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Abstract

The DELPHI Microvertex Detector, which has been in operation since the

start of the 1990 LEP run, consists of three layers of silicon microstrip detectors

at average radii of 6.3, 9.0 and 11.0 cm. The 73,728 readout strips, oriented

parallel with the beam pipe, have a total active area of 0.42 m

2

. The strip

pitch is 25 �m and every other strip is read out by low power charge ampli�ers,

giving a signal to noise ratio of 15:1 for minimum ionizing particles. On-line

zero suppression results in an average data size of 4 kbyte for Z

0

events.

After a mechanical survey and an alignment with tracks, the impact pa-

rameter uncertainty as determined from hadronic Z

0

decays is well described

by

p

(69=p

t

)

2

+ 24

2

�m, with p

t

in GeV/c. For the 45 GeV/c tracks from

Z

0

! �

+

�

�

decays we �nd an uncertainty of 21 �m for the impact parame-

ter, which corresponds to a precision per point of 8 �m. The stability during

the run is monitored with an accuracy of a few microns using light spots and

capacitive probes. An analysis of tracks through sector overlaps provides an

additional check of the stability. The same analysis also results in a value of

6 �m for the intrinsic precision of the detector.
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1 Introduction

The primary aim of a vertex detector is to provide high precision measurements

of the position of particles close to the primary collision point, allowing accurate

track reconstruction and in particular giving precise extrapolations to the interaction

region. This allows a full or partial reconstruction of the decay chain through the

identi�cation of primary and secondary vertices.

In this article is presented the Microvertex Detector constructed for the DELPHI

experiment. DELPHI is one of the four multi-purpose detectors installed on the LEP

accelerator at CERN. It is used to study e

+

e

�

interactions at the energies close to the

mass of the Z

0

boson. More information about the DELPHI detector can be found

elsewhere [1].

The Microvertex Detector of DELPHI provides a high precision measurement in

the plane transverse to the beam.

1

A part of the detector was tested during the

start-up of LEP in 1989. The two layered detector was completed and installed for

the data taking in 1990. It was upgraded to the present three layered detector in

order to accomodate the introduction of a smaller beam pipe for the 1991 data taking

period. About 130,000 hadronic Z

0

events were collected by DELPHI in 1990 and

280,000 in 1991.

1.1 Physics Motivation

In general the presence of high precision measurements of track position close to the

primary event vertex aids in the reconstruction of tracks and improves the momentum

resolution, which is of bene�t in most physics analysis. The ability to accurately

reconstruct vertices is useful either on an event by event basis as a constraint which

further improves the tracking, or averaged over many events as a means of �nding

the beam pro�le, and thus localising the interaction region.

In particular this precision close to the interaction region is a powerful tool in the

study of heavy 
avour systems; those interactions producing � leptons, c or b quarks.

Because � leptons and mesons containing b or c quarks have mean decay distances

of a few millimeters at LEP energies, the vertex detector provides the possibility of

full or partial secondary vertex reconstruction.

The most obvious physics measurements possible are thus studies of the lifetimes

of these particles. However the recognition of the presence of secondary vertices is in

itself a tag for the presence of such long lived mesons containing b or c quarks, and can

be used as a means of obtaining an enriched sample. In this way measurements of the

branching ratios of Z

0

to c�c and b

�

b may be obtained. Secondary vertex reconstruction

also allows a study of exclusive modes and an exploration of the spectroscopy and

lifetimes of the mesons and baryons containing b and c quarks. Detailed studies of

the fragmentation of the heavy quarks are still required in order to test di�erent

theoretical models.

Results already obtained from the analysis of data taken in 1990 and 1991 highlight

some of the possible physics objectives outlined above, and con�rm the usefulness of

1

R,�,z de�ne a cylindrical co-ordinate system, +z being coincident with the electron beam, R;�

de�ned in the transverse plane
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the Microvertex Detector for the DELPHI experiment. Phyics measurements made

using the 1990 data which depend crucially on the presence of the Microvertex De-

tector are the measurement of the lifetime of � lepton [2] and of the average lifetime

of B hadrons [3]. The analysis of the data taken in 1991 with the upgraded Mi-

crovertex Detector is still being performed but already some interesting results have

been obtained. Evidence for B

0

S

production has been seen [4] and a clear signal for D

leptons has been obtained by studying the invariant mass of K=� systems in hadronic

events (Fig. 1) [5]. The importance of the Microvertex Detector in this latter analysis

is �rstly in improving the momentum resolution, secondly in suppressing the back-

ground by demanding a good vertex, and thirdly by a cut on the measured decay

distance of the putative D from the primary vertex. A more general example of the

usefulness of the Microvertex Detector is to be seen in Fig. 2a which shows an event

display of a candidate for the decay Z

0

! b

�

b. A magni�cation of the area around

the interaction region is displayed in Fig. 2b showing the ability of the Microvertex

Detector to clearly separate primary and secondary vertices.

1.2 Design Optimization and Constraints

In the design of the Microvertex Detector, the quantity of most interest is a good

extrapolation of a given track to the vertex region, for from this can follow accurate

vertex reconstrucion. The Impact Parameter is de�ned as the distance of closest

approach of a given track to the primary interaction point.

2

For tracks coming

from the primary it should be exactly zero, but resolution e�ects smear this value.

These are of two types: �rstly uncertainties in the track reconstruction resulting from

the intrinsic resolution of the subdetectors used in the track �t;

3

secondly multiple

scattering e�ects due to the material in front of the measured points. The impact

parameter resolution can be parameterized as the quadratic sum of these two terms

�

2

IP

= �

2

asympt

+ (

�

ms

p

t

)

2

(1)

with p

t

measured in GeV/c.

This formula gives a clear indication for the optimization of the design of the

Microvertex Detector. The �rst measured point should be as close as possible to

the interaction region with a reasonable distance between the �rst and last measured

points; these points should be measured with the highest possible intrinsic precision,

so silicon detectors are the natural choice. To allow the Microvertex Detector to

be close to the interaction region the beam pipe should be of as small a radius as

possible. This fact, together with a suitable choice of material and thickness for the

beam pipe, will serve to reduce the multiple scattering term.

2

It is signed according to the geometric convention, that is, it is given a plus or minus sign

depending on whether an observer standing at the interaction point facing the direction of the track,

sees it on her right or left.

3

The tracking detectors at DELPHI consist of the Microvertex Detector between radii of 6 and

11cm, the Inner Detector between 12 and 38cm, the Time Projection Chamber between 39cm and

120cm and the Outer Detector between 200 and 205 cm. Further Details can be found in [?].
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The design of the 1990 Microvertex Detector of DELPHI was constrained by the

small amount of space between the beam pipe and the DELPHI Inner Detector and

by the large size of the aluminium beam pipe of inner radius 7.8 cm and thickness

1.2 mm. With the two layers of the Microvertex Detector placed at radii of 9 and

11 cm, �

asympt

was measured using dimuon events[2] to be 80 �m, while the multiple

scattering term was 120=p

t

. For the 1991 running, a new beam pipe made of beryllium

was installed with an inner radius of 5.3 cm and thickness 1.45 mm. This allowed a

third layer to be added to the Microvertex Detector at an average radius of 6.3 cm,

thus reducing �

asympt

. The three layers of silicon themselves have a total thickness

of between 0.9 and 2.0 % of a radiation length. The impact parameter resolution is

considerably improved and its two terms are measured to be 24 and 69=p

t

�m.

1.3 General Layout

A brief overview of the DELPHI Microvertex Detector is given here as an introduction

to the detailed description of all its components and performances given in the fol-

lowing sections. A schematic perspective view of the detector is presented in Fig. 3a

and in Fig. 3b is shown its projection in the plane transverse to the beam.

Three concentric shells of silicon microstrip detectors at average radii of 6.3, 9

and 11 cm cover the central region of the DELPHI detector, and surround the beam

pipe. The two shells at the larger radii, called the Inner and the Outer, had been

completed for the LEP running period in 1990 while that at the smallest radius, called

the Closer, was added for the running in 1991. The Closer shell is 22 cm long, while

the Inner and the Outer are 24 cm long.

Each shell consists of 24 modules with about 10% overlap in � between the modules

(see Fig. 3). Each module carries 4 detectors along z, with strips parallel to the beam.

Detector pairs are wire-bonded in series and read out at either end.

The silicon detectors are 285 �m thick and have a diode pitch of 25 �m. A new

feature is that the read-out strips (50 �m pitch) are AC coupled. Each detector has a

sensitive length of 52 mm for the Closer shell and 59 mm for the Inner and the Outer

shell. Detector's width changes from 19.2 mm (384 read-out channels) for the Closer

shell through 25.6 mm (512 channels) for the Inner shell till 32 mm (640 channels) for

the Outer shell. The number of read-out strips totals 73,728. A detailed description of

the detectors performance and of the applied acceptance criteria is given in section 2.

The VLSI readout electronics produced in 3 �m CMOS, contain 128 analog chan-

nels with serial read-out. The readout chips are bonded channel by channel to the

strips at both ends of the detector modules and are mounted on a carbon-�bre sup-

port. The components of the modules and their assembly are described in section 3.

The outer ends of each module are mounted on to two aluminium semi-circular

rings which can be installed on either side of the beam pipe. The mechanical structure

is water cooled to guarantee good thermal stability. Before installation the relative

alignment of the modules was surveyed using a three dimensional measuring machine,

to a global accuracy of about 20 �m. The whole detector can be slid into position in-

situ on rails �xed to the Inner Detector. The half-shells assembly, survey, electronics

and detector insertion are described in section 4.

The outputs of six chips from the Closer shell, or of four chips from the Inner shell
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and �ve chips from the Outer shell are multiplexed together in electronics mounted

nearby, giving 768 or 1152 channels per readout line. These samples of signals are

analysed on-line by the DSP processors in the SIROCCO fastbus modules. Section 5

contains the description of our data acquisition system, DSP processing and on-line

monitoring.

Two methods are used to monitor any movements of the detector after its instal-

lation, �rstly thorugh a series of light spots and secondly by a system of capacitive

probes. The details are given in section 6.

Both the detector alignment, internal and external, and the e�cient association

of the Microvertex Detector hits to the tracks reconstructed by the other tracking

detectors of DELPHI are essential for satisfactory performance. Section 7 describes

the procedures followed.

A detailed study of the detector performance has been made using the data col-

lected in 1991. Section 8 provides details of the e�ciency, intrinsic precision, impact

parameter and two-track resolution of the detector.

A summary is presented in section 9.

2 Silicon Detectors

2.1 Detectors with Integrated Coupling Capacitors and Bi-

asing Resistors

Silicon detectors with integrated coupling capacitors and biasing resistors are used

in the DELPHI Microvertex Detector

4

. The detectors are made on n-type silicon

of a resistivity of 3 k
cm to 5 k
cm depleted between 60 V and 100 V. The lattice

orientation is h111i. The diodes are formed by di�usion of boron atoms to a concen-

tration of about 10

18

atoms/cm

3

. The diodes are 7 �m wide and are spaced every 25

�m. A layer of silicon dioxide, 0.23 �m thick, is grown during the di�usion, forming

the coupling capacitor (see �g. 4). Every second strip has a metal readout line which

makes a readout pitch of 50 �m.

The biasing voltage is applied to the diodes through individual polysilicon re-

sistors. Figure 5 shows a cross section of the silicon detector along a strip and its

resistor. The p

+

di�usion line, silicon dioxide and the readout strip are visible. At the

end of the di�usion line there is an opening in the coupling oxide where the diode and

the resistor make contact. The contact hole is metallized, which makes it possible to

measure the resistance of the polysilicon lines and the coupling capacitance. It is also

used to check for eventual pinholes in the coupling oxide. All the polysilicon resistors

are connected to a common bias line, the bias strip, which runs around the detector.

Figure 6 shows the top view of a silicon detector. The wide line, a guard ring,

between the bias line and the strips is a di�usion line, whose purpose is to de�ne the

�eld and to collect the leakage current from the edge of the detector. Every readout

line has four bond pads, two at each end, which serve to bond the detector to the

second detector and to the electronics. The reserve set of bond pads is used in case

of an unsuccessful �rst bonding.

4

The detectors were produced by the Center for Industrial Research, Oslo, Norway.
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The silicon detectors of the Outer and Inner layers are 5.9 cm long and those

of the Closer layer are 5.2 cm long. They have 1280, 1024 and 768 di�usion strips

respectively.

2.2 Acceptance Criteria and Tests

In order to obtain the best performance, speci�cations were worked out on the basis of

noise calculations. The limit on the total leakage current from the active area was set

to I � 10�A, the polysilicon resistors 1 M
 � R

poly

� 2M
 and the relative coupling

capacitance

C

l

� 7

pF

cm

. The application of these criteria to the Inner layer detectors is

shown in the following �gures. Figure 7a shows the leakage current measured on 200

silicon detectors. Most of the detectors satis�ed the speci�cations. Figure 7b shows

the distribution of polysilicon resistors measured on the same sample. Some of them

are below the design limit of 1 M
, but were accepted because of the deadline for

assembling and inserting the Microvertex Detector in DELPHI. Figure 7c shows the

relative coupling capacitance also measured on the Inner layer silicon detectors. All

detectors passed this acceptance test.

Although pinholes in the coupling oxide, low resistance connections between the

aluminium readout lines and the implanted diodes, are not lethal for the operation

of single sided silicon detectors, they reduce the dynamic range of the electronics

and should be avoided. The speci�cations stated that no more than 3 pinholes per

detector are accepted. The distribution of the number of pinholes is shown in �g. 8.

In addition to good spatial resolution a high detection e�ciency is an important

feature of the Microvertex Detector. It is obtained by ensuring that the active ele-

ments have no defects. Defects like interrupted strips or biasing resistors make an

area of the silicon detector inactive. Connections between strips or resistors on the

other hand make the position measurement impossible, because the arriving charge is

spread over many channels. Defective strips were limited at not more than 1 %. This

means that no more than 7, 10 and 12 defective lines on the Closer, Inner and Outer

layer detectors would be accepted. Figure 9 shows the number of defective channels

per detector with 1024 strips.

In total 256 silicon detectors were tested for the Inner layer and 150 passed the

acceptance criteria, a yield of 57 %. Similar results were obtained for the detectors for

the Outer layer produced at the same time. Detectors for the Closer layer, produced

after the completion of the two others gave a slightly higher yield thanks to the

experience acquired with the previous production.

3 Detector Modules

The basic building block of the Microvertex Detector is pictured in Fig. 10. The

�rst photograph shows one whole module, which consists of four silicon detectors

(described in section 2) and two readout hybrids (described below). A carbon �bre

reinforcement bar is glued to the back of the four detectors. The second photograph

is a close-up of a readout hybrid, which is a part both of the mechanical construction

and of the electronic readout chain. Two screws through each hybrid attach the

9



modules to the support structure (described in section 4). The readout chips (3, 4,

or 5, depending on the layer) are glued onto the ceramic substrate of the hybrid.

Each hybrid reads out two detectors with the strips connected to each other and to

the ampli�ers by wire-bonding. Thin 
exible cables bring supply voltages and timing

signals to the hybrid and take the multiplexed output signal to the outside world.

3.1 Readout Hybrid

The hybrids for the �rst two layers (Outer and Inner) are the same except for the

width. They are made of aluminium oxide and are aligned to the paddle-wheel-shaped

support rings by a smooth reference edge. The hybrids for the third layer (Closer) are

made of beryllium oxide, which is an even better heat conductor. They are aligned

to the support by a bush mounted through a precisely machined hole in the hybrid.

To facilitate the survey of the modules (see below), a reference cylinder is mounted

on each hybrid of the �rst two layers. For the third layer, a reference sphere is joined

with the bush.

The Closer layer hybrids are designed for double sided silicon detectors. In order

to decrease the number of lines going to the hybrid, the timing signals are multiplexed

on one line. They are deconvoluted by a custom-made chip, which is mounted on the

bottom side of the hybrid. A wrap-around edge connector brings the timing signals

and the supply voltages to the top side, where the readout chips are.

The readout chip is the MX3 low power charge ampli�er array, which is fully

described in [8]. The characteristics of this chip are summarised in Table 1. Each

readout strip is connected to a charge sensitive ampli�er. A schematic circuit diagram

is shown in Fig. 11. Given the relatively low bandwidth required, the MX3 is able to

give an adequate signal to noise ratio while dissipating less than 0.5 mW per channel.

Double correlated sampling (i.e., taking the di�erence in integrated signal before and

after the interaction) is used to reduce low frequency noise pick-up. In the actual

con�guration { two silicon detectors connected to a hybrid { the signal to noise ratio

for a minimum ionizing particle is around 15:1.

The CMOS technology assures a uniform gain among the 128 ampli�ers in the

chip. Injecting charge through the calibrate inputs or pulsing the detector back-plane

shows that the gain variation within one chip is less than two percent. The variation

from chip to chip within one production batch is of the same order of magnitude.

The 128 outputs are read out serially at a rate of 2.5 MHz on a single twisted pair.

Groups of chips (6 or 9) are daisy-chained to the same readout bus to further reduce

the number of lines.

The MX3 radiation tolerance was investigated in some detail. The general ob-

servation was that radiation increased the measured noise values almost linearly, but

the rate varied from one production batch to the other. This increase in noise was

eventually understood to be caused by a worsening leakage current on the input pro-

tection FOXFET devices. The radiation dose leading to chip failure varied in the

range 50{850 Gy.

10



3.2 Production of Modules

The main question is how to make the modules su�ciently rigid while introducing

a minimum of extra material. In particular, the modules have to be strong enough

to hold the two ends of the support structure together. Another challenge is to

make the strips as parallel as possible to the z-axis (the beam direction). This is

important because these detectors do not measure the z-coordinate, which is only

known to a precision of 1{2 mm from the other DELPHI tracking detectors. Thus,

if the strip angles were too large (more than a few milliradians from the z-axis), the

high resolution in the perpendicular plane would be compromised. This leads to the

requirement that the four detectors should be well aligned relative to each other and

relative to the readout hybrids which are aligned to the support. The modules should

also be 
at.

The assembly proceeds in several steps using a series of jigs. Each jig holds two

pieces (detectors or hybrids) by vacuum and allows one of the pieces to be translated

and rotated in the plane of the module. The jigs are mounted on top of two per-

pendicular translation tables equipped with precision stepper motors. The step sizes

are 10 �m along the strips and 1 �m perpendicular to the strips. A metallurgical

microscope, mounted above the setup, is used to observe reference features on the

detectors and the hybrids. While moving the jig using the translation tables, the

relative alignment between the two pieces is checked and adjusted before they are

joined.

First, two silicon detectors are joined by gluing two small silicon bridging pieces to

the back side. Next, a readout hybrid is attached by gluing one edge of the detector

pair directly on top of the edge of the hybrid. At this stage, the strips on the two

detectors are connected to each other and to the inputs of the readout chips by a semi-

automatic bonding machine. The resulting \half-module" is then tested electrically.

This test includes a back-plane pulsing and a scan with a pulsed infrared laser spot.

Two half-modules are joined by two small bridging pieces as in the �rst step

above. All bridging pieces are metallized on the side facing the back of the detectors,

thus providing the connection for the back-plane voltage between the four detectors.

The connections for the strip bias voltage and the guard ring voltage are made by

wire-bonding.

To strengthen the modules and to make them easier to handle, a trapezoidal,

200 �m thick carbon �bre bar is glued to the back of the four detectors. To avoid a

bimetal-like bending of the module caused by the di�erent thermal expansion coe�-

cients, a 2 mm wide and 300 �m thick silicon piece is glued to the other side of the

carbon �bre bar. This extra silicon piece also increases the rigidity of the module by

roughly a factor of 4. The complete module then undergoes �nal electrical tests.

3.3 Survey of Modules

To achieve a precision close to the intrinsic precision of silicon, it is necessary to know

precisely where all the strips are in space. A �rst step is to make a two-dimensional

survey of the modules, in order to obtain the location of the strips relative to the

reference cylinders (or spheres) on the readout hybrids. The cylinders and the spheres

11



are subsequently measured during a three-dimensional survey of the assembled half-

shells (section 4.3). These two types of surveys together give a complete map of the

strips.

The module measurements are made using the production setup described above.

A module is mounted on a simple support jig, which is mounted on top of the two

perpendicular translation tables. The control unit for the stepping motors is linked

to a computer, which reads the table positions. Reference points on the detectors

and the readout hybrids are centred under the �xed microscope, and the positions

are recorded.

The module survey also provides a check of the assembly precision. Figure 12

shows the distribution of the angle between the two detectors connected to the same

readout hybrid. The detectors are parallel to about 0.15 mrad over a length of 12 cm.

4 Half-Shells

To make a barrel vertex detector for DELPHI, the detector modules described in the

previous section are assembled into two half-shells. Figure 13 shows a photograph

of one such half-shell with all three layers mounted. Each layer consists of twelve

detector modules, which are mounted on aluminium support structures called end-

rings. The modules themselves hold the two ends together. The thin 
exible cables

from the readout hybrids are connected to additional readout electronics mounted

close to the end-rings. Cooling water 
ows through channels inside the end-rings and

also through channels attached to the adjacent circuit boards.

4.1 Mechanical Construction

The �rst two layers (Outer and Inner) are supported and cooled by the same end-rings,

which look like paddle wheels in order to give a small overlap between neighbouring

modules. Before the mounting of modules, the two ends are held together by a few

aluminium bars. These are successively removed as the modules are mounted. The

third layer (Closer) is supported and cooled by another pair of end-rings, which are

attached to the �rst pair by precisely machined brackets. At this smaller radius, a

paddle wheel arrangement would tilt the modules too much. Instead, the modules

alternate between two di�erent radii. (See Fig. 3.)

The e�ective thickness of each aluminium end-ring is about 5 mm. The assembled

half-shell is protected by inside and outside covers made of 1 mm thick foam

5

coated

on both sides with 20 �m aluminium foil.

There are �ve cooling channels per half-shell. These channels have an inner di-

ameter of 3{5 mm and a typical water 
ow of 40 cl/min. The cooling water siphons

between two reservoirs, which are both below the level of the Microvertex Detector.

This causes a small under-pressure in the cooling channels and prevents the water

from escaping through small leaks.

5

Rohacell, Roem Schweiz Gmbh.
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The Microvertex Detector is inserted into the DELPHI barrel after the Inner De-

tector and the beam pipe. Small skates made of a low friction material

6

are attached

to the end-rings and to the adjacent circuit boards. These skates allow the half-shells

to slide into place on carbon �bre rails mounted on the Inner Detector. Each half-

shell rests on two rails, one at the bottom and one on the side. The two half-shells

are not connected in any way, and there is no contact with the beam pipe.

4.2 Readout Electronics

A functional diagram of the complete electronic readout is shown in Fig. 14. Starting

from the readout hybrid, the di�erential multiplexed output from the readout chips is

transferred by a 
exible kapton cable to an analog di�erential line driver (592) on the

\bend
ex." This is a 
exible printed circuit attached to each end of the half-shell.

The signal then passes to an adjacent printed circuit board (\repeater"), where a

simple emitter follower drives the signal to the counting room (a distance of about

25 m). There the analog signals are digitised and read out in the SIROCCO units

(see section 5).

For the later third layer (Closer), the functions of the bend
ex and the repeater

were combined in a single printed circuit board attached to the half-shell. The 592

ampli�er plus emitter follower were replaced by a custom designed di�erential analog

driver { the FDD [11].

All power supplies, monitoring electronics and control signal generators are situ-

ated in the counting room. The timing signals are derived from the standard DELPHI

timing unit (PANDORA) using a purpose-built fanout unit. These signals go to the

readout chips in the reverse direction through the repeater and bend
exes.

4.3 Survey

The aim of the survey is to obtain a mapping of all strips to a precision of 20 �m.

An alignment using tracks (section 7.2) later re�nes the strip positions in the planes

of the modules, but for the radial positions we depend on the survey.

To achieve such a precision, the half-shells are measured with a 3{D survey

machine.

7

Figure 15 shows a half-shell (without the readout electronics) during a

measurement session. The survey machine has a mechanical arm that moves in three

orthogonal directions and supports a measuring head, which is a synthetic ruby stylus

mounted on a touch probe triggered by a small force (about 10 grams). The table and

all supporting elements are made of granite to provide good stability. On polished

surfaces the speci�ed accuracy is (3 + d=2 � 10

5

) �m for a measurement of a distance

d (in �m) between two points.

The survey machine measures the planes of all silicon detectors and the reference

cylinders (or spheres) on all readout hybrids. The position of the strips in the plane of

a module relative to the reference objects is measured separately under a microscope

(section 3.3). By linking the two sets of measurements, the 3{D mapping of the strips

6

Delrin, available in the CERN store.

7

The Galaxy survey machine, POLI S.p.A., Varallo Sesia, Italy.
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is obtained. Figure 16 shows the distribution of the errors for the measurements of

the centres of reference cylinders and spheres.

Each half-shell is measured twice, since the middle layer is normally not accesi-

ble to the measuring probe. One survey measuring the �rst two layers (Outer and

Inner) takes place when only those two are mounted. Another survey measuring the

�rst and the third layers (Outer and Closer) is done after all three layers have been

mounted. During all surveys, warm water (25

�

C) circulates in the cooling channels

in order to simulate normal working conditions. The two measurements of the Outer

layer are overlapped using the combined translation and rotation that minimizes the

di�erences among all the detector planes. Figure 17 shows that the results of the two

measurements are consistent.

During each survey the detector is measured at least three times to reduce the

e�ects of detector aplanarity and cylinder deformations. The global mapping precision

on R� that has been reached, taking all uncertainties into account, is better than

20 �m. All the steps are described in more details elsewhere.[9, 10] As an example

of the importance of an accurate mapping, Fig. 18 shows the angle � between each

module and its detectors in the plane perpendicular to the module and parallel to the

strips. As can be seen angles up to 5 mrad have been measured, while for an ideal

module this quantity should be zero.

5 Data Acquisition

5.1 On-line Analysis and Data Acquisition

The data acquisition system of the Microvertex Detector is an integral part of the

DELPHI data acquistion system. An overview of the complete system is to be found

elsewhere; here is described those stages which are particular to the Microvertex

Detector.

Synchronously with each LEP bunch crossing (every 22 �s) the charge collected on

each strip is recorded by the MX3 chips. If the global DELPHI trigger gives a negative

decision, this information is overwritten during the next bunch crossing. Otherwise

recording of the charge associated with the next bunch crossing is avoided in order

to give time for a second level trigger decision, which takes about 39 �s. If this is

positive the charge is serially readout and digitized by SIROCCO modules [12]

8

. This

takes � 500�s at 2.5 MHz readout speed. The SIROCCO modules further analyse

and compress the data before it is transferred and written to tape along with the rest

of the DELPHI data.

SIROCCO is based on a Digital Signal Processor DSP56001

9

[13] and a 10 MHz


ash ADC

10

, which allows complete analysis of an event in 30 ms, considerably faster

than the average time between Z

0

events which occur with a frequency of a few hertz.

The primary purpose of the SIROCCO is to suppress those channels containing no

8

SIROCCO has been specially designed for the DELPHI Microvertex Detector by the CERN

Electronics Division

9

Manufactured by Motorola Inc.

10

Produced by TRW.
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data; the total of 73728 channels are compressed into typically 1000 32-bit words for

an hadronic Z

0

event or 150 words for an empty event. There are in total 72 DSPs in

36 SIROCCOs. Each DSP reads out 9 readout chips containing 1152 channels on the

Outer or Inner layer, or 6 readout chips containing 768 channels on the Closer layer.

In order to �nd channels which contain data, it is necessary to evaluate the back-

ground noise and pedestals on the readout chip and subtract these factors from the

data. Three additive factors are identi�ed as contributing to this background.

� The pedestals on each channel. These are assumed to be constant or slowly

changing. Their value is continually updated using a running average technique.

pedestal

new

= (1� w

p

)� pedestal

old

+ w

p

� channelADCvalue

where w

p

de�nes how quickly the computed pedestal follows the real one. w

p

is chosen to be 1=32 which updates the pedestals su�ciently fast, whilst still

being relatively insensitive to noise 
uctuations.

� The common noise for a single event. This is the same for all the channels

belonging to the same microplex chip, and can be evaluated by averaging over

the channels.

� The individual channel noise. For a particular event, this quantity can be

neither computed nor predicted. The RMS of the noise must be computed for

every channel to obtain a reference against which to distinguish true signals

from background noise. It is be calculated via a running average technique.

noise

2

new

= (1� w

n

)� noise

2

old

+ w

n

� signal

2

;

where w

n

is chosen to be 1/1024 and signal is the channel ADC value after

pedestal and common noise have been subtracted from it.

The pedestal, common noise and channel noise information is recorded with the

data and used in the on-line and o�-line monitoring.

The Signal/Noise for true signals varies between 10 and 17 with the charge spread

over two or three channels, so a cut is made by demanding that the sum of Sig-

nal/Noise for two neighbouring channels be greater than 6. This criteriumwas shown

to work well since events without tracks had typically 3 noise hits, while for tracks

passing through the detector the e�ciency was close to 100%, as will be discussed in

section 8.

The signals which pass the cut are read out of the SIROCCOs by the Crate

Processor, sent to central DAS facilities, and stored onto tape together with records

acquired from the other DELPHI sub-detectors. Fastbus is the medium for data

transferal and is also used for DAS control functions such as starting and stopping

runs, loading programs into the SIROCCOs and setting various run parameters.
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5.2 Monitoring

The monitoring of the data quality is accomplished through two systems: an on-line

monitor and an event display.

The on-line monitor analyses the Microvertex Detector data after its receipt by

the central DAS, and completes a series of histograms which allow the detector's

performance to be evaluated. Histograms are �lled with quantities ranging from

simple ones like the average detector's noise or pedestal shape to more complex ones

like the signal to noise ratio or track residuals. These histograms can be viewed at

any time while the DAS is collecting data. The most important on-line histograms

are made available to the \quality checker", a person who evaluates all DELPHI

data, and can contact relevant experts in case of the malperformance of one of the

sub-detectors.

The on-line event display has been designed to display information of a single

selected event. It can be examine details of data supplied by any of the DSPs (see

Fig. 19) or provide a global view of hits registered by the Microvertex Detector (see

Fig. 20).

6 Mechanical Stability

The mechanical stability of the Microvertex Detector during data taking is essential

for e�ective running, since a 1

�

C temperature change expands the support struc-

ture by 5 �m, an amount comparable to the intrinsic precision of the detector. The

end-rings are made of aluminum, chosen for its ability to transmit heat, through

which water is circulated, removing the 70 W generated by the readout electronics

and stabilising the temperature to 0:3

�

C. Temperature 
uctuations are measured by

resistive thermometers located at two points on each end-ring, and provide measure-

ments accurate to 0:2

�

C once a minute. Two dedicated position monitoring devices

measure any movements of the Microvertex Detector with respect to the Inner De-

tector and are described below. Movements internal to the Microvertex Detector are

investigated by a software analysis of charged particle tracks.

6.1 Capacitive Probe Position Monitoring

A series of capacitive probes are mounted at the top and side of the Microvertex

Detector's end-rings and on the inside wall of the Inner Detector.

11

The probes

measure the capacitive reactance, recording a voltage drop in the presence of a 15

kHz AC source. Three distinct geometries measure the gap between the two detectors:

radially via 8 probes, two on each of the four end-rings; laterally through a similar

set; and longitudinally, along the beam axis, through one probe on each half-shell.

The radial gap can be measured with a precision of better than 1 �m while the other

probes are sensitive to 10 �m movements. The capacitive probe data is recorded

every minute by the detector monitoring system which also reads out the thermometer

11

A commercially available capacitive probe readout system manufactured by CAPACITEC Inc.,

87 Fitchburg Rd., Ayer MA, 01432, USA.
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values. This is done independently of the DELPHI data acquisition and necessitates

an o�ine correlation of the probe values with the DELPHI data. From time to time

the system records un-physical movements (of several hundred microns) attributed

to changes in readout ampli�er gain. When these occur we recalibrate the system to

the last known probe position.

6.2 Light Spot Position Monitoring

The second position monitoring system uses a series of light spots which shine on

the Outer layer of silicon detectors. A coherent infrared beam from a laser diode

deposits measurable signals in the silicon detector itself. The diodes are placed outside

DELPHI, from which light enters the barrel on a series of light �bres 10 m long and

is fanned out in � around the Microvertex Detector into 48 delivery light guides, to

which are attached small lenses and prisms which focus the light onto the plane of

the silicon detectors

12

. Four light spots shine on every second Outer layer module;

two doublets on either end, one with the beam perpendicular to the silicon, the

other inclined at a 28

o

angle with respect to the normal. In principle, these allow

a decoupling of radial and tangential module motion. In practice, we observe only

small shifts (see below) and hence the di�erential movement between perpendicular

and inclined light spots is unobservable.

The light diodes are pulsed every 64th beam crossing, thus merging light spot mea-

surements with e

+

e

�

collisions. The 1 kHz rate is limited by the light diode recovery

time but still provides su�cient overlap between light diode 
ashes and triggered

DELPHI events. A single light 
ash provides a 5 �m measurement which averaged

over an hour of data taking determines the tangential module position relative to the

Inner Detector to about 1 �m.

6.3 Calibration and Results

Both of these systems were calibrated in-situ. The detector was heated by reduc-

ing the water 
ow in the cooling system, thereby causing the end-rings to expand.

Figure 21 shows the end-ring temperature variation during this one hour test. For

comparison is plotted a radial gap measurement (capacitors) and a tangential module

position (light spots) during this same period. The correlation is clear.

Over the 9 months of data taking in 1991, no motion in excess of 10 �m was

observed, however steady drifts of 5 to 7 �m are seen over a period of weeks (see

�g. 22). Considerable jumps (20 to 30 �m) can occur outside of data taking when

the detector was switched o� or DELPHI was opened for repairs, but the modules

return to their original position on the resumption of stable operation. At the few

micron level, hysterisis and un-correlated behaviour on neighbouring detectors make it

impossible to infer the position of modules which are not monitored with a light spot.

Thus this information is not used in a time dependent alignment of the detector but

rather to signal the presence of large shifts and identify stable periods of operation.

12

A lens-prism combination manufactured by Fisba Optik, CH-9016 St. Gallen, optical �bres

by Cableoptic S.A., CH-2016, Cortoillod and custom ordered �bre positioning guides produced by

Technika Grenchen, Geneva.
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6.4 Position Monitoring with Tracks

The stability of the detector can also be monitored using tracks which pass through

the overlap regions, both of neighbouring modules within a half-shell and of the

overlaps occurring between the two half-shells. Charged tracks from hadronic Z

0

decays passing through overlaps having at least three hits and a minimum transverse

momentum of 0:5 GeV are used. A circle �t is made through any two hits taking the

curvature from the external tracking, and the distance of other hits from this track is

calculated. The size of the residual is an indication of possible mis-alignments of the

modules, but its variation with time is a measure of the detector stability. For the

40 tracks seen per overlap each day, an accuracy of 4 �m is obtained on the relative

position of modules.

During the 1991 data taking period no net relative motion in excess of 10 �m

is observed, in agreement with the limits set by the light spot measurements. Of

importance is the fact that overlaps between the two half-shells (Fig. 23a) behave no

di�erently than those within the same half shell (Fig. 23b). Large movements in the

overlap positions show a correlation with the motion observed by the laser.

7 O�ine Reconstruction and Alignment

The three-layer silicon Microvertex Detector was installed in DELPHI in February

1991 and operated for the whole LEP running period. A total of nine million triggers

containing about three hundred thousand Z

0

decays were collected. All triggers were

analysed on-line as described in section 5.1, consequently only clusters with a signal

larger than six times the single channel noise were written to cassette.

The o�-line analysis starts by calculating the position of each cluster in the lo-

cal coordinate system of a silicon module. This one-dimensional position is the pulse

height weighted average of the strip with the largest pulse height and its largest neigh-

bour. The analysis then proceeds by associating the Microvertex Detector clusters

with tracks found in the rest of the DELPHI tracking detectors. The z coordinate

from the associated track is used to correct each cluster position for the e�ect of a

small angle between the strips and the z axis. Associated and corrected clusters are

then included in a �nal track �t. This section describes the association between tracks

and clusters and the detector alignment using tracks. More detailed cluster studies

are presented in section 8.

7.1 Association

As indicated above, tracks are �rst found without using the Microvertex Detector. In

a second stage, the tracks are extrapolated to the three silicon layers and associated

with the clusters. If the external track extrapolations were accurate enough, on the

order of the readout pitch (50 �m), the track-cluster association would be straightfor-

ward. There would be at most one possible cluster per layer. Unfortunately, the track

extrapolation precision will never reach that level. The typical uncertainty on these

extrapolations was 250 �m, but has recently been reduced to 150 �m. This improve-

ment arose using the Microvertex Detector to calibrate the other tracking detectors.
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The large track extrapolation uncertainties create ambiguities in the association of

clusters to tracks in events with a high track density. Both in jets and three-prong

tau decays, for example, it is very common to have two tracks separated by less than

one millimeter at the radius of the Microvertex Detector.

With the track uncertainties and track density indicated above, it is clear that we

cannot expect to make a unique association in each silicon layer separately. But by

using all three layers together, we can hope to eliminate many of the ambiguities. The

procedure starts by setting a window around a track in the �rst (Outer) layer. The

size of this �rst window depends on how well the track position at the Microvertex

Detector was determined by the external track �t and is typically of the order of one

millimeter. For each cluster found within the window, the track is forced through

that cluster and extrapolated to the next silicon layer, where a more narrow search

window can be used. The size of this second window depends on how well the track

angle is known from the external �t and, for low momentum tracks, on the expected

amount of multiple scattering. If a cluster is found in the second layer, the track can

be forced through two clusters and extrapolated to the third (Closer) silicon layer.

At this point, the uncertainties on the original track are virtually eliminated, and a

possible third cluster is required to lie within a very narrow window with a full width

of one to two hundred microns.

This sequence of tighter and tighter cuts removes most of the ambiguities in the

track-cluster association. Figure 24 shows the fraction of tracks that are uniquely

associated to clusters, as a function of the track multiplicity, in the �fteen-degree

sector to which the track belongs. In hadronic Z

0

decays, the most populated sector

has a track multiplicity of four or �ve. The �gure shows how the number of ambiguities

is successively reduced by the second and third layers. Having no ambiguities for a

track does not necessarily mean that the association is correct, but it is a good start.

A non-negligible fraction (about 15 %) of the external tracks have much larger

uncertainties than the typical ones given above. Many of these tracks can be correctly

associated to clusters by doing a second pass with much looser cuts in the �rst and

second layers. The cut in the third layer remains the same, because it does not depend

on the external tracking. The looser cuts do not create many ambiguities, since most

of the clusters are already associated to other tracks. Because of ine�ciencies in the

Microvertex Detector, some tracks do not �nd clusters in all three layers, in which

case the association is less reliable. It is also possible for a track to �nd more than

three clusters (up to a maximum of six) if it goes through an overlap between two

sectors.

7.2 Alignment

The starting point for a software alignment of the Microvertex Detector is the me-

chanical measurement, in which the relative module positions in the same half-shell

are known with an accuracy of 20 �m.

There are two steps to the software alignment procedure. In the �rst step, we

position the two half-shells relative to each other with a precision of 10 �m and

position the complete detector within the DELPHI reference frame. In the second,

we improve the module positions with the detector using a minimization procedure
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which is internal to the MicrovertexDetector. The remaining systematic uncertainties

are of the order of 5 �m.

7.2.1 External Alignment

The Outer Detector plays an important role in the external alignment of the Microver-

tex Detector, due both to its spatial resolution 2 meters away from the interaction

region, and the fact that it de�nes the DELPHI reference frame.

The alignment uses 2000 di-muon events with hits in the Microvertex and Outer

Detectors. Viewed in theR� plane, a muon pair describes the arc of a circle, neglecting

initial and �nal state radiation e�ects. The Outer Detector hits de�ne a circle, with a

curvature calculated from the beam energy and the polar angle. The residuals between

the Microvertex hits and the circle are minimised by considering translations in the x

and y coordinates (there being no z measurement in the Microvertex Detector), and

3 rotations. In this way, we place each half-shell in the centre of DELPHI with an

accuracy of 30 �m.

Further improvement in the orientation of each half-shell is obtained as follows.

With an e�ective resolution for di-muon events of 700 �m at a distance of 2 meters

from the interaction region, the Outer Detector determines the muon direction at the

Microvertex Detector with an accuracy of 0:3 mrad. Imposing this constraint on each

muon improves the orientation of each half-shell. Furthermore, each di-muon event

can be forced through the Outer layer of the �rst half-shell with the track direction as

given by the Outer Detector. By minimizing the hit residuals in the second half-shell

to this track, we place the two half-shells, relative to each other, to better than 10

�m.

After this �rst step, the position of each module in the frame of each half-shell

is known to 20 �m. The position of each half-shell in the frame of the Microvertex

Detector is known to 10 �m, and the position of the Microvertex Detector in the

DELPHI frame is known to 30 �m.

7.2.2 Internal Alignment

In the second step, two techniques are used to align the individual modules of the

Microvertex Detector.

The �rst technique uses the di-muons again. A least squares �t is made for each

di-muon, with the uncertainty on each Outer Detector point set at 700 �m, and

on each Microvertex Detector point at 8 �m. Two translations and a rotation per

module minimize the hit residuals to this constructed track. The translations are

along the module plane (thus approximating an R� shift), normal to the plane (thus

approximately an R shift) and a rotation in the plane. There is no sensitivity to

movements in z, and very little to rotations out of the plane.

The second technique uses hadronic events. On an event-by-event basis, all tracks

with momentum greater than 1 GeV/c having a hit in each layer of the Microvertex

Detector are considered. We extrapolate these to the interaction region and �nd a

common vertex. The uncertainty on the vertex and the chi-squared probability are

calculated. The latter is reasonably 
at except for a large spike at zero. A cut in
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chi-squared probability at the 1% level, eliminates events with secondary vertices and

those with ill-measured tracks. For each track, in each event passing these cuts, we

re�t with the hits in the Microvertex Detector and a vertex constraint. The residuals,

to each of these re�tted tracks, are minimised using the same shifts and rotations

per module discussed above. The shifts and rotations applied to each module are

consistent between the two techniques.

The precision of the Microvertex Detector can be determined by a number of tests,

the details of which are documented elsewhere [14]. Of particular importance is the

impact parameter resolution de�ned in equation 1. This is not measured directly

because of the �nite size of the interaction region, however it can be deduced from

the apparent distance between the two muons in a di-muon event, both extrapolated

back to the interaction region. We refer to this quantity as the \Muon Miss Distance"

and plot it in Fig. 25. It can be shown that �

MMD

=

p

2�

IP

, and thus the impact

parameter resolution for high momentum tracks is 21 �m.

In conclusion, we align the modules of the Microvertex Detector with respect to

each other to an accuracy of 5 �m. The detector position in the DELPHI frame

is known, with an accuracy of 30 �m. Numerous tests referred to above, show the

internal resolution, time averaged over the 1991 data-taking period, to be 8 �m.

8 Detector Performance

8.1 E�ciency

During the installation two detectors developed shorts, rendering 2.3% of the channels

inoperative from the start of the run. During the run a few more detectors developed

problems, mostly related to a non functioning of the read-out bus, which resulted in

8.5% of the channels being dead at the end of the running period. It should be noted

however that, for the whole period, at least one layer was operative for 100% of the

� coverage, and 93% of � was covered if requiring at least two hits per track.

The e�ciency, studied with tracks from the hadronic decays of Z

0

s, in a �ducial

area of the detector was 95.5%, 97.5% and 96.3% for the Closer, Inner and Outer

layer respectively. The ine�ciencies include a small contribution of the association

e�ciency to tracks found by the other tracking detectors in DELPHI, a contribu-

tion related to the quality of tracks and a contribution due to noisy channels in the

Microvertex Detector. The �rst two contributions can be eliminated by calculating

the e�ciency for the good quality tracks from the leptonic decays of Z

0

s. The corre-

sponding numbers were 97.5%, 99.0% and 97.9%, pointing to a net ine�ciency caused

by the noisy channels.

8.2 Cluster Characteristics

A channel is de�ned as belonging to a cluster if the ratio of its pulse height (PH) to its

noise (N) is larger than a fraction f of the channel with the maximum PH/N in that

cluster. A cluster is only accepted if the sum of the PH/N of the individual channels

is larger than 6, and if there is at least one channel with a PH/N larger than 3. A
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value of 0.2 for the fraction f was found to give the best intrinsic precision. Notice

that, as explained in Section 3.1, no gain corrections are necessary to the data.

Figure 26 shows the number of channels per cluster as a function of the incidence

angle of the corresponding track with the detector in the R� plane. As expected

the fraction of 1-channel clusters decreases for increasing angle while more 3-channel

clusters are found for non perpendicular tracks. Clusters with 4 or more channels are

not expected for angles below 0.3 rad, and should be attributed to � electrons, merging

clusters and detector defects. Events with a hadronic decay of the Z

0

contained on

average 65 clusters in the three layers of the detector. The clusters not associated

with tracks have an average size larger than the one for associated clusters, however

they do not di�er enough to distinguish them based on just the cluster size, nor does

their number (3 per event) make it necessary to remove them.

The 1.23 Tesla magnetic �eld in DELPHI is perpendicular to the electric �eld in

the silicon and causes the holes in the silicon to drift with a Lorentz angle �

L

relative

to the electric �eld direction. Hence a minimal cluster width will be obtained for

tracks with an angle �

L

relative to the normal of the detectors in the R� plane. The

minimal cluster size (see Fig. 26) was found to correspond to �

L

= 54 mrad consistent

for all detectors.

Due to the multiplexing of up to 1152 channels on one read-out line and the

read-out speed, a cross-talk bias could be introduced in the clusters. To measure

the size of this e�ect the di�erence in PH between the neighbouring channels of the

channel with the largest PH in a cluster was determined normalized to the PH of

the channel with the largest PH. This asymmetry in cluster shape is a function of

the incidence angle of a track with the silicon, due to di�usion of the holes which

drift to the implants. For tracks which traverse the silicon with the Lorentz angle

there should be no asymmetry due to di�usion, and hence the remaining asymmetry

is attributed to electronic cross-talk. The Inner and Outer modules (9 MX3-chips

bussed together) showed a 4% forward cross-talk, because of the capacitive load on

the output bus. For the Closer modules (6 MX3-chips bussed together), groups of 3

chips were decoupled using diodes and no signi�cant cross-talk was observed.

The full line in Fig. 27 shows the PH distribution for typical detectors, normalized

to the noise of one channel. The values have been also normalized to the minimal

track length of a particle traversing the silicon, which is an average correction of 15%.

The most probable value of the Landau distribution is 15. The dashed line in Fig. 27

shows the PH/N distribution for clusters which have not been associated to tracks,

which clearly peaks towards small values. The position of a cluster is obtained by

calculating � = PH(i + 1)=(PH(i) + PH(i + 1)), where only the 2 channels with

the largest PH are considered. Figure 28 shows the � distribution for tracks which

traverse the silicon at large angles (full-line), and tracks around the Lorentz angle

(dashed-line). For the latter the function of the intermediate strip, which is not read-

out, can clearly be observed. Note that due to the choice of 0.2 for f (see top of this

section), � is restricted to 0:17 < � < 0:83, all remaining clusters contain only one

channel by de�nition. The true illumination of detectors is uniform in �, while the �

distribution shows a clear non-uniform reconstruction of the hit position. Hence the

reconstructed hit position should be corrected as a function of �. These corrections

are obtained by comparing the found hit position with its predicted position using
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the other two layers, and are shown in Fig. 29.

Due to smaller capacitance the charge loss in the intermediate strips is faster than

in the read-out strips. This loss is furthermore a function of bias resistors, which vary

from batch to batch, and of the integration time of the MX3 ampli�er, which due to

external requirements, notably to prevent pick-up of the clocking signals by the Inner

Detector of DELPHI, is twice the optimal value. Fig. 30 shows the relative PH in a

cluster as a function of � for the three layers. Since the distributions are symmetric

around 0.5, and the total PH/N is su�cient no precision loss is expected due this PH

loss.

8.3 Hit Precision

The hit precision, independent of systematic alignment errors or time instabilities,

has been found to be 6 �m for tracks with an incidence angle in the silicon close to

the Lorentz angle. This value is obtained by studying the overlaps between detectors

in one layer, using as a pivot for the track one of the other layers. The residual

distribution yields 6.1 �m for the Closer layer, where a track passes through both

detectors in the overlap with an angle within 100 mrad relative to the Lorentz angle.

For the Inner and Outer layers one of the two hits considered will always be produced

by a track traversing the silicon at an angle close to 250 mrad, therefore giving rise

to a larger residual. However the corresponding number for these layers is 7.4 �m,

assuming that both hits have equal precision. As will be shown below, this precision

can be broken down into 6 �m for tracks close to the Lorentz angle and 9 �m for

tracks at the largest incident angles.

To be able to assign proper errors to the hits, and study possible systematics

e�ect, the precision of hits has been measured as a function of the following variables:

incidence angle, cluster size, pulse height, � and noise. As measure for the precision

the width of the residual distribution between a track de�ned by Closer and Outer

layers and the corresponding hit in the Inner layer is used, the Inner layer being the

layer under investigation. To this residual both the precision of the track and the

hit in the Inner layer contribute, and if all layers would have identical errors the

corresponding single hit precision equals 0.82 times the measured residual.

Figure 31 shows the precision as a function of the incidence angle of a track

at the Inner layer, showing that the best precision is obtained for tracks close to the

Lorentz angle. For clusters which contain more than two channels, a cluster algorithm

including only the two edge channels in the cluster has been studied. Figure 32 shows

a comparison between the precision of the � algorithm including only the two largest

PH in the cluster (full-line), or ignoring the centre channel for clusters which contain

three channels (dashed line). Only hits in the Inner layer with three channels per

cluster are included, and the width of the residual distribution is plotted as a function

of the incidence angle of the tracks at the Inner layer. Only if the angles with which

the tracks traverse the silicon would have been larger would the present algorithm

have to be modi�ed to gain precision, however due to the 24-fold modularity in � the

algorithm which uses only the two largest PH gives the most precise positions.

Figure 33 shows the precision as a function of the PH of the cluster in the Inner

layer.
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Figure 34 shows the precision as a function of �. As expected the best precision

is obtained when the track traverses the silicon in between the two channels which

are read-out. Note that due to the cluster de�nition algorithm used, all � values less

than 0.17 and above 0.83 produce only single channel clusters, which are put at �=0.

A study was done to identify the hit precision based on the characteristics of

clusters. Clusters are put into three categories which are de�ned by the PH and N

values of the channels in and around the cluster. Figure 35 shows the corresponding

hit precision for the three categories, where it should be noted that the Closer and

Outer layer hits have been selected to be of the best category. The precision ranges

from 6.5 �m for 77% of the hits to 17 �m for the worst 6% of the hits.

8.4 Two-track Resolution

Figure 36 shows the probability that two tracks are both associated to a cluster as a

function of the distance between them. Fifty percent probability is reached at a track

separation of 120 �m. For this study, only two of the three layers are used in the track

�t. The tracks are then extrapolated to the third layer, where the separation between

pairs of tracks is calculated. The non-zero values at very small track separations are

probably caused by nearby clusters which are not related to either of the two tracks

(and have been mistakenly associated to one of them).

The probability that at least one of the two tracks has an associated cluster is

independent of the track separation, as is the total charge associated to the two

tracks. In other words, if there is only one cluster associated to two close tracks, the

charge of that cluster is twice the charge from a single track. A more sophisticated

cluster algorithm would be able to split some of them and to give a better two-track

resolution. However, with a readout pitch of 50 �m, one does not expect to be able

to go much below 100 �m.

8.5 The Impact Parameter and Its Error

As has already been described in the section on alignment, the precision at the

beamspot for tracks extrapolated from the Microvertex Detector for �� pair events

indicates an average error on the impact parameter, the distance of closest approach

of a track to its point of origin, of 21 �m. This value is of course the asymptotic value,

since for 45 GeV/c muons the multiple scattering contribution is highly suppressed.

The expected impact parameter error for hadronically produced tracks integrated

over all angles as a function of the momentum of the tracks in the xy-plane can be

described with

q

64
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=p

2

t

+ 22

2

�m (p

t

in GeV/c) where a single hit precision of 8.4

�m has been used, which has been chosen to obtain a 
at probability distribution

for vertex �ts in 3-prong tau decay. Due to the non uniform distribution of material,

mainly in �, and the possibility of having up to six hits in the Microvertex Detector

for a single track, this representation is only an approximation made to allow an easy

comparison with the data.

To test the description of the errors in hadronic event an enriched light quark sam-

ple was selected using the following procedure. An event is split in two hemispheres

according to its thrust axis (T = Max(

P

i

jp

i

� nj=

P

i

jp

i

j), where T is the thrust, p

i
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are the momentum vectors of the particles and n is a unit vector along the thrust

axis). In each hemisphere a vertex is constructed by rejecting all tracks which miss

the vertex by more than �ve standard deviations to reject obvious outliers. Figure 37

shows the longitudinal distance between the vertices along the thrust axis for events

where the combined �

2

probability of the two vertices is smaller (full-line) and larger

(dashed-line) than 10%. A clear asymmetric distribution is observed for the bad prob-

ability case, while for the complementary sample the distribution is symmetric, hence

the life-time contribution to the impact parameter in this sample is suppressed. The

events with the good probability are selected, and the impact parameter of each track

in the event is plotted versus the vertex constructed from the remaining tracks, only

accepting tracks in the vertex which lie within two standard deviations. Figure 38

shows the measured error on the impact parameter as a function of p

t

(full-line), with

the contribution from the vertex taken out quadratically. This vertex contribution

is calculated using the expected error per track for the tracks in the vertex, and is

quite small as is shown by the dashed line in Fig. 38. Parametrizing the error in the

same way as for the expected distribution yields

q
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+ 24

2

�m (p

t

in GeV/c).

The dotted line gives the expected distribution as described above. This result is in

agreement with the measurements from �� and 3-prong tau decays. No systematics

is observed for the � � dependence of the impact parameter error.

9 Summary

The DELPHI Microvertex Detector has operated successfully since the beginning of

the 1990 LEP running period. The two-layer detector used in 1990 was upgraded

with a third layer for the 1991 run to take advantage of a new smaller beam pipe.

The same detector is currently used for the 1992 run. For the 1993 run, two of the

layers will be replaced by double-sided silicon detectors.

The Microvertex Detector uses 0.42 m

2

of silicon microstrip detectors with a diode

pitch of 25 �m and a readout pitch of 50 �m. The characteristic feature of these

detectors is the use of integrated coupling capacitors and polysilicon biasing resistors.

With the requirements of a total leakage current less than 10 �A, polysilicon resistors

in the range 1{20 M
, and a relative coupling capacitance greater than 7 pF/cm, the

detector yield was about 60%.

The three layers of silicon detectors (average radii 6.3, 9.0 and 11.0 cm) cover polar

angles from 43

�

to 137

�

. In this range the total amount of material is on average 1.5%

of a radiation length. Each layer covers the full 2� of azimuthal angle, with a 10{

15% overlap between neighbouring sectors. During the run, a few detector modules

developped problems, but 93% (100%) of azimuthal angle remained covered by at

least two (one) layers. For the functioning detector modules, the e�ciency was 98%.

Charge sensitive ampli�ers on the MX3 readout chips give a signal to noise ratio

of 15:1 for minimum ionizing particles. The 73,728 readout channels are multiplexed

on 72 analog di�erential lines, which are digitized in SIROCCO Fastbus units. These

units also contain digital signal processors for zero suppression, which results in an

average event size of 1.3 kbyte. For hadronic Z

0

decays, the average size is 4 kbyte.

Good mechanical stability is achieved by mounting the detector modules on alu-
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minium end-rings and using water cooling to remove the 70 W generated by the

readout electronics. The stability is monitored during runs by a system of light

spots, a system of capacitive probes and by an analysis of tracks going through the

overlaps between neighbouring sectors. Over nine months of data taking in 1991, no

motion in excess of 10 �m is observed.

A survey of the Microvertex Detector before installation determines the positions

of all strips with a precision of 20 �m. Further alignment using tracks reduces this

uncertainty to a level that is negligible compared to the precision of the clusters. This

precision is a function of many variables, e.g. the track incidence angle and the cluster

size, but is around 8 �m averaged over all 1991 data with 95% of clusters included.

The impact parameter uncertainty has been determined from hadronic Z

0

decays,

and is well described by

q

(69=p

t

)

2

+ 24

2

�m, with p

t

in GeV/c. This agrees with the

value of 21 �m obtained for 45 GeV/c muons from Z

0

! �

+

�

�

decays.

The high precision of the Microvertex Detector has been a key ingredient in the

analysis of the more than 400,000 Z

0

events collected in 1990 and 1991. It has been

crucial for the analyses of the tau lepton and the beauty and charm hadrons. Adding

a third layer greatly improved our understanding of the detector alignment and the

association of clusters with tracks. The resulting reduction of systematic uncertainties

leads to a better spatial precision and shows the advantage of three layers over two.

The operation of the Microvertex Detector has been easy. The detector stays on

during all phases of LEP operation. The design makes it relatively insensitive to the

machine background, and no damage of any kind has been observed.
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Table 1: MX3 Speci�cations

Size 6.4 mm x 6.9 mm

Number of Ampli�ers 128

Power 60 mWatt

Risetime (10-90)% 1 �s (BW limited)

Noise 670 + 55 e

�

/pF

Readout Rate 2.5 MHz
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Figure 1: K� e�ective mass distribution obtained in semileptonic events [5] (see text).
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Run 21582 event  6995                             

Delphi Vertex Detector                            

A                                                 15/May/92  14:23                                  

0.0 cm                                            5.0 cm                                            

1                                                 

2                                                 

3                                                 

4                                                 

5                                                 

6                                                 

7                                                 

8                                                 

9                                                 

10                                                
11                                                

12                                                

13                                                

14                                                

15                                                

16                                                

B                                                 

0.0 cm                                            1.0 cm                                            

Itk                                               Itk                                                 R                                                 R                                               RPhi                                              RPhi                                                Z                                                 Z                                               The                                               The                                               phiP                                              phiP                                                 D0                                                D0                                                P                                                 P                                              Code                                              Code                                              

 1                                                11.0                                               0.7                                               -7.5                                             2.12                                              0.06                                                   45                                            17.5                                              41                                               
 2                                                11.0                                              32.8                                                5.3                                             1.08                                              2.99                                                  -27                                            -7.2                                              41                                               
 3                                                11.0                                              35.2                                                3.5                                             1.22                                              3.22                                                  385                                             4.4                                              41                                               
 4                                                11.0                                              33.8                                                4.7                                             1.12                                              3.08                                                  119                                             3.0                                              41                                               
 5                                                11.0                                               3.9                                               -5.5                                             1.99                                              0.37                                                 1874                                             2.9                                              41                                               
 6                                                11.0                                               1.3                                               -5.3                                             1.94                                              0.12                                                  -83                                             2.8                                              41                                               
 7                                                11.0                                              66.9                                               -5.0                                             1.94                                              6.06                                                -1601                                            -2.6                                              41                                               
 8                                                11.0                                              35.1                                                4.0                                             1.17                                              3.19                                                  121                                            -2.2                                              41                                               
 9                                                11.0                                              35.9                                                9.5                                             0.83                                              3.29                                                   51                                             2.1                                              41                                               
10                                                11.0                                              35.3                                                5.4                                             1.07                                              3.20                                                  177                                            -2.1                                               2                                               
11                                                11.0                                              34.8                                                3.4                                             1.22                                              3.16                                                   30                                            -2.0                                              41                                               

12                                                11.0                                              43.2                                                4.1                                             1.18                                              3.93                                                 -111                                            -1.4                                              41                                               
13                                                11.0                                               3.3                                               -1.0                                             1.60                                              0.27                                                  -64                                            -1.1                                              41                                               
14                                                11.0                                              34.0                                               23.7                                             0.44                                              3.78                                                63791                                             0.9                                              41                                               
15                                                11.0                                              30.6                                                5.9                                             1.02                                              2.83                                                 -253                                             0.5                                              41                                               
16                                                11.0                                               0.9                                               -4.5                                             1.91                                              0.03                                                  508                                            -0.4                                              41                                               

Figure 2: Event display for a Z

0

! bb candidate.
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Figure 3: Schematic layout of the DELPHI Microvertex Detector: (a) perspective

view, (b) projection on the x; y plane.

30



Figure 4: Cross section of a detector with integrated coupling capacitors and biasing

resistors.

Figure 5: Cross section through a strip of a detector with integrated coupling capac-

itors and biasing resistors.
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Figure 6: Top view of a detector with integrated coupling capacitors and biasing

resistors.
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Figure 7: a) Distribution of the leakage current of Delphi detectors with a surface of

about 6 � 2.6 cm

2

. b) The polysilicon resistance values, measured on detectors used

for the Inner layer of the Microvertex Detector. c) The coupling capacitance for these

same detectors.
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Figure 8: The number of pinholes on detectors with 512 readout strips.

Figure 9: The number of defective strips, found on detectors with 1024 strips, 6 cm

long.
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Figure 10: a) Outer layer detector module. b) Close-up of the readout hybrid.
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Figure 11: The MX3 integrated circuit. The 128 input pads are con�gured in two

rows of 64 on a 44 �m pitch.
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Figure 13: One half-shell with three silicon layers.
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Figure 15: One half-shell during a survey session.
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Figure 16: Precision on the centre position of reference cylinders (a) and spheres (b).
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Figure 17: Comparison of the radial position of Outer modules for the two measure-

ments before and after mounting the Closer layer. A mean radius of 10.8832 cm (?)

has been subtracted.
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Figure 18: The angle � between each module and its four silicon detectors in the

plane perpendicular to the module and parallel to the strips for the three layers.
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Figure 19: A detail showing three adjacent clusters of the event in Fig. 20.
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Figure 20: An on-line display of a hadronic Z

0

decay.
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Figure 21: Response of the Microvertex Detector during a forced temperature scan:

a) The detector support structure temperature. b) A radial gap as measured by the

capacitive probes. c) A tangential light spot position.
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Figure 22: Light spot position over the entire 1991 running period. a) A light spot

on the top module in a half shell. b) One from a bottom module in the half shell,

which is more tightly constrained by the detector support structure.
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Figure 23: Sector overlap stability, measured with particle tracks. a) Residuals mea-

sured at the top half shell overlap. b) Residuals measured in an overlap within a

half-shell.
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Figure 24: Fraction of tracks uniquely associated to clusters as a function of the local

track multiplicity for the cases of one silicon layer (circles), two layers (triangles) and

three layers (stars).
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Figure 25: The distribution of the distance between the two muons in di-muon events.
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Figure 26: The fraction of clusters with 1(full-line), 2(dashed-line), 3(dotted-line) and

more than 3(dashed-dotted-line) channels per cluster as a function of the incidence

angle of a track in the silicon.
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Figure 27: PH/N for clusters with (full-line) and without (dashed-line) a track asso-

ciated to them for the Inner layer modules. The PH/N has been normalized to the

minimum track length in traversing the silicon.
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Figure 28: The � distribution for tracks traversing the silicon at large (full-line)

and small (dashed-line) angles relative to the Lorentz angle. Note that due to the

de�nition of � (see text), � is restricted to 0:17 < � < 0:83, all remaining clusters

contain only one channel by de�nition and are not included in these distributions.
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Figure 29: Di�erence between hit position in the Inner layer and a track de�ned by

Closer and Outer layers as a function of � for tracks traversing the silicon at large

(�ll-line) and small (dashed-lined) angles. Note that due to the de�nition of � (see

text), � is restricted to 0:17 < � < 0:83, all remaining clusters contain only one

channel by de�nition and are included in these distributions at �=0.
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Figure 30: Relative PH of a cluster as a function of � for Closer (full-line), Inner

(dashed-line) and Outer (dotted-line) layers.
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Figure 31: The precision of a hit in the Inner layer relative to a track as de�ned by

the Closer and Outer layers as a function of the incidence angle of a track for all

clusters, using only the 2 largest PH in a cluster to determine �.
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Figure 32: The precision of a hit in the Inner layer relative to a track as de�ned by

the Closer and Outer layers as a function of the incidence angle of a track. Only

clusters with 3 channels are included. The full and dashed lines refer to the two �

algorithms as described in the text.
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Figure 33: The precision of a hit in the Inner layer relative to a track as de�ned by

the Closer and Outer layers as a function of the PH of a cluster in the Inner layer.
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Figure 34: The precision of a hit in the Inner layer relative to a track as de�ned by

the Closer and Outer layers as a function of �. Note that due to the de�nition of �

(see text), � is restricted to 0:17 < � < 0:83, all remaining clusters contain only one

channel by de�nition and are included in this distribution at �=0.
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INNER LAYER RESIDU USING PT > 2 GEVINNER LAYER RESIDU USING PT > 2 GEVINNER LAYER RESIDU USING PT > 2 GEV

Figure 35: The precision of a hit in the Inner layer relative to a track as de�ned

by the Closer and Outer layers as a function of the three categories of cluster types,

which are de�ned in the text.
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Figure 36: E�ciency for two tracks to be associated to clusters in a silicon layer as a

function of the track separation.
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Figure 37: The longitudinal distance between two vertices constructed in the two

hemispheres of the events. The full-line is for vertices with a �

2

probability less than

10%, the dashed-line for the other events.
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Figure 38: The error on the impact parameter as measured as a function of p

t

in real

data. The dashed data gives the contribution from the error on the vertex, which

has been subtracted quadratically from the error per track. The full line is a �t to

q

69

2

=p

2

t

+ 24

2

�m (p

t

in GeV/c). The expected error transverse to tracks at the

beamspot is represented with a dotted line.

63


