readout Sequencer) is an upgraded version of the SRS module described
in the previous chapter. It downloads the pattern from the local computer system to the
SVX chips and handles the system initialization and the system control of the whole
readout procedure. One single SRS controls all silicon planes in SELEX.

Data collected from the SVX chips are sent via the driver card to the FSDA (Fastbus
SVX Data Accumulator) [17]. One FSDA channel is required for two silicon detector
subplanes and two channels are packed in a single width Fastbus module. LASD uses in
total 5 FSDAs.
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Figure 3.23: Components of the silicon detector readout system.

The FSDA module is able to perform several functions online. The main ones are listed
below:

digitize the analog pulse height of the hit strips;

store the pedestal level for all individual channels. An offspill pedestal taking
procedure must be regularly performed and pedestal levels must be loaded in the
FSDA memory;

map each address and subtract the corresponding pedestal;

perform further sparsification of noise hits by checking if the signal after pedestal
subtraction is higher than a lower level threshold (for example one or two counts);

store the address of bad channels to be always excluded from the readout;

merge the odd and even streams of mapped hits for detectors read out from two
opposite edges, as in the case of the 20 um readout pitch counters in the vertex area;

store all event data with a header and a word count;

buffer multi event fragments from all FSDA modules to build all SVX data for each
event, and send them to the E781 DAQ system.

The complex functions listed above are required to reduce the amount of data to transfer
to the central farm and to limit the computation necessary for data preparation.
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The time needed for the readout of one hit (including the channel address and the digitized
analog signal) is approximately 0.6 usec. The data words are stored in two byte format
with 12 bits of strip address and 4 bits of pulse height.

Data are then transferred to the FSCC (Fastbus Smart Crate Controller) which collects data
from all detector subsystems and sends them via an optical link to the central computer.
The electronic trigger deadtime is required to be less than 30 usec per average trigger and
the readout of all event data from all modules must be completed in an average of less
than 100 usec, to guarantee a 70% livetime at 10 kHz trigger rate.

LASD setup

The LASD microstrip detectors are divided in three identical structures fixed respectively
at the downstream end-plate of the first magnet, the entrance and the exit end-plate of the
second magnet. The open window of the end-plates has an area of 610x534 mn? in the
first case and 610x280 mm? for the second magnet. It is clearly extremely important to
reduce the amount of material around our detectors in the open gap area.

Therefore a special mechanical mounting had to be designed in order to position the
detectors precisely, fix them in a very stable way and at the same time limit the amount of
scattering material.

The structure used to mount the detectors is shown in figure 3.24. The main frame was
realized with a 6 mm thick honeycomb layer (corresponding to less than 1% of a radiation
length) reinforced at the edges by Stesalit profiles. Each frame carries one single sided
and one double sided detector and there are two frames per package.
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Figure 3.24: Support structure to fix the silicon detectors to the magnet end-plate (here called End
Guard) [13].
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The package is attached to the magnet end-plate by means of massive clamps fixed at the
four corners of the end-plate. They allow the movement of the frames in the vertical plane
in order to align the detectors with respect to reference points marked on the end-plate.
The ceramic boards carrying the silicon detectors were aligned to the honeycomb structure
using a computer controlled Olivetti measuring machine at CERN [18]. The alignment is
done with an optical system by means of a microscope. The measurement error is of the
order of 3 um in the two coordinates on the frame plane.

The photograph below shows one fully mounted double sided detector while it is aligned
to the honeycomb frame, with the microscope of the Olivetti machine.
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Figure 3.25: Photograph of a double sided detector mounted on the honeycomb frame. An optical
system was used for the alignment. The microstrip detector and the ceramic boards are visible: The
small aluminum tube is used for the cooling.

Each package with four detectors is covered by two aluminum foils with the double
function of shielding and defining a closed volume which is constantly flushed with
nitrogen.

The detectors lie just outside the volume of the magnet and the end-plates. This region is
not completely free from magnetic field lines. In addition the magnets are ramped up and
down for every spill (10 sec to ramp up, 20 sec full field during spill, 5 sec to ramp down
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and other 25 sec until the next cycle). This must be taken into account for the electronics
located on the driver cards (fixed directly to the end-plates). Some modifications had to be
introduced so that the electronics would not be influenced by the magnet ramping. Another
problem could arise from the fact that the end-plates are pulled towards the magnet while
ramping. Measurements done at Fermilab showed that the displacement is negligible at
the end-plate outer corners, where our structure is fixed.

Figure 3.26: Photograph of a single sided detector mounted on the honeycomb frame , on the opposite
side of the double sided counter (visible below).

During the data taking period, the access to the whole experimental area is restricted for
safety reasons. In addition the distance between the end-plates and the adjacent detectors
is limited to few tens of centimeters. Access to the microstrip counters is extremely
difficult, therefore it is very important to position the mounting structures very precisely
and guarantee the most stable working conditions of the detectors.

In particular monitoring and remote control of the system parameters are required. This
includes the measurement of the detector leakage currents and their stability; the monitor
of the applied voltages and of the temperature of the ceramic boards; the possibility to set
and control from remote all bias voltages.

The voltages for the microstrip detectors and the driver cards for the junction sides are
provided by a CAEN Multichannel Power Supply System, Model SY 527 [19]. This
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device can store the values of the applied voltages and the measured detector currents and
transfer them to the central computer system via a CAMAC interface.

A PT100 temperature sensor was glued on each detector board. The sensors are read out
by dedicated CAMAC modules and the values are stored in the Fermilab Epicure database
[20].

All the information is therefore available to monitor the stability of operation of the
microstrip detectors.

In order to guarantee an even better stability of the silicon counters a cooling system has
been implemented. It was developed on the base of the cooling system used in the vertex
area of WA89 using an underpressure leakless water system. It consists of a 150 W fridge
as heat exchanger, a water reservoir, a circulating pump, a vacuum pump and water tubes
connecting the three packages of detectors at the three end-plates. Aluminum tubes with a
2 mm inner diameter were placed on the back side of each readout board in correspondence
of the SV X chips and glued with heat conductive aluminum-epoxy glue.

The cooling system allows the temperature of the detectors to be kept during operation
between 20 and 25°C.

Radiation damage

An important point concerns the problem of radiation damage of the silicon detectors
due to the high beam rate. It is rather difficult to give a realistic estimate of the induced
effects if the final beam parameters are not known in detail. Depending on the beam
spot at the target, the beam divergence, and the particle momentum distribution the beam
size at our detectors varies. Based on very preliminary assumptions, the particle flux
and the deposited dose can be estimated. The hyperon beam should have an intensity of
about 2.10° ptc/sec incident on the experimental target, distributed over an area of about
6x11 mm?2. With a preliminary estimate of its divergence in the vertical and the horizontal
projection, together with the sweeping effect of the magnets, we can expect a beam spot
size of about 20x18 mm? at the exit of the first magnet, 32x24 mm? at the entrance of the
second magnet, and 40x30 mm? at the exit of the second magnet.

Assuming 2-10° ptc/sec for 14 months of beam at full efficiency (to have an upper limit
of the particle flux), a total of 2.10% particles cross the silicon detectors.

At the location of the first package of LASD, if the beam is spread over an area of 3.6 cm?,
the detectors will receive a particle flux of approximately 5.5-10*? ptc/cm? and a total dose
of about 75 krad. For the last group of detectors the flux over the 12 cm? area should be
1.7-10* ptc/cm? and the dose of 22 krad.

At this radiation level, no serious damage should be induced on the counters. Tests
performed by the ALEPH group indicate that no relevant degradation of the detector
performance should be seen for doses below 100 krad [21]. The major effects we expect
are an increase of the leakage current and a possible variation of the value of the biasing
resistors on the n-side.

All numbers mentioned in this last section are rough estimates. They are only meant to
give an order of magnitude of the radiation level and the importance of the problem. The
precise estimate of damage effects will be possible once the final beam parameters are
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accurately measured.

For a general discussion of radiation damage induced on single sided and double sided
silicon detectors see, for example, references [22] and [23]. We do not expect any signif-
icant radiation damage of the readout electronics because they are not directly hit by the
beam particles.
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Chapter 4

The hyperon beam experiment WAS89

WAZ89 is a fixed target experiment at the CERN Super Proton Synchrotron (SPS) with
a secondary hyperon beam to study hadrons with charm and strangeness content [1]. Its
predecessor experiment at CERN, WAG62, collected data in 1980 with a hyperon beam of
135 GeV/c. The aim was to continue the physics program of WAG62 with an improved
apparatus and with a beam of higher energy to improve yields and higher intensity to
enlarge statistics.

WAB89 had three physics beam times, in 1991, 1993, and 1994, and a total of approximately
550 million triggers were recorded.

Previous experiments which contributed results in the same field are ACCMOR (with
proton, kaon and pion beams at CERN), E400 and BIS2 (at Fermilab and Serpukhov
respectively, with a neutron beam) and ARGUS (at the e"e~ collider at DESY). Present
competing experiments are E687 and E791 (with a photon and a pion beam respectively, at
Fermilab) and CLEO (at the e"e~ collider in Cornell). In summer, 1996, the new hyperon
beam experiment SELEX (E781, mentioned in the previous chapter) will start taking data
at Fermilab.

In this chapter I will review the physics goals of WAS89 and describe its experimental
setup.

4.1 Physicsgoals

The main physics topics addressed by WAB89 are listed below.

Study of charmed and char med-strange baryons.

The knowledge of baryons with charm and charm-strangeness content is still rather limited.
While the A; is relatively well measured, the charm-strange baryons =2, = and €0 still
need considerably more statistics and more precise measurements. The search for the
excited states =° and =7’ (where the two light quarks have spin parallel) and for states
with spin=3/2 (=7, ) is of great interest.

The ground state baryons mainly studied by WAS89 are listed in table 4.1 with some of
their more relevant characteristics. The indicated decay channels are given as examples
of topologies studied in WAS89.
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Particle | Quark content | Mass Lifetime Decay channels | Ref.
[MeV/c?] [psec]

A ntn

A (cud) 2285.1+0.6 | 0.2001%%4 | pK~r* [3, 4]
DIP AP
Ent

=9 (csd) 2470.3+1.8 | 0.0987%%% | =-n*ntn- [5]
S K n'rn’
AK rmn*

o (csu) 24651+16 | 0359%, | = r*rt [6]
'K nt
Q rnrnnt

o (css) 2710+5 | 0.065+0.02 | = K" [7, 8]
KKt

Table 4.1: Charmed and charmed-strange baryons and their relevant properties [2]. For each particle
only a few of the more probable (known) decay channels are indicated as examples of topologies
studied in WA89.

In particular for these particles we want to:

- determine masses and lifetimes

- determine production cross sections and study their dependence on the transverse mo-
mentum p;, on the Feynman variable xs and on the mass number A of the target nucleon
- study decay channels and determine relative branching ratios.

Study of hyperon propertiessuch as
o their production cross sections
e Zand Q resonances [9, 10]
¢ hyperon polarization [11, 12]

¢ hyperon charge radii, by looking at the hyperon-electron elastic scattering

Search for exotic multiquark states like

o the diquarkonium U(3100) (sqqq) [13] first reported by the WA62 collaboration
o the pentaquark state P (Cs3q or 5s3q) [14]

o the double strange dibaryon H (uuddss) [15]
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4.2 Thesetup

Figure 4.1 shows the WAB89 experimental setup as it was during the 1993 data taking
period. The only relevant changes done in 1994 concern the vertex area, as it will be
described in a following section.

The apparatus was designed as a large acceptance forward spectrometer centered around
the superconducting Omega magnet. The hyperon beam comes in from the left side, along
the direction defined as x (according to the Omega reference system, where z is pointing

upwards).
Hyperon beam
100 cm
=
= m NN Lead SpacCal
beam Glass
TRD
DC,MWPC MWPC DC Hod 1 Hod 2
Target area Decay area Omega spectrometer RICH Calorimeters

Figure 4.1: WA89 experimental setup in 1993.

The setup consists of:

e a beam region with a transition radiation detector (TRD) used to distinguish pions

from hyperons and silicon microstrip detectors to reconstruct the beam track;

the vertex region which includes the interaction target, trigger scintillators, and the
vertex detector. High resolution silicon microstrip counters are used to reconstruct
the production point and the decay point of short lived particles;

the decay areafollows. In WAS89 it is essential to have good acceptance for hyperons
and kaons emerging from the decays of charmed baryons. Therefore the target is
placed approximately 15 m upstream of the magnet center, providing a 10 m long
field-free decay region. A, ==, Q~, and K2 decays can be determined with high
precision by measuring their momentum in the spectrometer and their trajectories
by reconstructing straight tracks. The decay area is equipped with drift chambers
(called Lambda chambers) and MultiWire Proportional Chambers (MWPC called
Octogons);

the momenta of charged particles are measured by the Omega spectrometer. Inside
the magnet volume and immediately behind it, MWPCs and drift chambers allow
the reconstruction of tracks;



86 4 THE HYPERON BEAM EXPERIMENT WAS89

a Ring-lmaging CHerenkov detector (RICH) serves for the identification of
charged pions, kaons and protons;

o right before and after the RICH two scintillator walls are mounted and used as
hodoscopes for the trigger;

e alead glass electromagnetic calorimeter measures the energy of photons emitted
in radiative decays, identifies 7% and electrons, and enables studies of final states
involving =%;

e a SPAghetti hadronic CALorimeter (SPACAL) is used to measure the energy of
neutrons.

The tracking detectors cover about + 50 mrad with respect to the beam axis.
The acceptance of the spectrometer corresponds approximately to the range 0.3< xg <1.
All single parts will be described in more detail in the following sections.

4.3 Thehyperon beam

The physics program of WA89 mostly addresses hadrons (baryons particularly) with
strangeness content. For the production of these states in a fixed target experiment (where
the acceptance is largest in the forward direction) it seemed advantageous to use a hyperon
beam. The presence of a strange quark already in the projectile is expected to enhance the
production of hadrons with strangeness in the forward direction (high xg). This is called
the leading particle effect. Furthermore, the presence of three quarks (instead of a quark
and an antiquark) in the projectile should enhance baryon production.

Hyperons can be obtained with a primary beam of protons reacting with a target. In this
case the production of strange particles is suppressed with respect to that of non-strange
particles by a factor 1/ A", where A depends on xg (of the order of 20 for x=0.5) and n
is the number of units of strangeness [16]. As a consequence the production rate of =~
(s=2) and Q~ (s=3) is suppressed with respect to X~ (s=1) which is the main hyperon
constituent of our beam.

Together with the hyperons, also pions are created by the proton beam. The expected
number of pions produced with momentum p per incoming proton and per target nucleus
is

N, = Giny - P* - %” - AQ (4.1)

where oj,, IS the invariant pion cross section. It is a function of x which, at high energies,
can be well approximated by xg = p/ po where py is the proton beam momentum.

Figure 4.2 shows the production rate per spill of pions and hyperons as a function of x.
In WAS89 an average beam spill contains about 1.8-10°~2~ and 4.5-10°z~. Z~sand Q~s in
the beam are about 1.2% and less than 0.1% relatively to X~s. The amount of K—s and ps
are below 1% and 0.1%, respectively. The average x= of our beam is about 0.75.

In November, 1989, anew beamline (called Y1) was brought into operation for the hyperon
beam [17]. A beam of 4x10'° protons per spill (2.58 sec) with a momentum of 450 GeV/c
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Figure 4.2: Production rate of the beam particles as a function of xg and necessary proton rate. The y axis
on the left gives the particle rates for pions, X~ and £, the one on the right for @~ and protons. The pion
curve shows a plateau because the total beam flux is limited to 10° ptc/sec.
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Figure 4.3: The magnetic channel for the hyperon beam.

is extracted from the CERN Super Proton Synchrotron (SPS) every 14.4 sec and brought
to the West Area. The proton beam is deflected downwards by a bending magnet and hits a
cylindrical beryllium rod with 2 mm diameter and 40 cm length along the beam direction.
This target is followed by a magnetic beam channel that selects negative particles within
a given momentum range. The channel is shown in figure 4.3.

The choice of negative particles has been made in order to have a lower background, since
the non-interacting protons of the primary beam have the opposite sign.

Three bending magnets, with an integrated field strength of 8.4 Tm each, deflect the charged
particles in the vertical plane. The space between the poles is filled with tungsten blocks
that define the actual beam channel. The tungsten (dense material with short interaction
length) absorbs both the positive particles and the negative ones lying outside the desired
momentum range. Some pockets inserted in the channel walls interrupt straight lines
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leading to the exit window, along which neutral particles could reach the experimental
target.

Because of the short lifetime of the X~, the beamline has been made as short as possible
(= 13 m from the hyperon production target to the end of the magnetic channel, and = 16 m
to the experimental target). The resulting beam has an average momentum of 340 GeV/c
and a momentum spread of about 7%. The size of the beam spot at the experimental target
is 3.6 cm horizontally and 1.5 cm vertically, with a dispersion of 0.6 mrad in the horizontal
plane and 1.0 mrad in the vertical plane.

The hyperon production target can be moved in the vertical direction in order to select
various beam momenta and correspondingly vary the beam rate and, in particular, the
¥~/ n~ ratio.

The beam hodoscope

The beam momentum is measured by a SCintillating Flber (SCIFI) hodoscope placed in
front of the last bending magnet and the beam microstrip detectors. It measures the particle
position in the bending plane (z direction) with approximately 250 um accuracy.

The scintillating fibers have a rectangular cross section (1x0.5 mm?). Three fibers in a row
are put together to form one channel and this is connected via a light guide to one pixel of
a 64-channel photomultiplier. There are two hodoscopes of 64 fibers each put in series.
The efficiency of the hodoscope is about 90% and the resolution of the beam momentum
is approximately 1%.

The TRD

Since the WAB89 beam contains #— and X~ particles in a ratio of about 3:1 a fast rejection
of beam pions is necessary to strongly reduce the trigger rate. A Transition Radiation
Detector (TRD) is used to perform particle identification and provides the information to
the trigger.

Transition Radiation (TR) is produced when a charged particle crosses the interface be-
tween two media with different dielectric properties and consequently different refractive
indices. The intensity of the TR has a linear dependence with the y=E/m¢® factor of the
moving particle. Consequently, this effect can be used to discriminate between charged
particles with similar momentum but different mass. In case of WA89, for a beam mo-
mentum of 330 GeV/c, the X~ has y = 276 while the lighter 7~ has y = 2358.

For y =10° the detectable TR photons have energies in the range of 2-20 keV. Most of the
emission takes place within a forward cone of half angle 1/y, i.e. essentially along the line
of flight of the particle (for highly relativistic particles). Owing to this angular distribution,
the X-rays emitted from a radiator cannot be separated from the ionization charge created
by the particle crossing the detector. This ionization charge constitutes a background for
the measurement. In order to keep it small as compared to the TR signal, MWPCs filled
with a heavy gas like xenon are commonly used. The thin layers of high Z materials
can be thick enough to allow sufficient absorption of the X-rays and thin enough to limit
the ionization signal. The probability of emission of a keV photon is =10-2. Therefore a
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typical TRD is made by a periodic structure of many interfaces such as in a series of foils
and air gaps or in a fiber material.

In WA89, the TRD was installed between the end of the hyperon channel and the exper-
imental target. It consists of 10 radiator/chamber sets with a total length of 85 cm (this
must be kept short to reduce the loss of s through decay).

Each set consisted of a 68 mm thick radiator and two MWPCs to detect the X-rays. The
radiator was an inhomogeneous material consisting of fibers with a thickness of 5-25 um
is used, acting as a multiboundary system. Each MWPC has two consecutive detection
volumes each 4 mm thick, filled with a gas mixture of 90% xenon and 10% methane.

In order to obtain good energy resolution (o =8%) and a lower amplifier load, a wire
spacing of 2 mm was chosen and the output signal of the amplifiers of three adjacent wires
is added before passing a high/low discrimination system. The chambers are operated at
very low gain (A=500) to reduce space charge effects.

Using low noise charge amplifiers the total charge deposited in each chamber is measured.
The resulting signals are compared with two thresholds (set by DACs) for each plane
separately: a low level threshold is used for noise rejection and timing purposes; an upper
level threshold selects the pion signals and is optimized for ¥ — = discrimination.

The pion signature consists of at least three single MWPCs with at least one discriminator
fired. The online flag for pion rejection used for triggering is available about 910 nsec
after the passage of the beam particle. A pion rejection of 95+2% was obtained with a
detection efficiency of 82+1%.

Using an offline likelihood method, an overall z rejection rate of <99% for a X detection
efficiency of more than 77% was obtained.

A more general introduction to TRDs and details on the performance of the WA89 TRD
can be found in references [10] and [18].

Thetarget

The experimental target was segmented along the direction of the beam and consisted of
four layers of 5x5 cm? area. The first one was a 4 mm thick slice of copper, followed by
three layers of carbon, each 2.2 mm thick. The latter ones were made of pressed diamond
powder, with a density of 3.25 g/cm?®. The target slabs were spaced by 2 cm and were
placed in a closed box flushed with helium gas to reduce secondary interactions in air.
The 4 mm of copper correspond to 28% X, (where X, indicates a radiation length) and
2.66% A, (where A, represents the nuclear interaction length). Each slice of carbon is
equivalent to 1.67% X, and 0.83% 2,. The whole target corresponds to about 5.1% of a
nuclear interaction length: this guarantees a good interaction rate without having too many
secondary interactions of the produced hadrons inside the target itself.

The choice of different materials for the target was done in order to measure the dependence
of production cross sections on the nuclear mass number A of the target material.
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4.4 Tracking detectors

For the 1993 run period, major efforts were devoted to improving the tracking detectors
following the target. The aim was a more efficient track reconstruction and track linking
between the Omega spectrometer, the decay region, and the vertex detector. After the
1991 run period it was found that the low efficiency of the existing detectors (in the vertex
and in the decay area) led to a number of poorly measured or fake tracks, resulting in
incorrectly reconstructed secondary vertices. This strongly deteriorated the capability to
measure the lifetime of short lived particles. Therefore new detectors were introduced
in the vertex region (new microstrip planes with SV X readout) and in the decay area
(Octogon chambers).

4.4.1 Silicon microstrip detectors

Two sets of silicon microstrip planes were placed just upstream and downstream of the
experimental target. The former ones were used to reconstruct the trajectory of the beam
particle. The latter ones formed the vertex detector and were used to measure the decay
particle tracks with the best possible precision. The high spatial resolution was needed in
order to determine precisely the production point (called primary or main vertex) and the
decay point (secondary vertex) of charm particles. Only this condition allows to measure
correctly their lifetime.

As already mentioned in chapter 2, the layout of the vertex area was different during the
1993 and the 1994 run periods. The two different layouts are shown in figure 4.4 and
figure 4.5 respectively.

SVX  (25um)
J/ yzyz yzyz \L yzsz/
zyst zyst zyst
zyzy zyzy . . . sss yz

TRD

target /i ii i\

COROM (50 um)

SIREN (50 um)

Figure 4.4: Vertex area layout in 1993.
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Figure 4.5: Vertex area layout in 1994.

Upstream of the target in 1993 (1994) there were 8 (14) microstrip planes, 4 (6) measuring
the y coordinate and 4 (6) measuring the z coordinate. In 1994 there were additionally
2 planes measuring the s projection. All detectors had 50 um readout pitch and 300 um
thickness. Part of them were placed upstream of the TRD in order to increase the lever
arm in the track fitting and reduce the error.

The vertex detector, downstream of the target, consists of total 29 (23) planes. In particular
there were 10 (7) y planes, 10 (7) z planes, 6 (6) s planes and 3 (3) t planes (where s and
t represents the directions at +45° and -45° with respect to the z axis). Having four
projections allows the reconstruction of tracks in three dimensions.

The microstrip planes used in WA89 are equipped with different readout electronics, as
indicated in the two figures. The system of silicon detectors equipped with SV X readout
chips has been described in detail in chapter 2 and its performance has been discussed there.
In the following I will briefly describe the other two readout standards used, indicated as
SIREN and COROM readout.

SIREN readout

Silicon detectors equipped with the SIREN readout were already assembled in the early
80s [19] and developed for use in WAS82 at the Omega facility. This experiment studied
charmed particles produced in hadronic interactions. There the detectors were used for a
fast on-line trigger based on the measurement of the impact parameter of tracks relative
to the primary vertex [20]. The microstrip counters used in WAB89 have 5x5 cm? active
area, 1000 strips per plane at 50 um pitch and 300 um thickness.

The detectors were mounted on ceramic plates, which acted as a detector support and
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fanout. Capton foils provided the connection of the single channels to external boxes with
the preamplifiers.

These were MSD2 [21] and MSP1 [22] hybrid amplifiers. They have a noise per channel
of approximately 1000 electrons, 50 nsec shaping time and a current gain of about 200.

The signals from the preamplifiers were transferred in a fully parallel way to FASTRO
cards, where they were amplified and discriminated. Strips with a signal above a threshold
(which is common to 256 channels) are detected and their addresses are encoded in 16
bit words. These signals are then read out by CAMAC SIREN modules. The readout is
purely digital, consequently the spatial resolution is of the order of 50 um/v/12 = 14.4 um.

During the 1993 run period, the average efficiency of these detectors was very poor
(between 75% and 80%).

COROM readout

The COROM detectors had been developed for the WA92 experiment, to find secondary
vertices for beauty identification [23]. They were used in a fast trigger to select events
where at least two tracks have impact parameter to the main vertex higher than a preset
value.

The microstrip counters have 5x5 cm? active area, 2048 strips per plane at 25 um pitch
and 300 um thickness. The planes were arranged in quadruplets measuring the vertical
and the horizontal projections.

Every detector was equipped with 16 Front End (FE) boards, each of them processing
the signals coming from 128 strips. The data were processed by two CMOS chips, one
for the analog part (ICAR) and one for the digital part (FEROS). ICAR has 16 channels
(containing a low noise preamplifier and a shaper with 150-300 nsec peaking time) with
a multiplexer, and provides the analog information. There are eight ICAR chips on each
FE board.

The output of each ICAR fed an external comparator with a programmable threshold. The
output of the comparators was then given to the FEROS chip. This encoded the coordinates
of the hit strips in 10 bits and calculated the multiplicity within the group of 128 strips.

Via an interface board placed close to the detectors, the FE boards were connected to
the readout system through a Fastbus board called COROM (COordinate and multiplic-
ity ReadOut Module). Each COROM module was able to handle two silicon planes,
distributing timing signals, programming and controlling the threshold values, reading
out multiplicities and the coordinates of hit strips. The COROM module can also per-
form cluster search among the hit coordinates and compare the multiplicity data with a
programmable window for trigger purposes.

The multiplicity information was available in COROM 2.5 usec after an interaction, while
2.6 usec the first coordinate was available, followed by the others each 100 nsec.

Using only the digital information, the spatial resolution was of the order of 25 um/y/12
= 7.2 um. The average efficiency of COROM detectors during the 1993 run was approxi-
mately 85-90%.
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442 Thedecay area

After the vertex region, the decay area extended for about 10 m to allow hyperons and K2
particles to decay before they entered the magnetic spectrometer. Several gas chambers
were used to reconstruct their tracks.

Lambda chambers

In the decay region, there were six sets of drift chambers called Lambda chambers [8],
having an active area of 80x80 cm?. Each set consisted of three double planes, one pair
with the wires oriented in the y direction and the others turned by +60° and -60°, to allow
reconstruction in space.

In every double plane the two 10 mm thick drift regions were separated by a free space of
other 10 mm. The two planes were shifted with respect to each other by half the distance
between two neighbouring counting wires in order to solve left-right ambiguities if the hit
density is not too high.

The distance between a potential and a sense wire was 2.5 cm and the maximum drift time
was 500 nsec. The chambers had a space resolution of about 350 um. Their efficiency was
strongly dependent on the beam rate and was lower in the central area of the chambers
due to the high beam particle flux. In average it was approximately 88%.

In order to improve the bridging between the decay region and the spectrometer, other two
drift planes were placed at the entrance of the Omega magnet. The wires were oriented in
the z direction.

Octogon chambers

In order to increase the efficiency in the central area mentioned above, in 1993 some
newly built MWPCs were added. They were called Octogon chambers and had 1 mm wire
spacing and 4 mm gap. The width of their frames corresponded to those of the Lambda
chambers, but only the central region was active on an area of 128 mm diameter.

Five sets were interleaved with the Lambda chambers. Each set consisted of four planes
measuring y, z, +45° and -45° projections. Their average efficiency was of approximately
98%.

M1 chambers

In order to improve the track bridging between the vertex area and the decay region,
three sets of MWPC were placed about half a meter behind the silicon detectors. Each set
consisted of four MWPC with 1 mm wire spacing and total 256 wires per plane. They
were indicated as M1 chambers and they measured y, z, +10.14°, and -10.14° projections.
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4.4.3 The Omega spectrometer

The momentum of charged particles was measured using the magnetic spectrometer
consisting of the Omega magnet and its complement of MWPCs and drift chambers [24].
Omega is a superconducting magnet with a 1.3 m wide entrance window, 1.4 m distance
between the poles and 4 m diameter, thus offering large acceptance. It provides a mean
field of 1.8 T in the negative z direction, for an integrated field of about 7.4 Tm. Inside
the magnetic field the tracking is performed by several MWPCs. Their setup for the 1993
and the 1994 runs is described below.

Immediately inside the entrance of the magnet there are the first 20 planes (called B
chambers), with an active area of 152x93 cm?, 2 mm wire spacing and 760 wires per plane.
The planes are arranged in groups of two and they measure three different projections in
the following sequence: u (+10.14° with respect to the field direction), y, v (-10.14°) and
again y.

Between the B chambers and the next set of planes there are 36 cm free. Afterwards there
is a second set of 25 planes (A chambers). They also have 2 mm wire spacing and total
760 wires, but cover a larger active area, equal to 150x120 cm?. These are arranged in
eight groups of three planes each, covering the y, u, and v direction. In the 7th group there
is an additional plane with the wires perpendicular to the magnetic field (z plane).

In order to increase the lever arm for the momentum measurement for higher energy
particles and allow a precise extrapolation of the tracks to the RICH, other chambers were
placed at the exit of the magnet. There were two sets of drift chambers (called DC1 and
DC2) at a distance of 2 m from each other. Each frame consisted of two staggered y planes,
one u, and one v plane with an active area of 320x160 cm? and 4 mm wire spacing. Their
spatial resolution was 220 um in'y and 1200 um in z. In every set there were two additional
MWPCs (respectively MY1-MY2 in the DC1 and MY3-MY4 in the DC2 frame). The
information given by the four MY y planes is also used for the trigger in combination with
the hodoscopes.

The momentum resolution of the Omega spectrometer is Ap/ p? = 10~4(GeV / ¢)~! for
tracks reaching DC2 (corresponding to 3.6% for particles with 360 GeV/c maximum
momentum in WAS89) and Ap/p? = 103(GeV /c)~! for tracks not entering the drift
chambers. The efficiency is on average 95% for the MWPCs and 98% for the drift
chambers.

4.5 Detectorsfor particleidentification

451 TheRICH

To study charmed-strange baryons and search for exotic states such as the U and the H
dibaryon, =/ K/ p (p) identification of decay particles is necessary for momenta up to and
beyond 100 GeV/c. In particular, it is very important to be able to identify kaons, protons
and antiprotons in a background of at least ten times as many pions.

For this purpose a Ring Imaging CHerenkov (RICH) detector [25] was placed behind
the Omega spectrometer. It was used to measure the velocity of traversing particles. This
information, combined with the momentum measurement done with the spectrometer,
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allows the identification of particles in the acceptance of the detector.

When a charged particle moves in a medium with higher velocity than the speed of light
in that medium, it emits Cherenkov radiation. This situation corresponds to the condition
B =v/c>1/n,where v isthe velocity of the particle and n is the refractive index of the
medium. With respect to the particle trajectory the Cherenkov radiation is emitted at an
angle 6 given by

1
= —. 4.2
coso Bn 4.2)
Ina RICH detector a radiator volume (where the charged particles produce the Cherenkov
light) is followed by a spherical mirror. This reflects the emitted photons back to the focal
sphere of the mirror, where the photons arrive and form a ring-shaped image. For small
angles the radius of the ring at the focal sphere is

r=_L -tan6=L -6 4.3)

where L is the focal length of the mirror. Consequently the accurate measurement of the
ring radius allows the determination of the particle velocity.

A RICH detector was already installed at the Omega facility and had been used by the
experiments WAG69 (photoproduction) and WA82 (hadroproduction) between 1984 and
1988. In 1989 a major upgrade of the detector took place, including the replacement of
the central part of the mirror array, the introduction of new UV-detecting drift chambers
and a new gas system. Since then the RICH was used by WAB89 during all its data taking
periods. A schematic drawing representing the RICH structure is shown in figure 4.6.

radiator

<~ photo-sensitive
drift chambers

Figure 4.6: The RICH detector in WAS9.

The radiator vessel is 5 m long, has a volume of about 120 m® and is filled with nitrogen
at atmospheric pressure (n=1.0003). The detectable photons lie in the wavelength range
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160-220 nm. At the downstream end of the detector a mosaic of 93 hexagonal mirrors
approximate the shape of an overall spherical mirror with 10 m radius of curvature and 5
m radius focal sphere. The array consisted of 19 mirrors of 44 cm diameter placed in the
center, surrounded by 74 mirrors of 70 cm diameter, for a total area of 7x4 m?,

The Cherenkov photons produced in the radiator are reflected and focused on the focal
sphere of the mirror. The photon detectors are positioned to form a cylindrical surface
such that the focal sphere is in average 10 mm behind their entrance window.

There were five UV-sensitive drift chambers covering an active surface of 1.6x0.75 m?, in
total. They measured the two coordinates of the photon conversion points in their plane:
the horizontal coordinate by the counting wire address, the vertical one by the drift time.
The geometrical acceptance allows detection of all tracks emerging from the spectrometer
with momentum p>12 GeV/c.

The chambers are 6 cm deep and have a 3 mm thick quartz window towards the radiator
volume to allow the UV photons to enter. Ethane was chosen as counting gas because of
its low diffusion coefficients and good counting properties of single photoelectrons. The
ethane is saturated with Tetrakis(dimethylamino)ethylene (TMAE), which has a very low
ionization energy (5.3 eV) and consequently very efficiently absorbs UV photons. In the
wavelength interval 160 nm < A <220 nm, TMAE has an average quantum efficiency of
about 0.3. In order to have short absorption length to limit parallax errors, the whole system
is kept at a temperature of 30°C at which the TMAE absorption length is approximately
11 mm. This in turn necessitates heating the RICH and the gas supply system to above
40°C to avoid any danger of TMAE condensation.

Each chamber has two symmetrical parts separated by a common central high voltage
electrode, kept at -40 kV. UV photons traversing the quartz window create photoelectrons
in the sensitive chamber volume. These are guided by a homogeneous drift field of
1 kV/cm towards the counting modules at the upper and lower end of the chamber (the
corresponding drift velocity in ethane is 5.3 cm/usec). Homogeneity of the drift field is
ensured by potential strips on the window and on the side and back walls of the drift
volume (connected to the central electrode by a resistor chain). The maximum drift path
is41 cm.

The chambers have two detachable counting modules, each having 128 counting wires
with 2.54 mm pitch, 15 um radius and 60 mm sensitive length. For the definition of the
individual counting cells and for suppression of photon cross-talk, separator plates made
of Al, O3, with dimension of 60x18 mm? and a thickness of 0.25 mm, are inserted between
the counting wires, forming a venetian blind structure. The plates carry conductive strips
for field shaping, to focus the photoelectrons onto the counting wires.

Because of the high number of charged particles traversing the chambers before reaching
the radiator, the counting action of the chambers has to be gated in order to suppress field
distortion and photoelectron losses from space charge in the drift region. This is achieved
by setting the potential of the uppermost strips of the venetian blinds such that they inhibit
transfer of photoelectrons to the counting wires. After a trigger, the chambers are “opened”
for 8 usec, corresponding to the maximum drift time.

The signals from the wires were amplified by current sensitive preamplifiers and fed into
discriminator modules. Thresholds were set to detect single electrons and for groups of
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eight neighbouring wires to identify signals from charged particle tracks. The discriminator
signals were then sent to multihit TDCs.

The space resolution for single photoelectrons is affected by chromatic dispersion, mirror
alignment, parallax errors, transverse and longitudinal diffusion in ethane. The resolution
achieved under experimental conditions is determined by measuring the distance of every
hit to the ring centers predicted from tracks observed in the drift chambers in front of the
RICH and results to be ¢,=2.8 mm. The corresponding angular resolution is 0.58 mrad.
The error on the radius measurement can be expressed as

Gradius = \/m (44)
where Ny is the number of detected photons per ring. It is therefore essential to detect as
many photons as possible. From offline calibration of the 1993 beamtime, the mean number
of photoelectrons per ring, averaged over all chambers and all runs, was determined to be
15.5. Taking into account the relation

Nget = NoLsin?e (4.5)

the value Np=55 cm~1 for the effective quality factor of the WA89 RICH was obtained.
The difference in ring radii for two particles of masses m; and my, having the same
momentum p is given by

2 m2
roAr=L? (%) e, (4.6)

The condition g - n > 1, or equivalently y > 41, for nitrogen, translates into a lower
momentum threshold for radiation emission and consequently for particle identification,
depending on the particle mass. The thresholds for the different particles are: p, > 6 GeV/c,
pk > 20 GeV/c and p, > 40 GeV/c.

For aknown momentum (measured by the spectrometer), the position and radius of the ring
for the different mass hypotheses (e, =, K and p) can be predicted from track parameters
and mirror geometry.

A maximum likelihood approach is used for particle identification (more details can be
found in reference [26]). For each mass hypotheses a probability density function of the
two space coordinates to observe a signal or background hit is evaluated for every hit. A
likelihood function is calculated for each hypotheses by multiplying the function values
computed for all individual detected hits.

To discriminate different mass hypotheses, a cut on the ratio of the likelihoods is applied.
For the analysis of experimental data, simultaneous cuts for different likelihoods ratios
(depending sometimes on the momentum) are used.

The algorithm, tested on a sample of A — px decays, gives a separation of protons and
pions with 90% efficiency and a rejection by a factor of 10 or more at a momentum of
150 GeV/c. Kaons and pions can be separated up to about 90 GeV/c and kaons and protons
up to about 150 GeV/c. By providing this information, the RICH played a key role in the
whole data analysis of WA89. References [25, 26, 27] present a detailed description of the
RICH detector and a deeper discussion of the obtained results.
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45.2 Theelectromagnetic calorimeter

A lead glass electromagnetic calorimeter for photon detection was placed downstream
of the RICH. One aim is to study possible radiative decays of charmed baryons and
hyperon resonances. It is also used to search for decay channels of charmed and exotic
states containing a X° or a #° through their decays 2° — A% and 7% — yy (for example
2 - AK 7% 22 — XK~ r*, etc.).

Lead glass blocks were arranged in a circular array of 1 m radius around the direction of
the beam (at its center two modules have been left out to provide a beam hole). This size
corresponds to an estimated acceptance of 70% for photons coming from charmed baryon
decays at x = 0.3 and of 60% for both photons from z° decays at the same x.

There were a total of 642 blocks, made of lead glass of type SF57 which has a very
high lead content and consequently a very short radiation length (1.546 cm) compared
to other glasses. The face size of a single module was 7.5x7.5 cn¥, corresponding to
(1.44-Ry)?, where Ry, is the Moliére radius. The blocks were 36 cm long, corresponding
to 23 radiation lengths (more than 97% of an electromagnetic shower of energy up to 100
GeV is released in such a layer of lead glass).

The Cherenkov light produced in the lead glass by electromagnetic showers was collected
by a photomultiplier covering about 41% of the surface of the block. The photomultipliers
were especially designed to provide a high linearity over a wide range.

Their anode signals were transferred via 120 m long coaxial cables to FASTBUS ADC
modules, the distance provided the delay necessary for triggering, then sparsified and
finally sent to the central event builder.

A xenon flash lamp was used for a constant monitoring of the pulse height provided by
each channel. The light pulses were delivered by optical fibres to the backplane of each
module covering the Cherenkov light spectrum in the lead glass. For the offline analysis
the calibration factors of all modules are corrected according to the monitor measurements.
After an initial calibration done at a test beam in 1991 with an electron beam, the calorime-
ter was recalibrated for every run by comparing the reconstructed z° mass with the refer-
ence one. The mean mass resolution is ¢ = 4.2 MeV, while the energy resolution is

o(E) _ 0.056
: _mw.oz (4.7)

and the average spatial resolution is o(x) = 0.6 cm.

Since the calorimeter was located far from the experimental target (28.4 m), the invariant
mass resolution of secondary states containing photons or z°s is more sensitive to the
energy resolution than to the position resolution.

A more detailed description of the calorimeter and its performance can be found in
references [12] and [28].

453 Thehadronic calorimeter

The most downstream detector was the SPAghetti hadronic CALorimeter (SPACAL). It
is used to detect neutral hadrons and consequently it allows the reconstruction of final
states with neutron content [29]. Determining the energy and impact point of neutrons,
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the decays X" — nx* (BR=48.3%) and X~ — nn~ (BR=99.8%) are reconstructed. This
allows the study of X decay channels of charmed baryons.

The hadronic calorimeter is of the “spaghetti” type [30] with 176855 scintillating fibers em-
bedded in lead plates, used as passive absorber. The fibers, made of SCSN-38 polystyrene,
are 1 mm in diameter and 2.2 m long. They are mounted along the beam direction and
grouped in 155 hexagonal modules (with 43 mm side length and 1141 scintillating fibers
each). SPACAL has a total weight of 20 tons.

Particles traversing the calorimeter produce scintillation signals which are then collected
by photomultipliers at the rear end of the modules (one photomultiplier per module).
Their output signals are then stored in an ADC. A flash lamp system is used to monitor
the stability of the readout chain from the photomultiplier on.

In addition a SCintillating TILe hodoscope (SCITIL) was mounted just in front of the
calorimeter in order to identify the charge of traversing particles [31] and reject the charged
particles. The single tiles (matching exactly the hexagonal structure of the SPACAL
modules) have wavelength-shifting fibers embedded in the scintillator. These serve the
double purpose of primary light collection and subsequent light transmission to high gain
photomultipliers located outside the active hodoscope area. The global efficiency of the
hodoscope was >98%.

The total detector area facing the beam was 1 m in diameter and the active areais 0.75min
diameter. The volume ratio of lead to the fibers was 4:1. This should give a compensating
calorimeter (namely the ratio of the electromagnetic response to the hadronic response
should be close to 1). This ratio was measured to be e/h=1.15.

The calorimeter length corresponded to 266 radiation lengths and 9.5 nuclear interaction
lengths (=21 cm in the fiber/lead combination). Consequently all the energy of electromag-
netic showers and 99% of the energy of hadronic showers is contained in the calorimeter
up to an energy of several hundred GeV.

High energy neutrons were detected by looking for hadronic showers with a minimum
energy of 40 GeV and a reconstructed shower barycenter that could not be linked to a
track found in the spectrometer. To determine the direction of the neutron, one further
needs the coordinates of the X decay vertex from tracking information.

The calorimeter is calibrated module by module before every data taking period using
electrons and pions at test beam facilities. The energy and space resolution for hadronic
showers there determined are

o(E) 0.31 31.4
—— = —=+0.026 and ;= ——= +2.4mm 4.8
E \/E Oy \/E ( )

and for electromagnetic showers

E .124
@ = 0— + O 012 and Gyz = —=mm (49)

E VE

An introduction to spaghetti calorimeters and a more detailed presentation of SPACAL
and its performance in WA89 can be found in references [29], [30], [31] and [32].
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4.6 Thetrigger and data collection

In order to limit the amount of data stored on tape, a system of detectors and electronics
modules selects the useful events. It is necessary to exclude the cases where no interaction
took place, to identify the incoming particle as a X~ and select events having a topology
interesting for the different channels studied by WA®89.

The detectors used for the trigger were four scintillators placed in the target region, two
hodoscopes (H1 and H2) and two proportional chambers (MY) located behind the Omega
spectrometer.

The first two trigger scintillators were placed upstream of the experimental target, the first
one (B1) in front of the TRD, and the second (B2) behind the TRD. Two other scintillators
(B3 and B4) were placed after the target, behind the twelfth plane of silicon microstrips
and act as interaction counters. Therefore, the first part of the vertex detectors can be
treated as a target in the analysis.

The first hodoscope was placed in front of the RICH and consists of 64 scintillators of
18x100 cm? area. These are staggered so that they overlap by one third of their surface
and cover a total area of 200x100 cm?. The second hodoscope, placed behind the RICH,
had 110 cm long counters, narrower in the central part (18 cm) and wider in the outer part
(27 cm). They were arranged in a way similar to H1 and cover a total area of 300x110
cm?.

The information provided to the trigger logic concerns the passing of particles, their
multiplicity and the hit correlation between the hodoscopes and the proportional chambers.
The decision to read out an event proceeds in several steps.

Definition of the beam. From the coincidence of the B1 and B2 scintillators a rate of
640000 particles per spill was obtained. Four scintillators placed at the exit of the beam
channel set a veto on particles belonging to the beam halo. An upper threshold on the
signal provided by B2 allows rejection of interactions which took place in the TRD. These
four signals reduce the rate to 500000 per spill.

Very fast gate. The beam definition and the multiplicity signal provided by the B3 and
B4 scintillators define a \Very Fast Gate. If the multiplicity is bigger or equal two, a signal
available 150 nsec after the crossing of the target is used to start some of the detectors
(COROM, SVX, Lambda chambers). The rate is reduced to 13000 per spill.

Fast gate. The multiplicity information provided by H1 says if the tracks belonging to
the current event lay in the acceptance of the spectrometer. If the multiplicity is higher
than three, a Fast Gate was generated. This signal is available after 320 nsec to start the
readout of all proportional chambers. (Rate of 9000 per spill).

Momentum criterion. In the channels studied in WAR89, at least one baryon carrying a
large fraction of the momentum in the forward direction is expected. With the position
information provided by the second hodoscope behind the RICH it is possible to determine
the charge of the high momentum particles. Events are selected when there was either one
positive track with more than 55 GeV/c and one negative track with more than 35 GeV/c,
or two positive tracks with more than 55 GeV/c each.

Matrix reduction. Low momentum particles emerging from secondary interactions in the
spectrometer can give the same signature in H2 as high momentum tracks. To reject these
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particles one can correlate the information of the two hodoscopes and the proportional
chambers. This was done with the help of a trigger matrix with programmable memory
modules from MBNIM standard [33]. The momentum and matrix criteria together provide
the Sow Gate which reduces the rate to 4200 events per spill.

TRD information. As last condition the information from the TRD on the beam particle
identification is used. This information is available after 910 nsec and triggers the readout
of the RICH and the calorimeters.

Each gate has a complementary clear which stops the readout of the already triggered
detectors and clears their readout electronics in case of rejection at the next trigger level.
In particular in 1994 a dedicated trigger for neutrons was introduced. A minimum energy
deposit in SPACAL gives a fast gate as alternative to the normal interaction trigger. After
comparison of the cluster information of SPACAL and SCITIL, charged hadrons are
rejected by issuing a very slow clear.

On an accepted trigger signal a fast readout was performed within 500 psec for the whole
experiment. After every full readout, there is a reset signal which re-inizializes all readout
electronics.

Data from the single spectrometer components were read out by CAMAC, FASTBUS and
VME modules and then transferred to CHI (CERN Host Interface) FASTBUS modules.
From there they are transferred to a central CHI connected to six DECstations which wrote
the data to tape on Exabyte drives with a capacity of 2 Gbytes per cassette.
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Chapter 5

Charm reconstruction and analysis
methods

Raw data collected in WA89 during the 1993 beam period were treated for charm analysis
in several steps.

They were first of all processed in a standard procedure called data production in order to
perform the basic event reconstruction. This procedure consists of two main steps. First
tracks are reconstructed and the momentum is determined for particles crossing the Omega
spectrometer.

The second step takes care of particle reconstruction and identification. Two-prong VO
decays of As and K%, and = and © hyperon decays are reconstructed. Additional packages
for subdetectors like the TRD, the RICH, the lead glass calorimeter and SPACAL, are also
used. They provide information about the beam particle identity, the RICH identification
for decay daughters, and finally photon, z°, and neutron detection.

The search for charmed hadrons was then performed using a dedicated package called
xip2. The strategies used for the candidate search, the primary vertex reconstruction and
event selection will be described in the central part of this chapter. The method used for
the determination of charm hadron lifetimes is presented in the last section.

5.1 Track reconstruction

The track reconstruction is done with TRIDENT [1], a software package developed for the
CERN Omega spectrometer, modified and adapted to the WAB89 setup. The program recon-
structs single tracks and for particles traversing the magnetic field region the momentum
is calculated.

First, track segments are reconstructed separately for the various tracking detectors. In
particular, this is done sequentially for the lever-arm and the proportional chambers of
the Omega spectrometer, the Octogon and Lambda chambers, and finally for the silicon
microstrips.

The procedure to find the track segments is different for the various subdetectors. For
the chambers inside Omega and behind it, space points are found by combining the hit
information from different projections of each multi-chamber package. These space points
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are then used to fit a curved track from which the particle momentum and charge sign are
determined.

For the chambers in the decay region, individual projections are first reconstructed and
then combined to form space tracks.

The same procedure is followed in the microstrips. The y, z, and s projections are first
fitted separately. Then the program tries to merge them to form space tracks. If one z, one
y, and one s projection are found to fit a space track, this is unambiguously determined
and hits found in the t planes are attached to further improve the track fit. If only two of
the three projections are found, the program requires hits in the t planes and uses them to
resolve ambiguities (no projection can be reconstructed from three t planes, but the hits
still provide very useful information).

A significant improvement of track reconstruction in the vertex region was obtained with
the addition of the SV X detectors in 1993. Their high detection efficiency and the four
projections measured by them allow a higher yield of space tracks being formed from
projections.

A cross section of the target area with tracks reconstructed in the microstrip detectors is
shown in figure 5.1. On the left side the beam track is visible, detected by the beam silicon
counters. The four interaction targets are then followed by the microstrip vertex detectors.
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Figure 5.1: Tracks reconstructed in the WA89 microstrip vertex detector.
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In the second step, the single segments are bridged to each other to form full tracks. The
bridging procedure starts from the downstream part of the apparatus, where tracks are
better separated from each other, and proceeds backwards to the vertex region.

Once a microstrip space segment has been bridged to a track from the downstream
chambers, the measured momentum is used to perform a correlated fit of the microstrip
segment to properly take into account the effect of multiple scattering. In addition the result
of the pattern recognition is revised, unused hits or unused projections can be recuperated
and hits with a significant deviation from the track can be rejected.

Figure 5.2 shows one event reconstructed by TRIDENT with all tracking detectors. On
the left the beam and the vertex microstrip detectors are shown, followed by the M1, the
Lambda and the Octogon chambers. The rectangular box indicates the Omega magnet
with the spectrometer chambers, followed by the lever-arm chambers.
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Figure 5.2: WA89 event reconstructed by TRIDENT using all tracking detectors: the microstrip
planes on the left, followed by the M1, Lambda and Octogon chambers; the Omega spectrometer (in
the box) and the lever-arm chambers behind Omega (the last planes on the right).
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The track bridging and reconstruction efficiencies are estimated using minimum bias
Monte Carlo events. The following numbers refer to all particles with momentum higher
than 2 GeV/c. For lower momenta efficiencies drop sharply due to acceptance limitations
and stronger multiple scattering effects.

The tracking efficiency in the Omega chambers, in the decay region and in the microstrip
detectors is equal to 93.9%, 82.5% and 97.3% respectively. The bridging efficiency is
about 93% and the overall reconstruction efficiency for the momentum range indicated is
approximately 86%.

5.2 Particlereconstruction

The reconstruction of special types of particles such as VV0s, =s and Qs, and the analysis
of data provided by detectors not used for the tracking are done within the frame of the
PHYNIX package.

The program has a main part called SKELETON which can be used for selecting and
writing data, and can call a set of different packages:

e TRD for offline TRD data analysis;

RICH for the RICH data analysis;

VO for the reconstruction of A%, K2, 2=, Q~ and their antiparticles;

LG for the lead glass data analysis;

SPACAL for the analysis of the hadronic calorimeter data;

optional packages for the individual user’s specific data analysis.

The program is very flexible and controlled via a file listing desired options.

In the standard procedure for the WA89 data production the VO, the RICH and the LG
packages are always implemented. During the processing, several streams are saved.
Apart from the one containing all events, there are other streams based on the selection of
reconstructed particles, like VVOs, proton-kaon combinations, etc. The output is normally
written in DST (Data Summary Tape) format.

For the analysis presented in the following chapter, the information provided by the VO
package and the particle identification based on the RICH data analysis were extensively
used.

5.2.1 Two-prong VO decaysof A and K°

The VO package provides an identification of A°, A°, and K2 particles based on the
kinematic reconstruction of their decay into one positive and one negative particle. The
cascade decays of ==, Z', @~ and Q" are searched for, using the identified VO particles.

The VO package consists of three main parts: first two-prong vertices of tracks with
opposite charge are reconstructed; then the invariant mass is calculated and the VOs are
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selected according to mass, geometry and quality criteria; finally the search for Zs and Qs
is performed.

The reconstructed decay channels, the corresponding branching ratios and the world
average values of the lifetimes are listed in table 5.1.

| Reconstructed decay channel | Branching ratio (%) | Lifetime (x10-% sec) |

A > pn~ 63.9+0.5 2.632 +0.020
A° - prt
K — n*n™ 68.61 +0.28 0.8926 +0.0012
= 5> A% 99.887 +0.035 1.639 +0.015
E A%
Q- > AK- 67.8+0.7 0.822 £0.012
a 5 Ak

Table 5.1: VO, = and @ decay channels reconstructed in the VO package, with the corresponding
branching ratios and lifetimes (data are taken from reference [2]).

Two-prong vertices are reconstructed considering track pairs with opposite charge starting
in the same detector region (microstrips, Lambda chambers or Omega spectrometer). Their
closest distance of approach (CDA) and vertex position are calculated and are used to select
candidates. A vertex is accepted if the CDA is below a certain limit (50 um if the tracks start
in the microstrips, 5 mm in the Lambda chambers and 3 cm in Omega) and if the vertex
is clearly separated from the preliminary reconstructed position of the main interaction
point (the separation must be more than 2 cm for two-prong vertices in the microstrips
and more than 12 cm in the Lambda chambers).

The invariant mass for each accepted two-prong vertex is calculated for the mass hy-
potheses of the A, A and K2 decay channels listed in the above table. Candidates are
selected as VO0s if the difference between the reconstructed and the reference mass is less
than + 25 MeV/c?. Decays with reconstructed mass in the intervals [-75,-25] MeV/c? and
[+25,+75] MeV/c? are marked as sideband events for background studies. The error of the
reconstructed mass for a given particle is estimated as a function of its momentum, and
the location of the first measured points of the decay tracks, using empirical correlations.

The kinematic identification is, however, not unambiguous over the whole phase space
and one vertex can be associated with more than one VO particle. This occurs for some
particular angles between the two daughter particles. The consequence is an ambiguity
between A% and K% which, for 1993 data, affects about 1.7% of all recorded events.

The mass distributions for K2 and A particles reconstructed by the VO package using part
of 1993 data are shown in figure 5.3.
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Figure 5.3: Sample of K% and A%s reconstructed by the VO package using 1993 data.

5.2.2 = and Q reconstruction

The third step of the VO package is dedicated to the search for the cascade decays of =s and
Qs given in table 5.1. The extrapolated track of As and As found in the decay region and
inside the Omega spectrometer are combined with the remaining charged tracks starting
in the Lambda chambers.

If the CDA of the A and the charged track is smaller than 3 cm, the invariant mass
is calculated considering the various decay hypotheses. Candidates are accepted if the
difference between the reconstructed and the reference mass is in the range of + 25 MeV/c?.
Other entries in the + 75 MeV/c? mass window are used for background studies.

Since £~ s and Qs are charged particles, they leave a track in the vertex detector before
they decay. Consequently, to improve the purity of the = and Q sample, the attempt is
made to bridge the candidates to unused tracks reconstructed in the microstrip detectors.
The background is much lower for the matched hyperons.

It is also possible to assign the measured momentum to the microstrip track and refit it
taking into account multiple scattering effects.

A further selection is done with the following criteria:

¢ good quality of the bridging to the microstrip track;
e check whether the decay A shares any track with a K2 and flag ambiguous cases;

e the quality of the reconstructed A is checked: its mass should lie in a window of
+250.

Figure 5.4 shows the mass plots for the reconstructed =~s from part of the 1993 data.
On the left all == decays are shown, while on the right only the candidates successfully
bridged to microstrip tracks and for which A — K2 ambiguous cases have been rejected
are plotted.
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Figure 5.4: Sample of =~ s reconstructed by the V0 package using approximately half of 1993 data. On the
left all found =~ s are shown: the shoulder on the left side of the peak is due to ambiguities between As and
K?9. The plot on the right shows only the cascades which are bridged to microstrip tracks and for which the
ambiguous cases have been rejected.

5.2.3 RICH particleidentification

Figure 5.5 shows one event reconstructed in the RICH detector. The five drift chambers
are indicated by the rectangular boxes. The figure shows the hits recorded in the RICH
chambers, the track impact points extrapolated from the Omega spectrometer (indicated by
crosses) and the predicted rings for the pion mass hypothesis. The charge and momentum
of the extrapolated tracks are shown on the bottom.

For each charged track falling within the geometrical acceptance of the RICH detector,
the RICH package assigns a likelihood for it to be a proton, a K=, a #~ or an electron or
the corresponding antiparticles. Tracks are extrapolated from the spectrometer to predict
ring centers and the radii of the different mass hypotheses. After hit reconstruction in the
RICH chambers and some noise reduction, a maximum likelihood method is applied.

It is assumed that the measured coordinates of each Cherenkov photon are described by
a probability density function (p.d.f.) which depends on the particle hypothesis. So for

each possible hypothesis j we assume a p.d.f. fj(Y’(')) to observe photon i at its measured
position e

If m photons are observed, the joint probability to find all m photons at their measured
positions is given by:

[15®")a% (5.1)
i=1

Furthermore the Cherenkov photons are distributed over a ring of radius R; for the hy-
pothesis j. As the spatial resolution is finite, a Gaussian distribution r) is assumed for the
photon radii.
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Run 8209, Event 2484478, Burst 17400, Ev. in burst 922
Sat Jun 512:58:00 1993 Trigger 1 3

o
0
& ® 0% °© oo o &
. 8, coo o

v'g ° o

: o °
coudius ™ . o8 .

'y - o
“g 88 5 o 8, m—
5 o @ @ . B
@0, 3 o .o ®
i . ° s ° .o »sr °
3 s . o W 5o
°
2 8 ] A o 5
3 P N P 0° i
o D 060 &
£
° - ° e ‘%o 0800@, ° ®
o8 e @
. W

omp 0@ @  owo
8

—

T

5
0
3

w ow
© onN
o

'
-

3

'
N

1 90.0

w

.0

Figure 5.5: Event reconstructed in the RICH detector. The track impact points extrapolated from
Omega are indicated by crosses and the predicted rings for the pion mass hypothesis are drawn. The
numbers in the last row give the particle charge and momentum.

Assuming a certain distribution B of background hits, constant over a surface A and not
depending on the hypothesis j, and mtegratlng the signal and noise distributions over A,

the analytical expression for the p.d.f. f,(? ) is obtained. Next, we take into account the
probability of observing exactly m photons, which should follow a Poissonian distribution
e~Pip

m!

where p; is the sum of the expected number of signal and background photons in the
surface A.

(5.2)

The likelihood function for hypothesis j is

_prj H 1(7(1) (5-3)

For all particles traversing the RICH the value of the likelihood function is calculated
for each hypothesis: Le, L., Lk and L, respectively for the electron, pion, kaon, and
proton hypothesis. If a particle is below threshold (y<41) it is supposed to produce no
Cherenkov Iight and only noise hits should be detected. In this case the background
likelihood Ly = ” B™ is evaluated and considered.

The RICH acceptance also drops rather fast for particles with momentum lower than about
12 GeV/c?, giving a low efficiency for particles with a momentum below this limit.

The RICH information is stored in PHYNIX common blocks and can be later used in the
event analysis. The content of the information depends on the particle momentum p and
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can be summarized as shown in table 5.2. A particle is considered out of acceptance if
less than half a ring is seen within the chambers.

| RICH word stored | 1 ] 2] 3] 4] 5 |
p >45 GeV/c Lo L. L, Lk Ly
25 GeVics p<45GeVic | -1 L L, Lk Lo
p <25 GeV/c -2 L L, Lo Lo
out of acceptance -100 | -100 | -100 | -100 | -100

Table 5.2: RICH information stored in PHYNIX, depending on the particle momentum, for the
different mass hypotheses.

Generally during the analysis, for the particles under study we calculate the ratio

_ L
" max(L;,i = p, K, e, noise; i 7 j)

R (5.4)
The mass hypothesis for which R; is maximum is the most likely. Such information can
be used to positively identify particles (asking for the relative ratio to be bigger than all
other hypotheses) or to identify them negatively (rejecting the cases where other mass
hypotheses are more probable than a certain limit).

An example of the use of RICH cuts is shown in figure 5.6. The invariant mass of K"K~
two prong vertices is calculated to reconstruct ¢ decays. In the first plot on the leftitis only
required that the kaons are in the RICH acceptance. In the middle plot only the negative
kaon is positively identified while in the last plot both kaons are positively identified.
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Figure 5.6: Reconstruction of the ¢(1020) — K*K~ decay applying RICH cuts for the two charged
daughters.
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5.3 Charm reconstruction with xip2

The search for charmed hadrons was performed using the xip2 code, based on a “can-
didate driven approach”. This approach consists of forming candidates for the defined
decay channel using space tracks provided by the basic reconstruction packages. The
combinations found are selected on the base of mass, geometry, and quality criteria and,
for the accepted candidates, the remaining tracks are used to search for a well defined
primary vertex. If this is also found, all relations between primary and secondary vertices
are determined and events are selected according to quality criteria. On the selected events
a more precise cut optimization procedure is performed interactively to isolate the signal
from background events.

In the following | will describe these steps in more detail. In particular, more studies
have been made of the main vertex in order to optimize the track selection and the vertex
reconstruction.

5.3.1 Charm candidate selection

The chosen decay channel is defined describing the daughter particles, their identity and
their charge. For all particles reconstructed in the apparatus arrays are filled with the track
parameters and the momentum information provided by PHYNIX common blocks.
Among all recorded space tracks which could be used as daughters of the searched hadron,
*good” tracks are selected according to the following criteria:

e space and projection tracks for which the covariance matrix is not invertible are
rejected, as they cannot be used for any vertex reconstruction;

e tracks identified as daughters of VVOs, =Zs and €2s (and their antiparticles) are excluded
as well as microstrip space or projection tracks which have been bridged to hyperons;

 charged tracks must have their first measured point in the microstrip planes; if they
start in more downstream detectors, they will not be used to form candidates;

¢ V0s, Zs and Qs are accepted only if their reconstructed mass lies in a certain window
around the reference mass;

¢ VO0s sharing one or two tracks are rejected,

¢ hyperons bridged to two microstrip projections rather than to a space track may also
be rejected.

With the selected good tracks, all combinations are tried in order to form candidates.
Combinations where a track is used more than once are rejected. For each used track
the available RICH information is checked and a bit mask is set accordingly. This is
then compared with a mask of imposed cuts. If the required conditions are not satisfied,
the combination is dropped. The default configuration of conditions corresponds to no
effective cut. The user can impose various requirements, both for positive and for negative
identification of one or more particles.
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For all found candidates, the invariant mass is calculated and compared with the reference
mass of the searched particle. If the difference is below a predefined limit (generally 200-
300 MeV/c? to allow for sideband studies), the combination is accepted and the secondary
vertex is fitted.

The user can set several cuts concerning the secondary vertex in FFREAD cards and they
are applied here to further select interesting candidates. The cuts normally used are listed
below:

o the maximum distance between every pair of tracks in the candidate must be smaller
than an upper limit (usually chosen between 300 um and 1 mm);

e bad fits are rejected,

« the quality of the vertex (expressed as probability or x?) is checked and, if it is above
the set limit, the combination is excluded. Normally the upper limit is set to 10-30
for the vertex 2 divided by the numbers of degrees of freedom.

For all candidates passing these cuts the code proceeds looking for a corresponding main
vertex.

For the secondary vertex of the candidates finally selected, the following quantities are
stored for the later analysis:

o the vertex position in the x coordinate and the relative error secxe;

e the vertex quality, secqual which can be expressed as probability or by the corre-
sponding y?;

o the closest distance of approach of individual daughter tracks to the reconstructed
vertex (seccda);

o the maximum distance between pairs of tracks in the candidate (secdmax).

Figure 5.7 shows the distributions of the quantities mentioned above for a sample of
candidates for the = — =~ n*z* decay before applying any selection. This channel is a
good representative example: it has a three-prong secondary vertex including a cascade
hyperon. For this reason it has been chosen to show the following plots.

The top left plot shows the distribution of the error on the secondary vertex position
for the different targets: the copper layer, the group of three slices of diamond, and the
first microstrip planes. The errors are higher for copper than for diamond due to stronger
effects from multiple scattering. The top right plot shows the secondary vertex quality
expressed as y2. The bottom left histogram shows the distribution of the closest distance
of approach of candidate tracks to the reconstructed secondary vertex. The mean value is
approximately 31 um.

On the bottom right the distribution of the maximum distance between pairs of tracks in
the candidate is plotted. The mean value is about 42 um.
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Figure 5.7: Distribution of the secondary vertex parameters for a three charged prong decay. See the
text for further comments.

5.3.2 Main vertex reconstruction

For each candidate found, the code tries to reconstruct a main or primary vertex which
satisfies quality criteria.

First of all, tracks which can be used to form the main vertex are collected. The user
can choose to use only space tracks or include also projections; to keep or to exclude
microstrip segments which are not bridged to tracks in the spectrometer and consequently
have no momentum measured; to include the beam track or not.

All channels studied here always include the beam and non-momentum tracks (to which
a 5 GeV/c momentum was assigned), but the y and z projections not matched to space
tracks were rejected.

Among the chosen tracks a selection is performed following the same criteria listed for the
charm candidate search. In addition the tracks used for the corresponding candidate are
flagged and excluded, microstrip tracks bridged to cascades can be recuperated and used,
and finally the hit pattern in the microstrip detectors is checked for all considered tracks.
The user can require the first measured point of each track not to be too far downstream
(in number of silicon planes) with respect to the secondary vertex. This check is done to
exclude tracks starting clearly downstream of the candidate decay vertex.
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A further filter on microstrip space tracks is performed to exclude probable beam tracks
(from pile-up or interacting more downstream); tracks with bad quality of the matching of
the two projections; tracks with a suspicious (for example, very discontinuous) hit pattern.

The procedure to form the main vertex with the selected tracks is as follows:

e The intersection of every pair of tracks is calculated. With this information the
intersection volume defined by all considered tracks is estimated and compared
with a box value imposed by the user as maximum volume for the main vertex.
Track pairs are then excluded one by one and the volume is estimated for every
configuration. The procedure continues until the vertex volume is smaller than the
preset box;

o With the surviving tracks (if there are at least three) a vertex is fitted and the relative
probability is evaluated. This is compared with the user’s requirement on the vertex
quality (mvx_pregj). If the cut is not satisfied, a multi step track rejection mechanism
starts;

o If the ratio of the x? of the worst track to the x? of the second worst track is higher
than a mvx_1rgj cut imposed by the user the worst track is rejected. This step is
intended to immediately exclude tracks with evident very low quality;

e Among the remaining n tracks, each is excluded in turn and the vertex probability
is calculated. The best combination of (n-1) tracks is selected and for that one the
probability is again compared with the mvx_prej cut;

o If the quality cut is satisfied, the vertex is accepted. Otherwise the rejection mecha-
nism on the (n-1) track combination starts again from the point described two steps
before. The procedure continues until a good vertex is found or stops when less than
three tracks are left. If no vertex is found, the candidate is rejected.

For the found main vertices, the following parameters are calculated and stored for later
analysis:
o the vertex position in the longitudinal coordinate x and the relative error (mainxe);

« the main vertex quality mainqual expressed as y? or as probability;

o the closest distance of approach of individual tracks to the reconstructed main vertex
(maincda);

o the number of degrees of freedom of the vertex maindf, depending on the number
of tracks included in the fitted vertex, and their type (space tracks, beam if it is used,
projections, other non-momentum tracks).

The distribution of the reconstructed x position of main vertices for minimum bias events
is shown in figure 5.8. Besides the main copper and diamond targets, the first 12 microstrip
planes of the vertex detector are also considered as interaction target.
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Figure 5.8: Distribution of the reconstructed x position of main vertices in copper and diamond and in the
first 12 planes of silicon microstrips.

Figure 5.9 shows the calculated error on the main vertex position in x for the different
targets. The better resolution in the case of the diamond and silicon targets is evident.

Entries [1 um/binl

2000

1750

1500

1250

1000

750

Cu

error on the main

vertex position in x

O P T I e

0.14
mainxe [cm]

0.06

Figure 5.9: Distribution of the calculated error on the x position of main vertices found in the copper,
diamond and silicon targets respectively.
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The dependence of the main vertex quality on the applied cuts (box, mvx_1re and mvx_prej)
has been studied in order to optimize the primary vertex selection.

Figure 5.10 shows the main vertex probability distribution depending on different applied
cuts. The starting configuration (first histogram on top on the left and central histogram in
the second and third row) corresponds to the requirements:

box < 1cm® ; mvx_1rel = 10 ; mvx_pref > 1%

The other histograms show the behaviour of the calculated probability for different cuts.
Only one cut is varied in each case and its new value is indicated in the figure.
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Figure 5.10: Distribution of the main vertex probability for different sets of cuts (see the text for further
explanations).

If all (and only) good vertices are correctly reconstructed, the probability has a flat
distribution between 0 and 1. In reality also fake vertices are found and they populate the
region at low values of probability giving the visible rise towards 0. In other cases too
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many tracks can be rejected and vertices are reconstructed with very few tracks. These
vertices can have higher probability and cause a rise of the probability distribution at 1.
An example of the latter case is given in the top right plot in figure 5.10. If the main
vertex volume is requested to be smaller than 10~° cm?, too many tracks are rejected. The
resulting distribution is artificially distorted towards values with higher probability. For
box values between 10~% and 1 cm? the probability distribution shows a normal behaviour
and this range will be considered for the volume cut.

No clear dependence of the probability distribution on the variation of the mvx_pre cut
is visible from the plots in the second row, indicating that this cut is not crucial for the
selection of primary vertices. For the variation of the cut on the main vertex probability
(last row) the distributions are rather similar. However for a cut at low values like 0.1%,
the rise towards 0 becomes very prominent. Consequently higher probability cuts will be
always used.

The distribution of the main vertex quality expressed as x? depending on different applied
cuts is shown in figure 5.11.
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Figure 5.11: Distribution of the main vertex quality expressed as y?2 for different sets of cuts.

The composition of the reconstructed main vertices depending on the different sets of cuts
IS summarized in table 5.3. In particular, the mean number of tracks, of space tracks, of
microstrip non-momentum tracks, and the percentage of cases where the beam track is
included are listed.

The main vertex composition confirms the observations given above. A too small vertex
box causes the loss of many useful tracks. The request of a too high vertex probability
also causes the loss of useful tracks, but to a lesser degree.

The study of these distributions guided the choice of the cuts used for the search of charm
candidates. The volume of the main was normally requested to be lower than 1 cm?; the
mvx_prej parameter was set to 10, in order to slightly increase the speed of the routine; the
probability cut was chosen between 0.5 and 2%.
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| box | mvx_lrej | mvx_prej | all tracks | space tracks | other tracks | with beam |

1cm® 10 1% 5.73 3.73 2.08 82.7%
10~*cm? 10 1% 5.30 3.54 1.95 78.8%
10-%cm? 10 1% 3.79 2.82 1.52 50.1%

1cmd 1 1% 5.71 3.72 2.07 81.8%

1cm? 100 1% 5.74 3.73 2.08 82.7%

1cm? 10 0.1% 5.77 3.54 2.11 82.8%

1cm? 10 3% 5.66 3.72 2.00 81.9%

Table 5.3: Average track composition of main vertices for different sets of applied cuts. In particular
the mean number of all tracks, of space tracks and of non-momentum tracks is listed and, in the last
column, the percentage of cases in which is beam track is included.

5.3.3 Separation and impact parameters

The possibility to reconstruct the production and the decay point of short living particles as
well identified and separated vertices is very important in the search for charmed hadrons
and it is an essential condition in order to measure their lifetime.

Topological cuts on the separation between vertices and on the impact parameter of the
candidate and of its individual daughters with respect to the primary vertex are a useful
tool to reject background events.

After the determination of the main and the secondary vertex of a given candidate, the
separation in space and in the longitudinal direction and their errors are calculated.

For each vertex the errors in the three coordinates define an ellipsoid (normally the error in
the longitudinal direction is sensibly larger than in the transversal plane). The error on the
separation in space is calculated as illustrated in figure 5.12. The main and the secondary
vertex are connected by a segment (ds). Its intersections with the two error ellipsoids

determine the values o; and o,. These are combined to give the total error ¢ = /6?2 + 3.

In the following step impact parameters are evaluated and stored.

The total impact parameter is given by the distance of the extrapolated track of the
candidate from the main vertex, shown as baq in figure 5.13. Because the charm candidate
should emerge from the primary interaction point, its extrapolated track should point to
it. Therefore the total impact parameter is requested to be small.

The impact parameter of each individual daughter track to the main vertex is also cal-
culated. The decay products should not all point to the main vertex. Requesting that one
or more of them have a large impact parameter, helps to reject candidates built from
tracks emerging directly from the primary interaction point. xip2 stores the information
about the minimum and the maximum values of the individual impact parameters and the
corresponding errors. These variables can be used to optimize the candidate selection.
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Figure 5.13: Definition of the impact parameter of the candidate (bzang) and of the maximum impact (bmax)
of individual daughter tracks with respect to the main vertex.
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54 Lifetime measurement method

In order to determine the decay time of a particle, the measurable quantities to be considered
are the length of its decay path and its momentum, from which its decay time is calculated
on an event by event basis. The relativistic decay time is expressed as:

% G
Yyv vBc
where ds is the length of the decay path in space, y is the Lorentz factor, and v is the
particle velocity in the laboratory system.

The decay time distribution is described by a probability density function following the
exponential decay law:

(5.5)

f(t) = % el (5.6)

where 7 is the mean lifetime of the particle. The distribution is normalized to give a unitary
probability when integrated in the time range [0, +<].

The mean lifetime 7 is connected to the particle decay width I by the relation: 7 = .
The value of the mean lifetime 7 can be estimated if several decays of the particle under
study are detected and the distribution of the decay time is fitted.

54.1 Themaximum likelihood method

In this approach, the mean lifetime is determined using an unbinned maximum likelihood
method. To each individual event selected in a decay channel, we assign a likelihood
determined on the base of the decay distribution described above. For a sample of n mea-
sured events, the likelihood function is defined as the product of the individual probability
densities:

n
L(7) = [T f<(8) (5.7)
i=1
Maximizing L(z) gives the best estimate for the value t of the mean lifetime.

In order to simplify the calculation from the mathematical point of view, the negative
logarithmic likelihood function is minimized:

(D) = —logL = =" log .(t) 58)
i=1

Before applying the described method to real data, several experimental considerations
must be taken into account: they are described in the following paragraphs.
The experimental resolution

The limited resolution of the experimental apparatus induces errors on all measured
quantities, including the decay path length and the particle momentum. The detector



124 5 CHARM RECONSTRUCTION AND ANALYSIS METHODS

resolution induces a smearing of the decay time distribution from the purely exponential
behaviour to the curve indicated in figure 5.14.
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Figure 5.14: The theoretical exponential behaviour of the lifetime distribution (dashed curve) and the
measured distribution smeared by the effect of a Gaussian resolution function (full line).

The effect induced by the spatial and momentum resolution of the apparatus is taken into
account by convoluting the exponential distribution with a resolution function, determined
experimentally. The decay distribution is now given by:

1 < e
fr,res(t) - ; /0 e ’gres(t - 9)d0 (59)

The lifetime resolution function for our apparatus has been determined using a sample of
minimum bias background events. The decay time distribution for the selected events is
shown in figure 5.15.

The obtained distribution is best described by the sum of two Gaussians with the following
parameters:

| Width [fsec] | Mean [fsec] | Relative weight
32.7+0.7 -1.8+0.5 0.842
87.3+34 09+22 0.158

First Gaussian
Second Gaussian

Our resolution function is determined by a dominant component of 33 fsec and a second
component of 87 fsec, corresponding to an average value of about 40 fsec. This good
resolution is due to the high spatial precision provided by the microstrip vertex detector.
The measured parameters were fixed and used for the lifetime measurements presented in
the following chapter.
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Figure 5.15: Distribution of the decay time for a sample of minimum bias events.

Biasinduced by selection criteria

The cuts applied in order to select the signal events can induce a distortion on the decay
time distribution. In particular, topological cuts on the vertex separation, the various
impact parameters, and the maximum decay path, impose a lower and an upper limit to
the measurable lifetime. The value of these limits has to be determined event by event and
the appropriate correction applied.

The estimate of the quantities &y, and tnax depends on the applied cuts. Examples of
topological selection criteriaand the corresponding minimum decay time cut are illustrated
below.

Vertex separation cut: A cut on the vertex separation (in the longitudinal direction or in
space) is directly a minimum decay time cut, depending on the particle momentum. If the
separation is requested to be larger than n, - o, the corresponding minimum lifetime cut is:

_ M- 0oy
toin = S Bc (5.10)
where oy is the value of one standard deviation.
Cut on the separation from the target edge: The separation from the target edge is
treated in a similar way. If it is required to be larger than n, - o, the minimum measurable
decay time is:

psep-tar — My - ot + Xt

min ,}/ ﬁ C
where o; is the value of one sigma, and X, is the distance of the main vertex from the
target edge.

(5.11)
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Impact parameter of daughter tracks: The influence of a cut on the impact parameter of
the daughter tracks with respect to the main vertex is illustrated in figure 5.16 on the left,
for the case of a maximum impact parameter cut. The situation is equivalent when the cut
is on the minimum or the average daughter impact parameter. If the condition requested
for the impact parameter is to be larger than n; - o, using a simple proportionality law, the
cut on the decay time is given by:

i Nz - Op  Omeas
gdaudmp — =2 . 5.12
min bmeas }/ ﬁ C ( )

where oy, is the value of one sigma, bmeas IS the measured impact parameter, and Omeas 1S
the measured decay path.

Closest distance of approach of primary tracksto the secondary vertex: The require-
ment that tracks emerging from the primary vertex are further than a certain limit from the
reconstructed secondary vertex also induces a minimum cut on the measurable lifetime,
as illustrated in figure 5.16 on the right. If the CDA is required to be larger than n, - o, the
cut on the decay time is given by:

' Ny - 6cpa  Omeas
tCDA_mam - . 5.13
min CDAmeas }/ ﬁ C ( )

where ocpa IS the value of one sigma, CDApess IS the measured closest distance of
approach, and dmeas is the measured decay path.

IMPACT PARAMETER OF DAUGHTER CLOSEST DISTANCE OF APPROACH
TRACKS TO THE MAIN VERTEX OF PRIMARY TRACKS TO SECONDARY
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Figure 5.16: Schematic representation of the influence of topological cuts on the minimum measurable
lifetime.

For the topological cuts listed above, the corresponding time cut has to be calculated
event by event and the effective minimum lifetime cut is given by the maximum of the
determined t;, values:

— se sep_tar sdau_im, CDA _main
tmin = max(tmiﬁ’ tmiﬁ > tmin p, tmin se . ) (5-14)

including only the cuts applied for the sample under study.
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The effective maximum lifetime cut is estimated in a similar way. If the decay path length
is requested to be lower than dp.x (for example to exclude secondary vertices reconstructed
in the downstream targets), the maximum lifetime cut is:

dmax
tmax = ——— 5.15
= (515)

Once tnin and tyay are determined, in the unbinned likelihood method the correction is
done renormalizing the decay distribution function in the following way:

Ly e  gres(t, 6)d6
o GTL 5 e Gres(T, 6)d6

tmin

The possible distortion of the decay time distribution induced by other cuts (like momen-
tum or track quality cuts, RICH identification requirements, etc.) is checked using Monte
Carlo generated events and comparing the distribution before and after applying the cuts.
If the efficiency is not uniform over a certain time range, a correction function must be
calculated and eventually included in the lifetime fitting routine.

No distortions have been seen in the decay channels analysed for this work, consequently
there was no need for other corrections than the ones for the topological cuts.

Frres(t) = (5.16)

Background lifetime

Besides true events, the invariant mass plot of charm candidates also contains background
events. Part of them are due to a topological background, i.e., events not containing any
charm but having a geometrical track combination resembling the charm decay topology.
The decay time distribution of this type of background is symmetric around zero and
should be described by the resolution function introduced before.

In addition to this, there may also be a combinatorial background, partly due to recon-
structed charm decays where one or more of the real daughter tracks have been replaced
by other tracks. In order to be able to describe this component of the background, an ex-
ponential contribution must sometimes be added to the two Gaussians mentioned before.
However, the amount of combinatorial background and its decay time distribution depend
on the decay channel considered and the applied cuts. Consequently, the necessity of the
additional exponential has to be checked in every single case.

5.4.2 Thetaufit fitting routine

The method described so far has been used to develop a lifetime fitting routine called
taufit [3]. The routine applies the maximum likelihood method explained above, using
the decay time distribution function given in formula (5.16) and the discussed options to
describe the background. The signal and background distributions are weighted by the
mass distribution, described by a Gaussian for the signal peak and a polynomial for the
background entries.

The total decay time distribution is therefore given by:

Feres = NFa (M3 es(t) + (1 — M)FE(M)F3 es(D) (5.17)
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where n = S%B, S being the number of true charm events and B the background events

in the whole considered mass window; fﬁ(m) is the Gaussian distribution of the signal
component of the mass plot and ff(m) is the polynomial distribution for the background,;
fﬁ,es(t) is the decay time distribution of equation (5.16) from which the signal mean
lifetime can be determined; and 3 .(t) is the decay time distribution for the background
entries. The expression of the latter one depends on the necessity to introduce an additional
exponential or not.

The taufit routine offers the possibility of performing the fit in several ways:

1. All variables can be fitted at the same time: the parameters of the lifetime resolu-
tion function, the mass distribution, the signal (and background) lifetime from the
exponential distribution;

2. The user can fit the resolution function separately, fix it for the following steps and
then fit mass and lifetime together;

3. Otherwise, after the separate determination of the resolution function, the mass and
the lifetimes can be fitted independently.

For the lifetime measurements presented in the next chapter, the resolution function was
determined separately and kept fixed for all other fitting steps. This was done in order to
reduce the amount of events that the fitting routine has to treat. It was also checked that the
resolution function measured from different data samples for the various decay channels
analysed was basically the same and the negligible differences did not influence the result
on the signal lifetime.

At this point, the approach described in 2) is preferable as all correlations are considered
correctly. But this mode does not converge in all cases, especially when the background
level is very high and too many parameters have to be fitted simultaneously. The approach
used will be indicated in each case.
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Chapter 6

Analysis of charmed hadron decays

The high spatial resolution of the microstrip detectors in the WAS89 vertex region and the
measurement of different projections allow the reconstruction of space tracks with high
precision. This, in turn, allows the determination with good resolution of the decay point
of short living charmed hadrons (with lifetimes ranging between 5 x 10~* and 10~12 sec)
by the reconstruction and the identification of their daughter tracks. The production point
of charmed hadrons can also be determined with similar precision.

The reconstruction of separate primary and secondary vertices provides a powerful tool to
reduce the significant level of combinatorial background present in data samples for the
search of charmed particles.

Additional use of the information provided by the different detectors in the experimental
apparatus allows further rejection of background events and isolation of the charm signals.
In particular, the high resolution information given by the vertex detector allows clear
separation cuts and relatively strong topological selection criteria. The information on
particle identity provided by the RICH detector can also improve the purity of the candidate
sample.

Knowing the production and the decay point, it is possible to estimate the flight distance
of the particles under study, measure their decay time on an event by event basis, and
evaluate their lifetime.

In this chapter I will present the results obtained in the search for the charmed mesons
D° and D~ and for the charmed strange baryon Z;. The procedure followed to obtain the
charm signals, the selection cuts applied, the estimated lifetime and the dependence of the
signal and its lifetime on the variation of the selection criteria used will be presented *.

Correction of particle momenta

From the reconstruction of A and K¢ decays in WAB89 a shift of the reconstructed mass
with respect to the reference mass was observed. This shift is ascribed to distortions of the
Omega magnetic field and misalignments, which induce a systematic track shift of about
255 prad on all bending angles. This, in turn, induces shifts of the reconstructed particle
momenta, which have the opposite sign for positively and negatively charged particles.

IFor this analysis, 1993 data produced with TRIDENT version 18.6 and PHYNIX version 18 were used

129



130 6 ANALYSIS OF CHARMED HADRON DECAYS

A momentum correction was determined empirically using A°, K°, and Q~ candidates
and further checked with a systematic study of D°, D°, D*, and D~ mass distributions [1].
The correction is expressed by the following formula:

P = 7 - (1.006 +10*. charge - | 7)) (6.1)

where P is the momentum vector of each daughter particle. The invariant mass is then
calculated taking into account the scaled momenta. This correction has been applied to all
decay channels presented in this chapter.

The uncertainty on the factor 1.006 induces a systematic error on the mass measurement.
For values of the factor varying between 1.005 and 1.007 the corrected masses used to
determine the empirical formula are still compatible with the corresponding reference
masses. Consequently the systematic uncertainty on the mass will be estimated from the
difference between the corrected mass value calculated in the two extreme cases.

6.1 Charmed mesons

The first part of the analysis presented in this chapter concerns the reconstruction and
lifetime measurement of the anti-charmed mesons D° and D~ using the decay channels

D’ > K*rn~ (BR=4.01+0.14 %)
D~ > K'nrn~ (BR=9.1+0.6 %)

For this purpose a filter was performed with the xip2 code on the whole sample of 1993
data, consisting of approximately 140 millions events. For the requested topologies, the
filter selected events according to mass, geometry, and quality criteria reducing the data
sample by a factor of about 25. For the individual channels, events were further processed
and selected to produce the final data sample on which the interactive search for the signal
and the study of cuts were performed. A summary of the cuts applied in the two data
processing steps are listed in table 6.1.

Filter criteria H D’ 5 K'n ‘ D~ - K'nn~
Mass window for candidates +200 MeV/c? | +200 MeV/c?
Decay vertex quality (y? per degree of freedom) <20 <15
Distance between tracks in candidate <1mm <1mm
Main vertex volume <lcmd <lcmd
Main vertex probability > 0.5% >0.5%
Interaction targets Cu+C Cu+C
\ertex separation in space > 30 > 50
Global impact parameter <300 um <300 um
Kaon RICH identification Rk =0 Rk =0

Table 6.1: Criteria used to select the data sample for the search of charmed mesons.
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6.1.1 TheD’ = K*n~ decay channel

Figure 6.1 shows the mass distribution of all candidates selected by the cuts listed above
for the decay channel D° — K*n~. The reference mass (1864.6+0.5 MeV/c?) is indicated.
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Figure 6.1: Mass distribution of all candidates for the D’ - K*n~ decay channel. The arrow indicates the
reference mass.

The mass spectrum of the selected D° signal is shown in figure 6.2. The fitted parameters
are indicated below.
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Figure 6.2: Mass distribution of the selected events for the D’ S K*nm decay channel.

Mass : 1864.4 + 1.3 (stat.) + 1.5 (syst.) MeV/¢
Width (16)  : 9.35*12 (stat.) MeV/c?
Signal S : 96.9+9.2

Background B : 17
Significancex : 9.1
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The significance was calculated as

S S
AS /S+B (6.2)

where S and B indicate the number of signal and background events respectively, in a
mass window of +20 MeV/c? around the peak mass.

The cuts applied on the sample shown in figure 6.1 to obtain the D° signal are listed in
table 6.2.

| Cut description | Cutvalue |
Main vertex quality (x> per degree of freedom) <35
Secondary vertex quality (x?) <5
Error on the secondary vertex position in x <700 um
Vertex separation in the x coordinate >4c
Secondary vertex separation from the target edge >0
Global impact parameter <2.50
Average impact parameter of individual
candidate tracks wrt the main vertex > 50
Kaon RICH identification Rx>1
Pion momentum >10 GeV/c

Table 6.2: Cuts applied to select the D° signal.

The relatively long lifetime of the D° (750 = 0.415 +0.004 psec [2]) allows the placement
of a 4o cut on the separation in the longitudinal direction. The value of ¢ is determined in
this case by the squared sum of the errors on the main and the secondary vertex positions
in x, and its mean value is about 600 um for the selected events.

Furthermore, the secondary vertex is required to lie outside of the interaction targets. This
cut rejects vertices reconstructed with tracks emerging from secondary interactions taking
place in the targets themselves and is very efficient in reducing background.

In the laboratory system, the angle between daughter tracks in a two body decay is rather
large. The decay tracks do not point back directly to the primary vertex and, if extrapolated
upstream, they have a significant distance from the vertex itself. Consequently it is possible
to apply a strong cut (5 o in this case) on the average impact parameter of the two decay
tracks with respect to the main vertex.

In this decay channel, with two well measured tracks of charged particles, the candidate
total impact parameter is determined with high precision and we can require it to be below
2.5 0. The mean value of the impact parameter for the selected events is approximately
20 um.

The positive RICH identification of the kaon is essential to produce such a clean signal. If
the kaon is out of the RICH acceptance or below threshold, the background level is very
high and extremely difficult to reduce because of the large number of pions.
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The selected signal is almost equally shared between the copper and the carbon targets,
which correspond to 2.66% and 2.49% of an interaction length respectively. Figure 6.3
shows on the left the events having the main vertex reconstructed in copper and on the
right those with the main vertex located in one of the three diamond slices.
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Figure 6.3: Distribution of D" candidates for which the main vertex was reconstructed in the copper target
(on the left) and in the diamond target (on the right).

For the events in the D° signal band, the main vertices were reconstructed with a mean
number of 6.6 tracks, of which an average of 4.2 are space tracks with measured momentum
and 2.4 are microstrip non-momentum space tracks. The beam track was included in 82%
of the cases. The mean error on the primary vertex position in x is approximately 400 um.
The closest distance of approach of tracks in the secondary and in the main vertex is 15
and 80 um respectively. The reconstructed momentum of the candidates is between 40 and
220 GeV/c and the mean flight path is of the order of 1.5-2 mm. The kaon and pion tracks
show very high quality: they have an average of 9 hits recorded in the first 12 microstrip
planes and their %2 is lower than 3.

Figures 6.4 and 6.5 show the dependence of the mass distribution on the variation of the
most relevant cuts. In figure 6.4 the cuts varied are: the error on the x position of the
secondary vertex (secxe); the total impact parameter of the charm candidate (imp-par);
the average value of the impact parameters of the two individual tracks with respect to the
main vertex (av-imp); the RICH likelihood ratio Rk for the kaon. In this case only one cut
is varied at the time, while all others are kept fixed to the value indicated in the table 6.2.
In figure 6.5 the dependence on the separation cuts is shown, in particular on xseps, the
separation in the longitudinal direction expressed in o; xseptargs, the separation of the
secondary vertex from the target edge, also in o; and on a lifetime cut. In this case the
separation cuts had been removed from the selection function and only one of the three
listed above is applied in turn.
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6.1.2 DP lifetime measurement

The D° lifetime was measured with the candidates selected for the mass spectrum shown
in figure 6.2. The fitting routine presented in the previous chapter was used.

Because of the very low background level and consequent high purity of the data sample,
it was possible to fit at the same time the signal and background lifetime distributions
weighted by the mass distribution. In the present case it was necessary to fit an exponen-
tial distribution to describe the background lifetime in addition to the Gaussians of the
resolution function. A possible reason for this can be summarized as follows: Very strong
separation cuts isolate very few background events with such long decay times that they
can no longer be described by the two Gaussians indicated before. The additional expo-
nential takes into account this effect induced by very high separations. The same effect
was observed with Monte Carlo generated events when the component of combinatorial
background was considered.

In the described conditions the signal and the background lifetimes were measured to be

T = 0433705 (stat) psec
Tokg = 0.07870%%% (stat.) psec

The value of the statistical error is rather high due to the limited statistics available: using
approximately 100 events, an error of about 10% is expected.

The obtained result is in good agreement with the reference value of the D° lifetime given
by the Particle Data Group [2]:

rgi{ = 0.415+0.004 psec

Figure 6.6 shows the distribution of the logarithmic likelihood and the correlation plots for
some of the variables fitted for the lifetime determination. In the top row the logarithmic
likelihood function for the signal lifetime (on the left) and for the exponential component of
the background lifetime (on the right) are shown. The intersection of the dashed horizontal
line with the likelihood distributions indicates the value of the measurement errors (1 o).

The bottom plots show the correlation between the signal lifetime and the reconstructed
mass (on the left) and between the signal and background lifetime (on the right). This
last plot shows the absence on any correlation between the signal and background fitted
lifetime values, a good indication that the introduction of the additional exponential for
the background does not distort the signal lifetime measurement.
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Figure 6.6: Distribution of the logarithmic likelihood function for the signal and background lifetime for the

sample of D’s (on top) and correlation plots for the signal lifetime, the mass and the background lifetime
(on bottom).

The topological cuts which were taken into account to calculate the effective minimum
lifetime cut on an event by event basis are listed below:

o the cut on the separation in the longitudinal direction (xseps);
o the cut on the separation from the target edge (xseptargs);

¢ the cut on the average impact parameter of the two daughter tracks to the main
vertex (av-imp).

In order to check possible systematic effects on the lifetime evaluation induced by the
topological cuts, the measurement was repeated varying the cuts listed above and the
behaviour was studied. The dependence of the measured signal and background lifetime
on the variation of the three mentioned cuts is shown in figures 6.7, 6.8 and 6.9 for xseps,
xseptargs and av-imp respectively. The reference lifetime value is shown for comparison.
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Figure 6.7: Dependence of the measured signal and background lifetime for the D° sample on the separation
cut in the longitudinal coordinate. The grey band in the left plot indicates the reference lifetime value.
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Figure 6.9: Dependence of the measured signal and background lifetime for the D’ sample on the cut on
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The measured lifetime shows no strong systematic dependence on the variation of the
topological cuts, particularly in figures 6.7 and 6.8 where the separation in the longitudinal
direction and the separation from the target edge are varied. A moderate dependence is
visible in figure 6.9, but still small compared to the large statistical error. Nevertheless the
attempt was made to give an estimate of the systematic error on the measured lifetime.
The procedure used to determine the limits between which the cut values are varied in
order to estimate the variation of the lifetime results is described below.

The fitting routine used considers all events belonging to a defined mass band (normally
of + 150 MeV/c?) around the mass peak. Once the mass spectrum has been fitted with the
polynomial describing the background and the Gaussian for the signal, the area defined by
the two distributions is calculated. The area of the polynomial gives the total number of
background events present in the considered sample (By,:), while the area of the Gaussian
gives the number of signal events (S). The ratio S/ (S + By,) was calculated for the
reference situation used for the lifetime measurement, corresponding to the cuts indicated
in table 6.2.

For each of the three topological cuts the lower and higher cut values were determined
as those giving a S/ (S + By ratio lower than the reference situation by 30% and higher
by 30% respectively. The lifetime was then estimated for the events selected by the low,
reference, and high cut values. With the three measured points, the lifetime variation
induced by the individual cuts was calculated. Since the ratio S/ (S + By,) depends on the
width of the considered mass window, this was varied from + 100 MeV/c? to + 200 MeV/c?
and the fit was repeated. The corresponding lifetime variation was also taken into account
as contribution to the systematic error.

The cut values selected with the criterion explained above and the four contributions to
the systematic error due to the three topological cuts and the considered mass window are
summarized in table 6.3.

| Cut | low cut value | reference cut value | high cut value | lifetime variation |
Xseps >30 >4 0 >5¢0 0.005 psec
xseptargs >-lo >00 >3 0 0.0035 psec
av-imp >00 >50 >150 0.023 psec
mass window || + 100 MeV/c? | +150 MeV/c? | +200 MeV/c? 0.002 psec

Table 6.3: Estimate of the contributions to the systematic error on the measured D’ lifetime value.

The four contributions are then summed in quadrature and the systematic error is calculated
to be approximately 0.024 psec.

In conclusion, the lifetime measurement on the selected sample of D° events shown in
figure 6.2 gives the following result:

750 = 0.433*003¢ (stat.) + 0.024 (syst.) psec
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6.1.3 TheD~ — K'z =~ decay channel

Figure 6.1 shows the mass distribution of all candidates selected by the cuts listed in table
6.1 for the decay channel D~ — K*n~x~. The reference mass (1869.4 + 0.4 MeV/c?) is
indicated.
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Figure 6.10: Mass distribution of all candidates for the D~ — K*z~x~ decay channel. The arrow indicates
the reference mass.

The selected D~ candidates are shown in figure 6.11. These events were used to determine
the mass parameters listed below.
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Figure 6.11: Mass distribution of the selected events for the D~ — K*z~n~ decay channel.

Mass : 1869.5+ 1.2 (stat.) + 1.5 (syst.) MeV/¢
Width (1)~ :  9.32+1% (stat.) MeV/c?
Signal S : 107.9+10.6

Background B : 20
Significance X : 9.5
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As was shown for the D° candidates, the signal is almost equally distributed between the
copper and the carbon targets.

The selection criteria used to obtain the D~ signal are listed in table 6.4.

| Cut description | Cutvalue |
Main vertex quality (x> per degree of freedom) <35
Secondary vertex quality (y? per degree of freedom) <5
Error on the secondary vertex position in x <700 um
Vertex separation in the x coordinate > 60
Secondary vertex separation from the target edge >0
Secondary vertices reconstructed in the following targets excluded
Global impact parameter <30
Minimum impact of the daughter tracks to the main vertex > 20
Kaon RICH identification Rk>1
Pion momentum > 15 GeV/c

Table 6.4: Cuts applied to select the D~ signal.

Most cuts are similar to those used to select the D° signal; only significant differences will
be pointed out here.

The D~ has a longer lifetime (7p- = 1.057 + 0.015 psec [2]) than the D’ soa stronger
separation cut in the longitudinal direction (6 o) is applied.

Secondary vertices are requested to lie outside of the interaction target in which the cor-
responding main vertex has been reconstructed. In addition, all cases where the decay
vertex is found in one of the downstream targets are rejected in order to exclude sec-
ondary interactions. In contrast, because of the “long” lifetime the mean decay path of
the candidates found is larger than 1.7 cm. Consequently, several vertices are expected in
the region around the downstream targets (the average distance between the copper and
carbon layers is 2 cm). For the determination of the mass parameters, all vertices lying
inside the downstream targets have been excluded. A different approach was followed for
the lifetime measurement and will be discussed in the next section.

The minimum impact parameter of the individual daughter tracks to the main vertex was
required to be larger than 2 o. This cut rejects events where the candidate tracks are
pointing directly to the main vertex.

The mean number of tracks used for the main vertices of the selected D~ candidates was
5.8. In average 3.8 space tracks and 2.1 microstrip non-momentum tracks were used; the
beam track was included in 79% of the cases.

The mean error on the primary vertex position in x is approximately 410 um. The closest
distance of approach of tracks to the reconstructed secondary and main vertex is 25 and
85 um respectively. The kaon and pion tracks have a x* lower than 3. The candidate
momentum ranges between 50 and 250 GeV/c.
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Figure 6.12: Dependence of the D~ mass spectrum on the variation of some of the most relevant cuts (see
the text for further explanations regarding the single cuts).
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Figures 6.12 and 6.13 show the dependence of the mass spectrum on the variation of the
most significant cuts. The cuts varied, shown in figure 6.12, are the following ones: the
error on the secondary vertex position (secxe); the candidate impact parameter (imp-par);
the minimum impact parameter of individual tracks to the main vertex (min-imp); the
RICH likelihood ratio Rk for the positively charged kaon. Only one cut is varied at a time
keeping all others fixed to the values given in table 6.4.

The dependence on various separation cuts is shown in figure 6.13. xseps indicates the
separation in the longitudinal direction in o; xseptargs represents the secondary vertex
separation from the edge of the target where the corresponding main vertex lies; and in
the last row the variation of the lifetime cut is illustrated.

In this case only one at a time of these three separation cuts is applied.

6.1.4 D lifetimemeasurement

As mentioned in the previous section, the long lifetime of the D~ mesons implies the
presence of several decay vertices lying within the targets downstream of the primary
vertex. These candidates can be easily confused with simple secondary interactions of a
particle emerging from the main vertex. For the mass plot the easiest and safest way to
avoid these cases was to reject all secondary vertices reconstructed inside any target.

On the other hand, this solution strongly distorts the decay time distribution used for
the lifetime measurement. Consequently a different approach was followed to select the
events for the lifetime evaluation.

The secondary vertices reconstructed inside downstream targets were again considered.
In order to exclude the suspected secondary interactions, stronger cuts were applied in
addition to the selection criteria listed in table 6.4. A very efficient rejection was obtained
requesting the following two conditions:

e smaller error on the reconstructed x position of the secondary vertex; the cut was
reduced from 700 to 600 pum;

o the distance from the decay vertex of tracks which were not used either for the
secondary or for the primary vertex (cdaomn) must be larger than 100 um.

The new set of cuts slightly reduced the sample of events but removed the danger of
including fake events in the lifetime fit. The mass spectrum of the selected candidates is
shown in figure 6.14. The fitted number of signal and background events and the relative
significance are indicated below.

Signal S © 96.1+£9.2
Background B : 10
Significancer : 9.3
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The fitting routine described in the previous chapter was used. Also in this case an
additional exponential distribution was used to take into account background events at
very large separations.

With the selected events the signal and the background lifetimes were measured with the
following result:

- 0.9913118 (stat) psec

Tokg = 0.33470537 (stat.) psec

The obtained result is again in good agreement with the reference value of the D~ lifetime
given by the Particle Data Group [2]:

5/ = 1.057+0.015 psec

The top part of figure 6.15 shows the distribution of the logarithmic likelihood function
for the fitted signal lifetime (left) and for the exponential component of the background
lifetime (right). The bottom plots show the correlation between the signal lifetime and
the reconstructed mass (left) and between the signal and background lifetime (right). The
last plot shows that there is no correlation between the fitted lifetime values of signal and
background, as for the D°.
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Figure 6.15: Distribution of the logarithmic likelihood function for the signal and background lifetime (on
top) and correlation plots for the signal lifetime, the mass and the background lifetime (on bottom) for the
sample of D~ candidates.

Also in this case the effective minimum lifetime cut for each event was calculated taking
into account the following topological cuts:

o the cut on the separation in the longitudinal direction (xseps);
o the cut on the separation from the target edge (xseptargs);

e the cut on the minimum impact parameter of the individual daughter tracks with
respect to the main vertex (min-imp).

The dependence of the measured signal and background lifetimes on the variation of these
cuts is shown in figures 6.16, 6.17, and 6.18 for xseps, xseptargs, and min-imp respectively.
The reference lifetime value is shown for comparison. No significant dependence on the
cdaomn cut was observed.
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The systematic error on the D~ signal lifetime was estimated with the same method used
for the D°.

The limits between which the cut values were varied, the single contributions to the
systematic error due to the three topological cuts, and the mass window are listed in table
6.5.

| Cut | low cut value | reference cut value | high cut value | lifetime variation |
Xseps >50 >60 >100 0.037 psec
xseptargs >-60 >00 >750 0.026 psec
min-imp >1o >20 >50 0.026 psec
mass window || + 100 MeV/c? | +150 MeV/c? | + 200 MeV/c? 0.014 psec

Table 6.5: Estimate of the contributions to the systematic error on the measured D~ lifetime value.

The four contributions are then summed in quadrature and the systematic error is calculated
to be approximately 0.054 psec.

In conclusion, the lifetime measurement on the selected sample of D~ events shown in
figure 6.14 gives the following result:

7p- = 0.991 "33 (stat.) + 0.054 (syst.) psec
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6.2 The charmed strange baryon =

The analysis presented so far was mostly intended as a preparatory work for the more
important and more challenging search for the charmed strange baryon =7 and the mea-
surement of its lifetime. The =7 baryon, with quark content (usc), has been seen by several
experiments but the available statistics is still very limited.

The reference mass value determined by the Particle Data Group [2] is

mZ! =24651+1.6 MeV/c?

based on the most significant measurements made through 1994, which are listed in the
following table. Recent publications confirm the reference value.

| Experiment | Beam | Decay channels | Entries | Mass [MeV/c?] | Ref. |

WAG2 >~ | A%K 't 82 2460 + 25 [3]

E400 n AYK—ntm? 56 2459 +5+ 30 [4]

ACCMOR | 7K™ | Z n'n’ 6 | 24665+27+1.2] [5]
'K~ rn*

ARGUS ete” | Ennt 30 |2465.1+t36+1.9 | [6]

CLEO ee” |Ennt 23 2467 +3+4 [7]

E687 y | Eron 30 |2464.4+20+1.4] [8]

Other decay channels seen by CLEO and E687 are Q- K*rn*, 2%#*, 297" n% and 22~ ¥ r*.

The =] is the charmed baryon expected to have the longest lifetime, as illustrated in
chapter 1. But the determination of a precise value of the lifetime is extremely difficult
because of the limited available statistics.
The reference value reported by the Particle Data Group [2] is

1 =0.3500;

and it is based on the measurements listed in the following table.

psec

| Experiment | Decay channels | Entries | Measured lifetime [psec] | Ref. |

WAG62 A°K-n*rn* 53 0.48 1051640 [9]
E400 AK—rmtrt 102 0.40*318 +0.10 [4]
ACCMOR | & n'n", 'K~ n" 6 0.20 934 [5]
E687 = rtnt 30 0.41 %343 +0.02 [8]

The analysis presented in this work was dedicated to the search for = candidates in the
decay channels
Ef - A°K—rn*nt
El o Eant
and to the measurement of the = lifetime. The results of the analysis are presented in the
following sections.
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6.2.1 Thez! » A’k =*z* decay channel

For the search of the decay channel £ — A°K~z*7* a dedicated data sample selected by
PHYNIX was used. The sample consisted of approximately 5.6 million events containing:

e a A°, with a reconstructed mass within +10 MeV/c? from the reference mass;

¢ anegatively charged kaon satisfying RICH cuts depending on the particle momen-
tum pg. In particular the following conditions were required:

if  px<20GeVic Lk/L, >3
if 20 GeV/c < pk <30 GeV/c Lx/L;>2and Lg/L, > 0.5
if  pkx>30GeVic Rk >3

e a positive track measured in the microstrip detectors with closest distance of ap-
proach to the kaon track not larger than 100 um.

Using the xip2 code a further filter was performed in order to isolate candidates for the
APK~n* 7" channel. The criteria applied are listed in table 6.6.

| Filter criteria | £ > A%Kr*n* |
Mass window for candidates + 200 MeV/c?
Secondary vertex quality (y? per degree of freedom) <15
Distance between tracks in candidate <500 um
Main vertex volume <lcmd
Main vertex probability > 2%
\ertex separation in space >0
Global impact parameter <150 um
Kaon RICH identification R,<.33;Rk=0

Table 6.6: Criteria used to select the data sample for the search of =f — A°K~z*z" candidates.

The total sample of candidates obtained with the selection described above is shown in
figure 6.19.
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Figure 6.19: Mass distribution of all candidates for the =} — A°K~ z*z* decay channel. The arrow indicates
the reference mass.



6.2 The charmed strange baryon = 151

For this decay channel the candidate parameters are affected by larger uncertainties because
of the presence of a A among the daughter particles. The hyperon carries most of the
candidate momentum, but the decay vertex can be fitted only with the other three charged
daughters and therefore it has a large error. Moreover the momentum vector of the A
has larger errors compared with reconstructed charged tracks because in most cases its
daughters are only reconstructed in the decay area: this significantly contributes to the
uncertainty of the candidate momentum vector. These effects are clearly reproduced by
Monte Carlo generated events.

The mass spectrum of the selected =} signal is shown in figure 6.20. The fitted parameters
are indicated below.
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Figure 6.20: Mass distribution of the selected events in the =} — A°K~ " 7" decay channel.

Mass : 2457.5+ 1.4 (stat.) + 6 (syst.) MeV/c?
Width (10) : 5.0°29 (stat.) MeV/c?
Signal S : 44099

Background B : 38
Significance > : 4.9

In this case a large systematic error has been assigned, in order to take into account possible
mass shifts induced by the uncertainty on the A momentum vector. The difference of the
measured invariant mass of the =} candidates from the reference value is at the level
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of about 3 o (considering only the statistical error). A first attempt to apply a constraint
fit which forces the extrapolated A track in the decay vertex, shifts the candidate mass
towards higher values. However further and deeper investigations have to be done in this
direction and a more precise study will allow to reduce the systematic error.

The cuts applied on the initial sample to obtain the shown =/ signal are listed in table 6.7.
The situation is evidently different from the case of charmed mesons. The background
level is very high and more cuts are needed in order to extract the signal. In addition to
several topological cuts, quality criteria are used to select A particles; momentum cuts are
applied to the A, the kaon, and the higher momentum pion; only clearly identified kaons
are considered.

| Cut description | Cut value |
Main vertex quality (x> per degree of freedom) <25
CDA of primary tracks to the reconstructed vertex <400 um
Secondary vertex quality (i per degree of freedom) <1
\ertex separation in space > 30
Global impact parameter <6o
Average impact parameter of the daughter
tracks to the main vertex >1lo
CDA of primary tracks to the secondary vertex >150
Kaon RICH identification Rk 23; R, <0.015
Kaon momentum > 25 GeV/c
Momentum of the higher energy pion >5 GeV/c
CDA of A daughters <4 mm
Separation between A and secondary vertex >5cm
A momentum > 50 GeV/c
Proton (A daughter) RICH identification Rp20;R,;<0.6

Table 6.7: Cuts applied to select the =7 signal in the A°K~z*z* decay channel.

Besides stronger requirements on the main and the secondary vertex quality, more topo-
logical cuts have been used. The average impact parameter of the charged daughter tracks
is requested to be larger than 1 o. Furthermore, the closest distance of approach of tracks
emerging from the main vertex with respect to the decay vertex is checked. In order to
reject events in which primary tracks lie too close to the secondary vertex, their CDA must
be larger than 1.5 o (the mean value of 1 ¢ is approximately 30 um). This is an extremely
efficient criterion to reject background events, as shown in figure 6.21. The cut on the
global impact parameter is not as strong as in the case of the charmed mesons because of
the presence of the extrapolated and not measured A track among the daughters.

The conditions which must be satisfied by the A candidates are the following: the closest
distance of approach of the two daughter tracks must be smaller than 4 mm; the recon-
structed A decay vertex must lie downstream of the secondary vertex; the momentum must
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be larger than 50 GeV/c; the daughter proton must have been in the RICH acceptance and
A — K2 ambiguities are excluded by rejecting identified pions.

Clearly identified kaons are selected with the RICH cut Rx > 3 and anti-protons are
excluded. The mean value of the momentum of the selected kaons is approximately
52 GeV/c.

Among the cuts listed in table 6.7, the ones which are more significant for the selection
of the signal are: the secondary vertex quality (secqual indicates the vertex y? divided by
the number of degrees of freedom); the closest distance of approach of tracks emerging
from the main vertex to the decay vertex (cdamtmin); the average impact parameter of
daughter tracks to the primary vertex (av-imp) and the RICH identification of the kaon.
The behaviour of the mass spectrum on the variation of these cuts is shown in figure 6.21.
The signal shows a good behaviour on the variation of the more significant cuts, compatible
with the high level of background.
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Figure 6.21: Dependence of the =} mass spectrum on the variation of the most significant cuts (see the text
for further explanations regarding the single cuts).
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The separation between the primary and the secondary vertex is requested to be larger than
3 o in space. It should be stressed that the mean errors are much larger in this sample than
for the charmed mesons. As already mentioned, the secondary vertex position and its error
are calculated using only the charged tracks (the kaon and the two pions). Since the largest
part of the candidate momentum is carried by the A, the three charged daughters have
relatively low momenta. This is true in particular for the pions of the sample here discussed
since the RICH identification selects kaons with momentum higher than 20 GeV/c. For
this reason the error on the decay vertex position in the longitudinal coordinate turns out
to be large, with a mean value of 1 mm in the selected sample, comparable to the 900 um
error estimated with Monte Carlo generated events. The mean value of this error was
approximately 500 um for the mesons.

For the selected candidates the mean error on the main vertex position is approximately
600 um, and this value is also slightly larger than the average 400 um measured for the
charmed mesons.

A feature of the selected sample of candidates is that the region of large separations is
populated by a very limited number of events. This can be partly explained with the low
available statistics.

The behaviour of the mass spectrum on the variation of the separation cut is shown in
figure 6.22.
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Figure 6.22: Dependence of the = mass spectrum on the variation of the separation cut.
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6.2.2 = lifetimemeasurement

The candidates selected as described above in the = — A°K~z*n* decay channel were
used for the lifetime measurement.

Owing to the very high level of background, it was not possible to fit simultaneously the
mass distribution and the signal and background lifetime distributions. Moreover the fit of
an additional exponential for the background decay time distribution gives a background
lifetime value compatible with 0.

Thus the background lifetime was described by the two standard Gaussians and the signal
lifetime was fitted with an exponential distribution. The lifetime value obtained is:

;= 035935 (stat) psec

The large errors are due to the limited statistics and the uncertainty on the length of the
decay path originating from the errors on the primary and the secondary vertices, which
are larger in this sample than for the charmed mesons discussed in the previous section.
The logarithmic likelihood function obtained from the fit of the signal lifetime is shown
in figure 6.23.
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Figure 6.23: Distribution of the logarithmic likelihood function for the signal lifetime measured from the
=} —» A’K—#*x* decay channel.

The topological selection criteria taken into account to calculate the minimum lifetime cut
on an event by event basis are the following:
e the cut on separation in space (Sseps);

e the cut on the closest distance of approach of primary tracks to the decay vertex
(cdamtmin);

 the cut on the average impact parameter of the daughter tracks to the main vertex
(av-imp).
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Systematic errors on the measured lifetime induced by these cuts were studied. The
following figures show the dependence of the lifetime value on the variation of the three
cuts mentioned above and on other cuts which are relevant to the lifetime determination:
the total impact parameter, the A momentum, and (less critical) the RICH identification
of the kaon.
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Figure 6.24: Dependence of the measured signal lifetime for the =f — A°K~z*z* sample on the cut on
the separation in space (on the left) and on the average impact parameter of the daughter tracks to the main
vertex (on the right). The grey band indicates the reference lifetime value.
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Figure 6.25: Dependence of the measured signal lifetime for the =} — A°K~z*z* sample on the cut on the
closest distance of approach of tracks in the primary vertex to the secondary vertex (on the left) and on the
candidate impact parameter (on the right). The grey band indicates the reference lifetime value.



158 6 ANALYSIS OF CHARMED HADRON DECAYS

0.65

0.65 ¢

0.6 0.6 |

0.55F 0.55 F

0.45 ; 0.45 ;

Signal lifetime [psec]

0.4 0.4

Signal lifetime [psecl

0.35 0.35
0.3 0.3F
0.25F 0.25 F
opb 0 oY S R
0 20 40 60 2 4 6 8 10
A momentum [GeV/c] Kaon RICH cut [R,]

Figure 6.26: Dependence of the measured signal lifetime for the =7 — A°K~z*=* sample on the cut on the
A momentum (on the left) and on the kaon RICH identification (on the right). The grey band indicates the
reference lifetime value.

No strong systematic dependence of the lifetime value on the cut on the global impact
parameter, the A momentum, or the RICH identification of the kaon are visible.

The other three topological cuts described above were taken into account to estimate the
systematic error on the =] lifetime, following the same method used for the mesons.

The limits between which the cut values were varied, the single contributions to the
systematic error due to the three topological cuts and the considered mass window are
listed in table 6.8.

| Cut | low cut value | reference cut value | high cut value | lifetime variation |
sseps >20 >30 >350 0.042 psec
cdamtmin >1lo >150 >20 0.046 psec
av-imp >00 >lo >20 0.038 psec
mass window || + 100 MeV/c? |+ 150 MeV/c? | +200 MeV/c? 0.008 psec

Table 6.8: Estimate of the contributions to the systematic error on the measured ={ lifetime value.

The four contributions are then summed in quadrature and the systematic error is calculated
to be approximately 0.073 psec.

In conclusion, the lifetime measurement on the selected sample of = events in the
APK~n*r* decay channel gives the following result:

7= = 0.351932 (stat.) + 0.07 (syst.) psec
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6.2.3 Thez! — = z'x" decay channel

The second investigated decay channel is =Zf — =~ z*z*. The data used for the candidate
search were the sample of about 500000 matched =~ candidates selected by the VO
package. The invariant mass plot containing all selected candidates is shown in figure
6.27.
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Figure 6.27: Mass distribution of all candidates selected for the Z; — =~ z"x* decay channel.

The signal found in this channel is shown in figure 6.28. The fitted parameters are indicated
below.
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Figure 6.28: Mass distribution of the selected events in the Zf — =~ z"x* decay channel.
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| Cut description | Cutvalue |
Main vertex quality (x? per degree of freedom) <3
Error on the main vertex position in x <500 um
Maximum x? of a main vertex refitted
including one of candidate daughter track >1.5
Secondary vertex quality (x? per degree of freedom) <2
Error on the secondary vertex position in x <900 um
Minimum y° of a secondary vertex refitted
including one unused track >0.3
Vertex separation in space (both signs!) >3.60
Global impact parameter <50
Maximum impact parameter of individual
candidate tracks wrt the main vertex >150
RICH identification of the higher momentum pion Rk <3;R,<3
RICH identification of the lower momentum pion Rk <1
Separation between =~ and secondary vertex >80 cm
Z~ momentum > 35 GeV/c
Quality of the =~ bridging (“scaled” x?, see text) <70

Table 6.9: Cuts applied to select the = signal in the =~ z*z* decay channel.

The cuts applied to obtain the shown = signal are listed in table 6.9. The selection of the
signal in the =z 7" decay channel required a large number of cuts in order to reduce the
background to the level shown in figure 6.28.

Besides the standard cuts on the quality and the error in the x position of the main and
the secondary vertices, two new cuts were introduced for this channel. In order to exclude
candidates where all daughter tracks seem to belong to the primary vertex, the code takes
one daughter track at the time and fits the main vertex again including that track. For each
candidate the worst case is taken (corresponding to the daughter track which is farthest
from the main vertex) and the new vertex is required to have a y? larger than 1.5.

In a similar way, tracks which have not been used either for the main or for the secondary
vertex, are attached to the decay vertex and a new fit is performed. In all cases, the new
vertex with best quality (the one including the unused track lying closest to the decay
vertex) is considered and its y? is required to be larger than 0.3. This cut rejects candidates
having other unused tracks apparently belonging to the decay vertex, indicating a decay
with a higher number of prongs or a secondary interaction. The pions are negatively
identified, excluding kaons and protons clearly identified by the RICH.

A higher purity sample of =~s is obtained selecting hyperons with momentum higher
than 35 GeV/c, and with the decay vertex well downstream of the secondary vertex, and
requiring a good quality of the bridging. This quality is expressed with a x? distribution
scaled to a range between 0 and 255.

A significant number of candidates for the =~ z*z* decay channel could be selected only
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by allowing for both positive and negative separations between the main and the secondary
vertices. The possibility of reconstruction of the primary vertex downstream of the decay
point is due to the limited resolution and efficiency of the tracking detectors, and to the
apparatus acceptance: If several tracks emerging from the main vertex are not detected or
they are reconstructed with very large errors, the fitted vertex position can be significantly
displaced with respect to the real production point.

In the three previous decay channels there was also a significant number of candidates
showing negative vertex separation. The better statistics of those channels allowed rejec-
tion of those entries. In this case, accepting only positive vertex separations reduces the
sample by a factor of about two, and the remaining signal (shown in figure 6.29) is no
longer significant enough for a lifetime measurement. Consequently, in this analysis, the
decay channel =~ z*z* could not be used for the lifetime study of the =7 baryon.
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Figure 6.29: =f — =~ n*n" mass spectrum: positive separation only.

Signal S : 154+58
Background B : 18
Significance . : 2.7

The dependence of the mass distribution on the variation of the most relevant cuts is shown
in figures 6.30 and 6.31. In figure 6.30 the cuts varied are: the error on the x position of
the main vertex (mainxe); the maximum y2 of main vertices refitted including a daughter
track of the candidate (clctmx); the error on the x position of the secondary vertex (secxe);
the minimum x? of secondary vertices refitted including an unused track (clotcn).

In figure 6.31 the cuts varied are: the global impact parameter of the charm candidate
(imp-par); the maximum impact parameter of the individual daughter tracks with respect
to the main vertex (max-imp); the quality of the =~ bridging (ibrsig); the vertex separation
in space (sseps). One cut at a time is varied, while all others are kept fixed to the value
indicated in the table 6.9.
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30

Figure 6.30: Dependence of the Zf — =~ z*x* mass spectrum on the variation of some of the most relevant
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Chapter 7

Discussion of results

The analysis work presented in this thesis was devoted to the search for the anti-charmed
mesons D° and D~ in the decay channels:

D’ 5 K*n- D~ - K'n n™
and the charmed strange baryon =/ in the decay channels:
Ef - A°K-rntrt E—>Enrnrx

produced by a X~ beam of 340 GeV/c at the fixed target experiment WA89 at CERN.
Candidates were selected using topological criteria and particle identification based on
the information provided by the RICH detector. The high spatial resolution of the silicon
microstrip detectors placed in the vertex region and the measurement of four projections
allow the reconstruction of space tracks with high precision. This is an essential condition
in order to be able to reconstruct separate production and decay vertices of charmed
hadrons and thus isolate charm candidates from a very large background.

The mass of the charmed hadrons mentioned above was determined with the candidates
found. Moreover, the selected mesons and the = candidates in the A°K~rn*z* decay
channel were used to estimate the respective lifetime values. The obtained results will be
discussed below.

7.1 Measurements of masses of charmed hadrons

With the candidates selected for the decay channels listed above, the mass of the D’, D~
and =} charmed hadrons was estimated. The obtained mass values are listed in table 7.1
and are compared with the respective world average values from reference [1]. For all
measurements presented here, both the statistical and the systematic errors are quoted,
with the statistical one first. The procedure followed to determine the systematic errors is
described in the previous chapter.

The meson candidates are reconstructed using tracks of long-living charged particles
(kaons and pions) which are detected in the microstrip counters, traverse the decay region
and the Omega spectrometer, and, at least for the kaons, enter the RICH detector.
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Decay channel Number of Signal Reconstructed mass | Reference mass
candidates | significance [MeV/c?] [MeV/c?] [1]

D’ - K*n~ 96.9+9.2 9.1 1864.4+13+15 1864.6 £ 0.5

D~ - K'm—n~ |107.9+£10.6 9.5 1869.5+1.2+1.5 1869.4+0.4

Ef > A°K-r'rnt | 44.0+9.9 4.9 24575+1.4+6

E o> Ennt 374+79 4.1 2468.4+16+1.8 2465.1+1.6

Table 7.1: Mass of the charmed hadron candidates found, compared with the world average values.

The momentum and the track parameters of the daughter particles are determined with
high precision. In order to take into account magnetic field distortions and chamber
misalignments, momenta have been corrected with the empirical formula described at the
beginning of chapter 6. The agreement between the reconstructed invariant mass and the
reference values is excellent.

The situation is different for the =} candidates in the A°K~z*n* decay channel. The A°
carries most of the candidate momentum, but its momentum vector is affected by large
errors: It is determined using the information on the momentum of the pion and the proton,
which, in most of the cases, are detected only in the decay region, downstream of the vertex
area. Consequently, the resolution on the track parameters and the measured momentum
vector is lower than for particles detected in the microstrip counters. These larger errors
cause a more significant uncertainty on the momentum vector of the mother A particle.
This is a possible reason for the difference of the measured invariant mass of the =}
candidates in the A°K~x*z* decay channel from the reference value: The disagreement
is at the level of about 3 o.

The possibility of a significant mass shift induced by the A candidates is at the moment
neither confirmed nor disproved by other significant signals of charmed baryons with a A
among the daughter particles seen in WA89 1993 data. Further and deeper investigations
have to be done in this direction.

A candidates are used to reconstruct =~ decays, but the problem is no longer present for
the =~s since their track is measured in the microstrip detectors: Using the microstrip
track segment for the bridging, a strong constraint is added in the determination of the
track parameters and the momentum vector. The mass determined with the candidates
selected in the =~ n* " decay channel is compatible with the reference mass within one
standard deviation.

7.2 Measurementsof lifetimes of charmed hadrons

A maximum likelihood method has been used to measure the mean lifetime of the selected
charmed hadrons. The fitting routine and the method to correct for topological cuts were
thoroughly tested on the meson samples and then applied to the = candidates found in
the A°K— 7" decay channel. For the events selected in the =~ n*z* decay channel, the
request of positive vertex separation in order to allow the lifetime measurement, reduced
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significantly the signal. The remaining events (showing a significance lower than 3) were
not used to measure the mean lifetime.

The decay time resolution function, which contains the information about the spatial and
momentum resolution of the apparatus, was determined with minimum bias events. It is
best described by the sum of two Gaussian distributions with a width of 33 and 87 fsec,
respectively, and a relative weight of 84:16. This corresponds to an average resolution
of approximately 40 fsec, a very good value to be ascribed to the high resolution of
our microstrip vertex detector. The determined resolution function is convoluted with the
decay time exponential distribution as explained in chapter 5.

The results obtained for the D® and D~ candidates, compared with the reference values
from reference [1], are listed in table 7.2,

Decay channel | Number of Signal Estimated lifetime | Reference value
candidates | significance [psec] [psec] [1]

D’ - K*n~ 96.9+9.2 9.1 0.43370%% 10,024 | 0.415+0.004

D~ > K'nmrn | 96.1+£9.2 9.3 0.991*032+0.054 | 1.057 +0.015

Table 7.2: Estimated lifetime for the selected anti-charmed mesons candidates, compared with the
world average values.

The large errors on the lifetime values are due to the limited available statistics: with
about 100 events a 10% error is expected. The procedure to determine the systematic
errors induced by topological selection criteria is described in chapter 6. Studies on Monte
Carlo generated events indicate the absence of other systematic effects.

The measured lifetimes are in very good agreement with the world average values.

The study of the better known charmed mesons was intended as a preparatory work for
the treatment of the = signal, making a detailed study of the procedure to correct for
selection criteria and of the unbinned maximum likelihood fitting method.

7.2.1 Thelifetimeof the =} charmed strange baryon

The method was then applied to estimate the mean lifetime of the =} candidates selected
in the A°K~7*z* decay channel. The situation is different from the case of the selected
mesons, because of a much higher level of background. The fit was made in two steps,
for the mass distribution first and then for the signal lifetime, while the two distributions
could be fitted simultaneously for the meson samples. The difference between the fit done
in one or in two steps was tested on the mesons, using samples with different signal to
noise ratios and the obtained results from the two fit modes were completely compatible.
The mean lifetime value measured from the sample of selected =} candidates is:

7= = 0.351532 (stat.) + 0.07 (syst.) psec

The large errors are due to the limited statistics and to the effect induced by a high level
of background events.
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The other four existing measurements of the = lifetime are listed in table 7.3.

| Experiment | Decay channels | Entries | Measured lifetime [psec] |

WA62 A°K-n*rn* 53 0.48 1542540
E400 AK—rmtrt 102 0.40*318 +0.10
ACCMOR | & n'n", 'K n" 6 0.20 934
E687 = rtnt 30 0.41 %343 +0.02

Table 7.3: Previous measurements of the =} lifetime reported by the PDG group [1].

With these measurements, the world average value is estimated to be:
2 = 0.353 10012 psec

Figure 7.1 shows the comparison between the previous measurements, the world average
value, the lifetime value measured in this work and the new average calculated including
this result. The asymmetric statistical and systematic errors of each measurement have
been summed in quadrature.

WAB2 - 0.48757% .
F400 - 0.407972 o
ACCMOR |- 020734} H—
E687 F  0.411 90 *—0%
world overage - 0.3570042 Hbﬁ
wes| ommy 4 —
O N o 0
\ PR \ ! PR PR I
0 0.2 0.4 0.6 0.8 1

psec

Figure 7.1: Comparison between previous measurements, the current world average value, the result
of this analysis and the new average calculated including this result for the =} mean lifetime.
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The new average was calculated with the five measured lifetime values following the
indications given by the Particle Data Group ([1], p. 1180). Each considered measurement
x; has asymmetric errors 6x;” and §x;~. In making the average, for each measurement the
error 6x; used for the fit was determined in the following way:

X} ifX>x; +6x;
8Xi (X, Xi, 6x7,8x7) = %(Y — X; +8X7)+6x  ifx; — 8X7 <X < X+ 86X
oOX; ifX < Xx; —ox; (7.1)
The average is calculated as:
o i WiX 2
X = where w; =1/(6X; 7.2
S 1= 1/(6x) (7.2)

As the error 6x; depends on the average X, several iterations have to be done to converge
to a stable result. The new asymmetric errors are calculated as:

x) = w2 where wi =1/ (8x7)? (7.3)

The new average obtained including the lifetime value measured in this work is:
T28% = 0.354 093 psec
The world average value is confirmed and its errors are reduced by approximately 13%.

The determined value of the =7 lifetime favors Guberina’s prediction for the hierarchy of
the lifetimes of charmed baryons mentioned in chapter 1:

7(€20) = 1(57) < 7(A]) < o(=0)

Using the world average value of 0.200 *3013 psec for the A lifetime and the new average
lifetime of the =] given above, the ratio

=188
is obtained. Compared with the various predictions (1.0 for Voloshin and Shifman’s model
including soft gluon effects; 1.6 for Guberina’s non-relativistic quark model; 1.3 for Blok
and Shifman’s model which considers higher order operators), the result seems to favor
the plain non-relativistic quark model from Guberina et al.
The significant difference between the lifetimes of the four charmed baryons which de-
cay weakly suggests that the W-exchange and light quark interference effects are large
compared to the c-quark spectator decay.
Only the selection of larger samples of charmed baryons for the study of their lifetimes
will allow measurements with smaller errors and will give more precise indications about
the relative strength of the various contributions to the decay amplitude.
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Summary

WAB89 is a fixed target experiment with a 340 GeV/c hyperon beam at the SPS at CERN.
One of the main topics of its physics program is the study of the properties of charmed
baryons. For the measurement of their lifetimes, silicon microstrip detectors are an es-
sential tool to measure with the required resolution the production and the decay point of
short living particles.

Large area, 25 um pitch detectors were tested, equipped with readout electronics perform-
ing zero suppression, and operated in WAS89 during two data taking periods. The silicon
counters showed excellent quality, confirmed by the very good performance of the vertex
detector in WAB89. A resolution of about 5 um in the transversal plane, and 400 um in the
longitudinal direction were obtained.

The spatial information provided by the microstrip detectors allows the reconstruction of
primary and secondary vertices with high precision. With an analysis program based on a
candidate driven approach, the anti-charmed mesons D° and D~ and the charmed strange
baryon = have been reconstructed in the following decay channels:

D’ K'n

D~ - K'nn~

E - AK-rntmt

E—> Enon
The selected candidates were used to measure the mean lifetimes. An unbinned maximum
likelihood method was applied and the following results were obtained:

T = 0.43370%%% (stat.) +0.024 (syst.) psec
7p- = 0.991 %0113 (stat.) + 0.054 (syst.) psec

Sl

7=+ = 0.357033 (stat.) + 0.07 (syst.) psec

The lifetime values measured for the mesons are in good agreement with the reference
values, proving the validity of the method used.

The existing measurements of the = lifetime are very few and all are affected by large
errors due to the limited statistics available. The result presented in this work confirms the
world average value and reduces its errors by approximately 13%. It agrees, within the
errors, with theoretical predictions.

Only higher statistics measurements with smaller errors will allow a better understanding
of the interplay of weak and strong interactions in the decay of heavy flavors and the
relative weight of the processes involved.
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A significant improvement in tracking and pattern recognition for the reconstruction of
charmed hadron decays can be achieved with the use of double sided microstrip detectors.
The development and the test of a system with double sided counters and zero suppression
readout has been presented. The device is now installed at the “next generation” hyperon
beam experiment SELEX at Fermilab, downstream of the vertex area. The success of the
project supports the possibility of including double sided detectors close to the vertex area
to limit the amount of scattering material and improve pattern recognition.
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