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Chapter 1

Introduction

In the past decades there has been large progress in the understanding
of the fundamental building blocks and forces that constitute our world.
Great efforts in both theory and experiment have resulted in a model that
not only accommodates the elementary particle spectrum and the interac-
tions as known at present, but also possesses a large predictive power. This
model, usually called the standard model of elementary particle physics or
briefly the standard model, will be used as the theoretical framework in
this thesis. Yet, not all aspects of the standard model are considered sat-
isfactory. Moreover, many consequences have still not been tested with
adequate precision and some predictions have, so far, not been tested at
all.

Because of the large particle masses and the short distances involved,
high energies and precision measurements are needed to test the validity of
the standard model and to fix its parameters, or to encounter its possible
deficiencies.

Elementary particles and their interactions are usually studied through
collisions at high energy. Several combinations of colliding particles are
possible, each with their own advantages and drawbacks. One of the pos-

it sible combinations is a lepton-quark collision.
' Over the last 25 years, reactions between leptons and quarks in nucleons
| have been observed by accelerating leptons and colliding them with targets

of various materials at rest in the laboratory (fixed target experiments).
To reach higher energies for this type of interactions, a collider is under

t construction, in which both leptons and hadrons are accelerated in opposite
\ directions and collide head on. This new machine is called HERA (Hadron
j Elektron Ring Anlage) and is under construction at DESY in Hamburg,
i Germany (see figure 1.1).
I HERA is the first lepton-hadron collider to be constructed and will



Figure 1.1: Th( HERA (H adroit F-hktron Hiny AnUujt) undi r its natural
surrounding; the Volksjxirk in Hamburg.

remain the only one for many years.
HERA is also a unique facility with respect to the technologies used.

such us the large scale application of super conducting magnets in the
proton storage ring.

Another feature of HERA is that, because of the largo mass difference
between the electron and the proton, these are not accelerated to the same
momentum. The laboratory frame does not coincide with the centre of
mass system (CMS), nor does the laboratory frame coincide with the rest
frame of either particle taking part in the reaction. (For electron-positron
and hadro.i-hadron colliders the CMS and laboratory frame usually coin-
cide.)

In order to reach an adequate luminosity, the particle bunches are only
separated by a 96 ns time interval.

The short bunch crossing time interval and the moving CMS, make it
a challenge to build a detector for HERA.

Two large detectors are foreseen for HERA. In the northern interaction
area, the HI collaboration will deploy its detector, while in the southern
interaction region, the ZEUS collaboration will perform its experiment (see
figure 1.2).



Figure 1.2: An artists view of the ZEUS detector.

Because of the moving CMS, HERA detectors are forward-backward
asymmetric. More and larger detector components are needed in the proton
direction, since the proton energy will be 820 GeV, while for the electron
the energy is 30 GeV.

The time between two successive bunch crossings, 96 ns, is too short
to be able to digitise, process and store the detector information on mass
storage. Therefore the detector data is stored, first in an analogue pipeline
and later in digital buffers, while in parallel calculations are carried out,
partially also in a pipelined fashion. On the basis of these calculations only
the data of a limited number of events is kept for digitisation and further
analysis and will be eventually put on mass storage.

The logical device that decides on-line to keep or reject an event is
called the trigger. The selection of events will be done in several steps,
or equivalently at several trigger levels. Many uninteresting events can be
rejected by criteria that only need simple calculations, which can be im-
plemented by mostly non-programmable fast logic. This stage, called the
first level trigger, delivers a decision every 96 ns. The delay time between



the beam crossing and the availability of the decision is about 4.4 fis for
ZEUS. After the first level trigger the accepted events are digitised and
buffered, while the second level trigger performs calculations on the event
data. The first level trigger has an output rate, aimed to be 1 kHz, that
is much lower than its input rate (the beam crossing rate: 10 MHz). So
much more time than the time between two subsequent beam crossings is
available for the second level trigger. This makes the utilisation of micro-
processors possible, which allow a much more sophisticated analysis of the
events. As a result the rejection power will be larger, leaving an even lower
input rate for the following (third) trigger level. The aim for the second
level trigger is to deliver an output rate below 100 Hz.

General purpose collider detectors, such as ZEUS, usually consist of
several large components. The most important being (see also figure 1.2):
the inner tracking detectors, which are positioned nearest to the interaction
point, the calorimeter surrounding the inner tracking detectors and the
muon detectors on the outside of the experimental setup.

Each component will deliver a vast amount of information. To keep this
information manageable, data is preprocessed and condensed per compo-
nent and then combined to obtain the final global trigger result.

The main subject of this thesis will be the second level calorimeter
trigger processor of the ZEUS detector.

Already at the first level there will be sophisticated hardware, dealing
with most of the global aspects of the event as seen by the calorimeter.
To be able to reject (most of) the unwanted events passing this first level
trigger, the topological event signature will have to be used at the second
level.

As will become clear, the most demanding task of the second level
calorimeter processor is the recognition of local energy depositions, corre-
sponding to isolated electrons and hadron jets. Also part of the work done
by the first level trigger will be repeated with a higher level of accuracy.
Additional information not available to the first level trigger will be pro-
cessed and will be made available to the global second level trigger decision
module.

For the second level calorimeter trigger processor a special VME mod-
ule, containing two transputers, has been developed.

The second level calorimeter trigger algorithm described here was tested
with simulated events, that were tracked through a computer simulation
of the ZEUS detector. A part of this thesis will therefore be devoted to
'.' •> description of the various Monte Carlo models and the justification of
the way in which they were used.



Chapter 2

Physics at HERA

2.1 The HERA collider

The HERA collider [1] consists of two rings; one to accelerate and store
electrons or positrons1 and one to accelerate and store protons. The beams
will run in opposite directions and meet in four intersection points. Ex-
periments are foreseen at two of these points. In the North Hall there will
be a detector from the HI collaboration and in the South Hall a detector
from the ZEUS collaboration2.

A plan of the HERA ring and the beam acceleration and injection
infrastructure at DESY is shown in figure 2.1. The most important pa-
rameters of the HERA collider are listed in table 2.1.

The HERA collider has been designed to accelerate electrons to an
energy of 30 GeV and protons to an energy of 820 GeV. Magnet testr
have shown that an energy of 1 TeV can be reached for the protons
Superconducting RF cavities will allow an electron beam energy of 35 GeV.

Both electron and proton beams are bunched. The particle stream
is not continuous, but the particles travel in groups. The positions in the
rings of these bunches are called buckets, but not all buckets are necessarily
filled. In fact it is planned to have 220 buckets per beam, of which 200
are actually filled. The remaining twenty empty buckets can be used to
measure the background, in a situation in which no reactions are expected.
Interesting interactions can take place when two (filled) buckets cross in an
intersection point, which happens every 96 ns at any one of the interaction
points.

'Whenever electron is mentioned in conjunction with HERA also positron can be
read.

2From here on, the names of the collaborations will be used for the names of the
respective detectors they are building.
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Figure 2.1: Plan of the HERA ring and the beam acceleration and injec-
tion facilities at DESY.

Because of the emission of synchrotron radiation, the electron beam
will get transversely polarised. Spin rotators will be provided to rotate
the polarisation axis (anti-)parallel to the beam in the straight section
where the detectors are positioned and back again before the next bend [2].
Electron polarisation is extremely useful, because the weak currents couple
differently to left handed and right handed fermions (charged currents do
not couple to right handed fermions at all). In this way the chiral structure
of the standard model can be measured and tested in detail.

2.2 Physics at HERA

2.2.1 Notation convention

The reference frame for HERA is defined such that the positive z-axis
points along the proton beam direction, the positive y-axis points up from
the earth and the positive z-axis points towards the centre of the HERA
machine (See figure 2.2). This reference frame is also referred to as the
LAB-frame.



Parameter
Nominal energy
cm. energy
Qmax
Luminosity
Polarisation time
Number of interaction points
Crossing angle
Free space for experiments
Circumference
Length of straight sections
Bending radius
Magnetic field
Energy range
Injection energy
Circulating currents
Total number of particles
Number of bunches
Number of buckets
Time between crossings
Emittancy (ei/tw)
Beta function (fillft)
Beam tune shift (Qx/Qv)
Beam size at crossing a\
Beam size at crossing <rj
Beam size at crossing <r*
Energy loss per turn
Critical energy
Max. circumf. voltage
Total RF power
RF frequency
Filling time

proton
ring
820

588
4.65

300-820
40
160

2.1 • 10"

0.71/0.71
10/1.0

0.0026/0.0014
0.27
0.08

11
1.4 • lO"1 0

io-«
0.2/2.4

1
52.033/208.13

20

314
98400

1.5 -1031

4
0

±5.5
6336
360

200
220
96

electron
ring
30

28

608
0.165
10-33

14
58

0.8 • 10"

3.4/0.7
2/0.7

0.023/0.026
0.26
0.07
0.8
127
111
260
13.2

499.667
15

units
GeV
GeV

{GeV/cf

min.

n. ad
m
m
m
m
T

GeV
GeV
TtlA

ns
10-* m

m

mm
mm
cm

MeV
keV
MV
MW
MHz
min.

Table 2.1: Parameters of HERA collider.

proton machine centre

Figure 2.2: Definition of the HERA coordinate system.



The natural unit system will be adopted, in which c and ft are unity.
Notation and metric follow the Bjorken and Drell convention as ex-

plained in [3].

2.2.2 HERA kinematics

The incoming electron and proton four-momenta are defined in the LAB-
frame as:

Pe =
0
0 PP =

0
0 (2.1)

Where Ee and Ep are the beam energies for electron and proton beam
(30 GeV and 820 GeV) respectively, Pe « -Ee and Pv « Ep. The CM-
energy of the HERA system is

(2.2)

for a 30 GeV electron and a 820 GeV proton.

or v

Figure 2.3: General lepton proton interaction at HERA.

If a reaction takes place then according to conservation of lepton num-
ber either an electron or neutrino, will emerge as one of the reaction prod-
ucts. (See figure 2.3.) The outgoing lepton, that couples to the incoming
lepton will be called the final state lepton or scattered lepton. The four



momentum of the final state lepton can be parameterised as:

E '

Pe'cos9

Where 0 and </> are the polar angle and the azimuth and Ee' and Pe' are
the energy and momentum of the Anal state lepton in the HERA reference
frame.

The four momentum transfer of the reaction is defined as:

q = Pe-pe', (2.4)

and the Lorentz scalar Q2 is defined as:

Q2 = -q2- (2.5)

Neglecting the electron mass, it follows that:

Q2 = 4EeEe\l + cos 6). (2.6)

The fraction of the energy transferred can be defined as:

Ee'(l + cos0)

where the last equation is only valid if the mass of the electron can be
neglected with respect to its energy in the final state.

A quantity called Bjorken x is then defined as:

(2.8)

In the last equation the electron and proton mass are neglected with respect
to the centre of mass energy. In the parton model of the proton, x can be
interpreted as the momentum fraction of the proton carried by the quark,
if a pure electron-quark interaction takes place [4].

The variables x, y and Q2 play an important role in the phenomenology
of deep inelastic scattering. These three variables are not independent,
as can be seen from formula 2.8, and any pair of them can describe the
interaction completely, if the hadronic final state >s not considered. In
figure 2.4 the momentum for the final state lepton and the struck quark in
the final state are plotted in a polar diagram for various values of x and
Q2, for deep inelastic lepton quark scattering.

9



FINAL LEPTON

Figure 2.4: Polar diagram of the longitudinal and transverse momentum
for the final state lepton (upper part) and the scattered quark (tower part)
with lines of constant x and Q2. Connecting the origin with a given point
(x,Q2) gives the momentum vector in the laboratory frame. This is shown
for x = 0.5 and Q2 = 5000 Ge V2.

2.2.3 The proton structure

One of the main objects of study at HERA is the proton structure. A
differential cross section (formula 2.9), corresponding to the general in-
teraction depicted in figure 2.3, can be derived [5], with respect to two
independent Lorentz scalars, for which x and Q2 have been chosen. The
superscripts L and R indicate left and right handed initial state electrons
respectively.

(1 - y)F£R(x,Q2) ± (y - ^ (2.9)

The functions F("R(x,Q2), FJ"R(x,Q2) and F£'R(X,Q2) are called the
structure functions of the proton. The propagator (V) and the structure
functions (Fi, Fj, F3), and therefore also the cross section, depend on the
exchanged vector boson (7, Z°, W^). For the intermediate vector bosons
of the electroweak sector of the standard model, the propagator V(Q2)

10



takes the

1

form:

y2(Q2) — *

1

1 z

1

single 7 exchange,
single Z° exchange,
f-Z° interference term,
single W± exchange.

(2.10)

An important goal at HERA will be the precise determination of the
structure functions at high values of Q2 (w 100 (GeV/c)2). What is ob-
served in deep inelastic interactions (high Q2) is rather a reaction between
the electron and a parton (quark or gluon, the constituents of the proton),
than a reaction of the election with the complete proton. When the elec-
tron scatters off a quark the reaction can in first order be described as the
exchange of a single electroweak vector boson. The lowest order Feynman
diagrams for electron quark scattering are drawn in figure 2.5. As shown

(v

\ W±

Figure 2.5: Electron quark scattering in lowest order of perturbation the-
ory.

in the Feynman diagram of figure 2.6, electron gluon scattering can only
be accomplished with the use of at least two propagators and three vertices
and is therefore suppressed with respect to electron quark scattering.

The quark content of the proton

In the standard model, the structure functions mentioned above can be
expressed in terms of quark and gluon momentum distribution functions,
fq(x, Q2). In first order one obtains:

(2.H)

11



h=(Pe-pe')
2

9 h = (Pg ~

Figure 2.6: Electron gluon scattering in lowest order of perturbation
theory. The corresponding diagram with the quark and anti-quark inter-
changed (the crossed leg diagram) has not been drawn, but should of course
be included in the cross section calculation. The definition of the Lorentz
invariants S\, s2, h and t2 will be used later.

FfR(x,Q2) = 2xFtR{x,Q2), (2.12)

Ft*(*,Q2) = £ [/«(*>#2) " M*>Q2)] B^'R. (2.13)

These equations reflect the fact that in leading order only the quarks in
the proton contribute to the cross section. Equation 2.12 is known as
the Callan-Gross relation and reflects the fact that quarks are spin \
fermions [6]. The coefficients A%>R and BjfR are:

ffi ~eq single 7 exchange,
AZlfz=-2{veZ ± <*ez)eqVqz J-Z interference term,
A'z =(veZ ± aez)2{v2

z + a2
qZ) single Z exchange,

A}w =(V'W ± °ew)2(v2
w + a*w) single W exchange,

Bo*? =0 single 7 exchange, ^ * '
Br^2=^2(vez ± aez)eqaqz 1~Z interference term,
Bz£ =±2(vez ± aez)2vqzaqz single Z exchange,
Bq $ =±2(vew ± aew )2vqwaqw single W exchange.

Wherever '±' or %' occurs, the upper sign should be read for left handed
and the lower sign for right handed electrons in the initial state. The
charge of the quarks in units of proton charges is denoted by eq. The weak

12



coupling constants are:

^ _ T3

The fermion involved in the coupling is denoted by the subscript "/".
The sine squared of the weak mixing angle sin2 $w « 0.225. The third
component of the weak isospin operator yields T3/ = \ for neutrino's, «-,
c-, J-quarks and T3/ = — \ for electron, d-i s~, 6-quarks.

From these relations it can be seen that measuring the structure func-
tions for a number of processes, such as neutral and charged current inter-
actions for both electron proton and positron proton reactions for various
initial state lepton helicities, offers the possibility to unfold the quark mo-
mentum distributions for specific flavours, or flavour combinations, from
the proton structure functions.

The unpolarised total cross sections for the charged and neutral current
processes described above are:

<rNC(Q2 > 100 GeV2) = 5.2 nb
acc{Q2 > 100 GeV2) = 65 pb

(2.16)

The Q2 cut imposed corresponds to a criterion for reliable detection of the
current jet or the electron as proposed in [7] (see also page 89).

The variation of the structure functions as a function of Q2, also called
scaling violation, enters when higher order QCD corrections are applied to
the quark distributions. The Q2 dependence has two components: one is
a perturbation series in the distance scale involved, consisting of so called
twist terms, the other is a perturbation series in the coupling constant (this
part is what is usually called perturbative QCD) [8]. The contributions of
higher twist vanish as powers of Q~2. The large Q2 domain of HERA
guarantees that higher twist terms can be safely neglected3.

When only considering leading twist, the Q2 evolution can be described
as follows. The quark momentum fraction x can change, because a (virtual)
gluon coupling to it, takes some of its momentum away. Because of the
large coupling constant (a,) in QCD, the corrections can be sizable. The
Q2 dependence is caused by the fact that a, is Q2 dependent [9]. Integro-
differential equations for the Q2 dependence of the momentum distribution

3In principle fixed target experiments, at relatively low Q2, suffer from large correc-
tions due to higher twist contributions. At HERA the high Q2 really pays off in this
respect.

13



functions can be derived [10]:

p ( ) ^ ( f ) ]
(2.17)

The functions Pat^b(z) are called the QCD splitting functions and repre-
sent the probability that parton 6 produces a parton a with momentum
fraction z of the momentum carried by parton b. The splitting functions
can be calculated in perturbation theory.

The QCD (running) coupling constant can be expressed in leading order
as:

where Nc = 3 is the number of colour charges, Nj < 6 [11] is the number
of open flavours in QCD and AQCD is the QCD mass scale parameter.

The shape of the parton distributions as a function of x is not predicted
by the standard model. But once the x dependence has been determined
for one value of Q2, it can be predicted at other values of Q2 using the
Altarelli Parisi equations (2J7). Measurement and interpretation of the
Q2 dependence of the structure functions will offer the possibility of a very
important quantitative test of QCD to be performed at HERA.

The leading order term in the Q2 evolution varies logarithmically with
Q2, so the measurements have to extend over a large range of Q2 (three
orders of magnitude are provided by HERA) and have to be very accurate.

The gluon content of the proton

As shown in the previous section the gluon distribution in the proton
comes into play at higher orders (gluons can be seen as a source and
drain of quarks). The Q2 evolution is described by the Altarelli-Parisi
equations [10].

A way to extract the gluon distribution in this scheme, is from a mea-
surement of F% and the longitudinal structure function FL, defined by:

Q2) = F2(x,Q2) - 2xFi(x,Q2). (2.19)

In next to leading order QCD, FL can be written as:

« £ ^F2{2, g ) + 2 £ eUz *)«<*. Q)j , (2.20)
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where the sum over i runs over all flavours and anti-flavours.
At small x (2xl0~3<x<5xl0-2) and high enough Q2 (Q2>5GeV2),

the gluon distribution in the proton can approximately be expressed as [12,
13]:

xg(x,Q2) « §5.9 \^-FL(0Ax,Q2) - |fa(0.te,<?2)] (2.21)

From which the gluon distribution in a limited kinematical range can be
measured.

From the boson gluon fusion processes (see the Feynman diagram for
photon gluon fusion in figure 2.6), the gluon distribution function can be
measured directly. The differential cross section for photon gluon fusion
can be written as (for the labelling of the momenta see figure 2.6):

This formula can be rewritten in terms of four Lorentz scalars, for which
the Mandelstam variables h, %2, S\ and &i are chosen, as defined in fig-
ure 2.6. After integrating over the remaining variables, the delta function
for momentum conservation vanishes and the formula becomes [14]:

( 2 2 3 )

Where A'(si,S2, t\, ^) is the photon gluon fusion amplitude, expressed in
terms of the four Mandelstam invariants. The variable x is the momentum
fraction the gluon takes from the proton. The function J is the Jacobian
of the transformation from the set of four momenta pz, PA and ps to to
the set of scalars (s\,S2, h, fo)* Momentum conservation is accounted for
in the integration boundaries (<j~,tf ,fj,t$',s^,s+) and the Jacobian (J).

The assumption in formula 2.23 is that the QCD scale for the gluon
distribution is given by half the invariant mass of the quark-anti-quark pair
in the final state. This seems to be a reasonable Ansatz [15]. Under the
assumption that these particular events can be well identified, the gluon
distribution can be obtained from unfolding it from formula 2.23.

The recognition of the jets coming from the produced quark pair and
of the final state lepton is crucial to identify the reaction mechanism and
to measure the precise value of x and 52.

Total cross sections for photon gluon fusion pair production for all
known quark flavours are listed in table 2.2 [17].
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Reaction
e + p~+
e+p-*
e + p-*
e + p-*
e + p-*

e +
e +
e +
e +
e +

u +
d +
s +
c +
b +

u +
d +
s +
c +
b +

X
X
X
X
X

otot [nb]

1300
325
277
429
4.3

Table 2.2: Total cross section at lowest order in perturbation theory
for photon gluon fusion pair production. The Eichten et al. set 2 [16]
quark distributions were used. The quark-anti-quark invariant mass was
restricted to be Mqq > 3 GeVfc2, to ensure the validity of perturbative
QCD.

2.2 A Tests of the s tandard model

The electro-weak sector of the standard model has been well tested already
and will undergo further precision tests at the large electron positron (LEP)
collider at CERN.

As far as QCD is concerned all relevant experimental results so far are
compatible with perturbative QCD, but precise quantitative agreement
could not be well tested so far. A state of the art quantitative test of
higher order QCD has for example been reported in [18].

As argued in the section on the quark structure of the proton, leading
order QCD predictions can be checked against the Q2 evolution of the
structure functions, which should allow a rather accurate test of QCD at
the HERA Q2 domain.

The QCD coupling constant is large at low Q2, but decreases with Q2

(see formula 2.18). Therefore only for small values of a, (i.e. high Q2),
calculations in perturbative QCD can be accurate. In leading order, as
discussed in the previous section, the Q2 of the photon is taken as the
relevant scale.

But also for a low Q2 value of the exchanged photon, deep inelastic
scattering can occur. For example in photon gluon fusion (see figure 2.6)
and QCD Compton scattering (see figure 2.7), the QCD scale is given by
the invariant mass of the final state quark-anti-quark pair or the quark-
gluon pair, rather than by the Q2 of the photon.

The exchange of a low Q2, almost real, photon is called photoproduc-
tion [19]. Because of the Q~* propagator in the cross section formulae,
photoproduction yields high rates, even at large transverse momenta (PT)
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q'

• 9

Figure 2.7: QCD Compton scattering. The corresponding graph with final
state gluon radiation has not been drawn, but should of course be included
in the cross section calculation.

in the final state and/or at large parton pair invariant masses. Therefore
photoproduction processes can also be used for testing perturbative QCD.

Reaction
e + p-+ e + u + g+ X
e + p-y e + d + g + X
e+j>-> e + s + g + X

o-tot [nb]

76
12
3.6

Table 2.3: Total cross section at lowest order in perturbation theory for
QCD Compton scattering. The Eichten et al. set 2 [16] quark distributions
were used. The quark-gluon invariant mass and the quark and gluon trans-
verse momenta were restricted to Mqg > 3 GeVjc2 and P$., P^ > 2 GeV/c,
to ensure the validity of perturbative QCD.

Photon gluon fusion (figure 2.6) and QCD Compton scattering (fig-
ure 2.7) are the lowest order QCD diagrams for photoproduction. QED
Compton scattering (figure 2.8), the same as QCD Compton scattering
but with the final state gluon replaced by a photon, is the other lowest
order Feynman diagram for photoproduction at HERA. The cross sec-
tions for photon gluon fusion (table 2.2) and QCD Compton scattering
(table 2.3 [20]) turn out to be large. The QED Compton cross section is to
be scaled down by the ratio of the electromagnetic coupling constant and
the strong coupling constant ((a « l/137)/(a, « 0.15) « 1/20) and by
a colour permutation factor that is 4/3 in the case of the QCD Compton
diagram and that is absent in the QED Compton case.

In figure 2.9 the total cross section in leading order for two and three jet
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q1

7

Figure 2.8: QED Compton scattering. The corresponding graph with final
state photon radiation has not been drawn, but should of course be included
in the cross section calculation.
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Figure 2.9: Two and three jet cross sections as a function of Ppin at
HERA energy. The jets have to satisfy - 3 < n < 3 and are counted as
separate jets if \/(&T})2 + (A0)2 > 1, where &n and A<f> are the difference
in rapidity and azimuth between the jets. Figure taken from [21].
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production is plotted as a function of the PT cut applied to the jets. These
cross sections will probably be enhanced by higher order corrections. But
already it is clear that the production rates are high enough to determine
as from the three to two jet ratio. It can also be expected that in low
energetic jet production, additional information can be obtained on the
transition between soft and hard hadronic physics [22].

10 20 30 40 50 60 70 BO
p™(Gev/c)

Figure 2.10: Prompt photon inclusive cross section as function of
at HERA energy. Figure taken from [23].

In figure 2.10 the inclusive photon production (QED Compton) cross
section is plotted as a function of the P? cut on the prompt photon.

Heavy flavours can be produced at high rates through boson-gluon fu-
sion processes [17, 24] (see also table 2.2). This process was already men-
tioned in the section on the proton structure (see page 15), since it can
also provide information on the gluon structure function. In figure 2.11 the
cross sections for charm-anti-charm and bottom-anti-bottom pairs pro-
duced through photon gluon fusion are plotted as a function of the trans-
verse momentum of the produced quark. Because of the high masses of the
produced quarks, these and other distributions, can also be predicted by
perturbative QCD, allowing a quantitative comparison. From figure 2.12 it
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Figure 2.11: Charm (left hand side plot) and bottom (right hand side
plot) photon gluon fusion pair production cross section as a function of the
transverse momentum of the produced quark.

10 M M
m, KMV/eTl

Figure 2.12: Top production cross sections through boson gluon fusion at
HERA.
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can be seen that the detection of the top quark is most improbable, since
the present mass limit is mt > 77 GeV/c2 [25], which corresponds to a
production rate below ten events per year (flyear£ « 200 p6 - 1) , without
even folding in detection efficiency.

The electro-weak parameters can be measured at a reasonable accu-
racy, but will be known to a precision of (more than) an order of magni-
tude better from the large electron, positron (LEP) collider at CERN. The
same applies to the Cabibbo Kobayashi Maskawa matrix elements. For
a 'minimal' Higgs structure, Higgs particle production does not look very
promising either, due to a very low cross section. An interesting feature of
HERAis the possibility to test the chiral structure of the standard model
with longitudinally polarised electrons. Independent measurements of left
and right handed couplings can be performed this way. More details on
electro-weak physics at HERA can be found in [26].

It will be clear that the determination of the event topology, that is the
detection and classification of jets and isolated leptons, with a high effi-
ciency and accuracy will be crucial, to study the physics topics mentioned
in this section.

2.2.5 Physics beyond the standard model

Although the standard model seems to hold very well as far as has been
tested, it also has its less attractive features. First of all there is a large
number of parameters, such as particle masses, coupling constants and
mixing angles, that are not explained by the standard model, but have
to be inserted "by hand". Even more unnatural is the fact that some
of these parameters have to be very precisely tuned, to control the high
energy behaviour of the theory, though these parameters are not a priori
related. An important role in this respect is played by the Higgs sector.
In the standard model one or more Higgs doublets are needed to break the
electro-weak SU(2) ® 17(1) symmetry and to give the W and Z a mass.
The Higgs is also needed to avoid the violation of unitarity in reactions
involving longitudinal W and Z bosons at high energy. However no sign
of this "miracle cure" particle has been observed.

The fact that there are so many parameters and that they seem to be
related at high energy, hints at the existence of an underlying symmetry
principle. Theories that combine the electro-weak and QCD sector of the
standard model in one symmetry group (also called gauge group), that
breaks down at some energy scale into the groups of the standard model,
are called grand unified theories (GUTs). In grand unified theories, relics
of the large, broken down, symmetry group should be observable as new
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couplings, as one approaches the energy scale at which the GUT is broken.
Another (theoretically) attractive way to cure the high energy tuning

problems, is the introduction of a symmetry between fermions and bosons,
called supersymmetry. In supersymmetry all particles have their super
symmetric partners, just as all particles have anti-particles. The super
symmetric partners of fermions are bosons and vice versa. In higher order
calculations in perturbation theory, the contributions from fermion loops
to the reaction amplitude have to be multiplied by — 1. So there is a natural
way in which fermion and boson loop contributions cancel in the amplitudes
in the high energy limit, thus regularising the high energy behaviour.

A multiplicative quantum number for supersymmetry can be intro-
duced, called R-parity, being 1 for particles and —1 for their super sym-
metric partners. From conservation of .ft-parity, it can easily be seen that
the lightest supersymmetric particle will be stable. If super symmetric
particles couple to ordinary particles, a super symmetric boson will have
to mediate. Currently a lower mass limit of about 60 GeVfc2 has been
established [27]. The cross section between super symmetric particles and
matter will therefore be suppressed by the super symmetric propagator (cf.
neutrino interactions). Looking for missing momentum is the indicated way
to detect super symmetric particles.

In principle the HERA collider is very appropriate for the formation
of new particles in the ^-channel of the ep, or rather the eq reaction.
These particles, carrying lepton number and colour, can be detected quite
easily as peaks in the structure function measurement, for masses up to
the kinematical limit (Z14GeV/c?) [28].

Through propagator effects, HERA is relatively sensitive to additional
eleetro-weak bosons, Z' and W with higher masses and possibly other
couplings than the ones we know now. Predictions, for the detection of
these heavy intermediating vector bosons can be found in [29].

2.2.6 Backgrounds at HERA

The background sources at HERA that we will deal with can be split into
three parts:

• Background associated with the electron beam.

• Background associated with the proton beam.

• Background associated with photoproduction (low Q2) interactions
in the interaction region.
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The first background will mainly be synchrotron radiation. The detec-
tor can be efficiently shielded from this source of background by special
collimators (see for example chapter 13 in [30]).

The background from the proton beam will be more serious. It will
be caused by interactions of the highly energetic protons with remaining
gas in the beam pipe and off momentum protons and resulting beam halo
hitting the beam pipe, or other objects close to the beam, such as magnets,
shielding, collimators, etc.

The interaction rate per unit of length per unit of time can be expressed
as:

S> <2-24>
Where a is the proton gas molecule cross section, M is the molecular weight
of the rest gas and NA = 6 x 1023 mol~l is Avogadro's number. The flux
of incoming protons is:

F = o B
Np . = 10 1 8 s- \ (2.25)

1-KRHERA = 6336 m is the circumference of HERA, Np = 2.1 x 1013 is the
number of protons stored in the ring. The mass density per molecule of
the rest gas, p/M, is calculated from:

5 . 4 4 X l . - " X . ( 2 . 2 6 )

The molecule mass TO equals Mmp. The Boltzman constant k = 1.38 x
10~23 JK~l, the proton mass mp = 1.67 x 10~27 kg and the temperature
T = 300 KA are substituted. The gas pressure p we parameterise:

p = Fp X 10"9 torr - Fp X 1.36 x 10"7 Pa. (2.27)

The proton gas molecule cross section is denoted by a. As a reasonable
gas composition 50 % of light molecules, H2, and 50 % of heavy molecules,
02, are chosen [31].

a = i(2a»';v

It

l xl62/3<TpN)

= 7 . 3 5 ^ (2.28)
4The part of the proton beam line neat the detector (within about 100 m) it approx-

imately at room temperature.
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Where we have assumed the proton nucleus cross section to scale as A2/3,
with A the atomic number of the nucleus. When for the light and heavy
molecules He and CO2 are chosen, the cross section gets bigger by a factor
1.4. The proton nucleon cross section apN is parameterised as:

_pJV __ _pp __, *_z>n jp t>s 1 (\ — . 1 . p v 1 n—30 -—2 / o o n \
O ^ <T s : o r — / ' j , X XU WtO — Ĵ <f X IV Til . \Z..i.\}j

The resulting beam gas background then takes the convenient form:

(2.30)
dLdt

A reasonable upper limit for the rest gas pressure is p = 2 x 10~9torr,
giving Fp = 2. The total proton nucleon cross section at an energy of the
incoming beam of 820 GeV (Ecms = 57.3 GeV) is o£t = 40 mb, giving
Fa = 4. The total inelastic proton nucleon cross section at this energy is
33 mb, yielding Fc = 3.3. The corresponding estimates for the beam gas
interaction rate are:

total

\dLdl)
inelastic

= 2
kHz

f dN \
\dLdl)

= 1.6

m
kHz

m

(2.31)

(2.32)

As will be shown in chapter 5, this rate has to be integrated over a long
distance (O(30)m) to obtain the rate that the detector will see. This
yields a rate of £7(60) kHz ! A fraction of the (inelastic) proton-beam gas
interactions will produce particles at (apparently) large angles or at high
(apparent) transverse momentum. Both in proton-electron interactions
(820 GeV on -30 GeV) and proton-gas interactions (820 GeV on target
at rest) most activity will be in the forward direction and hence they can
give rise to similar signatures in the detector.

The last source of background, photoproduction, also has to be consid-
ered in detail. If the exchanged photon is almost real (photoproduction)
the cross section can become rather large. Most of these photoproduc-
tion events are 'soft' and can be described by the vector meson dominance
(VMD) model. The cross section for VMD photoproduction can be esti-
mated from:

= 0.1

*
(2.33)

12 /*&,
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where the sum runs over all vector mesons, fv denotes a weight factor
for each vector meson and the total pion-proton cross section is <r'**>-*x «
25 mb.

A certain (sizable) part of the photoproduction events is 'harder' and
even the pointlike coupling processes can give high rates [19, 17, 20] (see
tables 2.2 and 2.3). A part of these interactions is interesting in itself to
test perturbative QCD, as already explained, but especially the production
of light quarks at moderate transverse momentum, is a serious background
with a rate of O(40)Hz.



Chapter 3

ZEUS

3.1 ZEUS a detector for HERA

Figure 3.1 and 3.2 display cuts through the ZEUS detector, along and per-
pendicular to the beam axis. The components shown are (going outwards
from the interaction point):

• the vertex detector (VXD),

• the central tracking detector (CTD),

• the forward tracking detector (FTD),

• the transition radiation detector (TRD),

• the rear tracking detector (RTD),

• the high resolution calorimeter (CAL),

• the inner layer of the muon chambers (MUI),

• the backing calorimeter (BAC),

• the outer layers of the muon chambers (MUO),

• the veto wall (VETO).

Not shown in these figures are:

• the hadron electron separator (HES), which is contained in the high
resolution calorimeter,

• the leading proton spectrometer (LPS), which has several elements
between 40 m and 90 m from the interaction point in the downstream
proton beam direction,
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Figure 3.1: Section of the ZEUS detector along the beam.

28



Figure 3.2: Section of the ZEUS perpendicular to the beam.

• the zero angle electron and photon taggers (LUMI), which are placed
at about 35 m downstream along the electron ring (electron tagger)
and at about 105 m upstream along the proton ring (photon tagger).

The CTD is surrounded by a superconducting coil generating a mag-
netic field of 1.8 T. The effect of the field on the beams is compensated by
a superconducting solenoid, called the compensator, which is inserted in
the rear end cap of the backing calorimeter.

The backing calorimeter consists of alternating iron plates and planes
of limited streamer tubes. The iron plates serve as absorber in the BAC,
return path for the magnetic flux and as filter and spectrometer for muons.
The iron structure is also referred to as return yoke.

On the outside of the detector, concrete radiation shields are mounted.
The ZEUS detector can be moved into and out of the beam on rails.

The rails are also used to retract the two clamshells of the return yoke, to
be able to service the components inside the BAC.

Pre-amplifiers and multiplexers are mounted directly on the compo-
nents in the detector, but most of the electronics (as much as possible) is
located in a separate building called the Rucksack. The electronics in the
Rucksack does not suffer from radiation damage and is much easier acces-
sible than the electronics mounted directly on the detector components.
The Rucksack can be moved independently of the detector on the same
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rails. The cables from the detector to the Rucksack run in a flexible drag
chain. The Rucksack comprises three stories (11.45m high in total) and
can accommodate a maximum of 117 electronics racks.

A full technical description of the detector is given in [30]. In the fol-
lowing sections, the functionality of the components of the ZEUS detector
will be reviewed briefly.

3.1.1 Tracking: momentum measurement and identifica-
tion of charged particles

Charged particle tracking is performed in two regions:

• the region surrounded by the high resolution calorimeter, containing
the vertex detector, the central, forward and rear tracking detectors
and the transition radiation detector,

• the region outside the CAL, containing layers of muon chambers,
inside and outside of the BAC.

The inner tracking region

To measure the momenta of the charged particles, the inner tracking cham-
bers are placed in a super conducting solenoid magnet, with a field of 1.8 T.

The CTD consists of nine planes of wires, called superlayers, each with
eight planes of sense wires contained in a cylinder. Five of the superlayers
have wires parallel to the beam axis, the other, alternating, superlayers
have angle stereo of ±5° for inner stereo superlayers, or ±7° for outer
stereo superlayers (see figure 3.3).

The FTD consists of three chambers, each containing three planes of
wires with different orientations (an angle of 60° between pairs of planes,
see figure 3.4). The chambers are perpendicular to the beam axis and
serve as an end cap for the CTD. Charged tracks down to a polar angle
of 0.085 rad can be measured by the FTD. For larger polar angles the
acceptance overlaps with the CTD.

The RTD is similar to the FTD, but consists of only one chamber in the
backward direction. Charged tracks up to a polar angle of (7r — 0.17) rad
can be measured. For smaller polar angles the acceptance overlaps with
the CTD again.

The momentum and angular resolution of the combined CTD-FTD
system is shown in figure 3.5.

To obtain a good primary vertex definition and to detect secondary ver-
tices, for example from the decay of short-lived particles, a vertex detector
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Figure 3.3: Layout of wires in the Central Tracking detector. A 45°
sector is shown. Sense wires are indicated by fat dots. The wire positions
are shown at the end plates. At the chamber centre, the stereo layers are
displaced 2 or 2.5 cells and the mean radius is smaller.

noMoscde | L 3'dlaye,,wi.es -60-
• 2"° layer, wires . 60*

Is' layei, wires 0* w.f.l.
horiz. direction

Figure 3.4: Sketch of one FTD chamber, consisting of three layers with
different wire orientations.

31



mrad

0.001 r

0.0004
500 1000 1500

6 [mradl

0 .4

0 .1
500 1000 1500

B Imrod]

Figure 3.5: Combined CTD and FTD resolution as a function of the polar
angle. The left hand plot shows the momentum resolution. The right hand
plot shows the resolution on the polar (og) and azimuthal (a^) angle.

(VXD) will be installed. The VXD, when combined with CTD informa-
tion, is able to determine the vertex position with an accuracy of 50 fim,
which means that particle lifetimes as small as 10~13s can be measured.

The sense of the curvature in the magnetic field discriminates between
the signs of the charge for charged particles.
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Figure 3.6: Hadron electron separation by dE/dx in the CTD. The ir —* e
misidentification probability for dE/dx resolution o/6% (large track angles)
and 5% (forward going tracks) and electron identification efficiency of 90%.

Particle identification for charged tracks, up to a few GeV in energy,
can be obtained by dE/dx measurements with an accuracy of better than
6% in the CTD, FTD and RTD. Figure 3.6 shows the fraction of pions
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identified as electron for an electron efficiency of 90%.
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Figure 3.7: Hadron electron separation by the TRD. The pion contami-
nation as function of energy at 90% electron identification efficiency.

In the forward direction, the two planes of transition radiation detectors
interleaving the FTD modules, combine an electron identification efficiency
of 90% with a hadron contamination of less than 5% over an energy range
from 1 to 30 GeV.

The muon detectors

The barrel and rear muon detectors consist of two pairs of limited streamer
tube layers (see figure 3.2). The layers of the inner pair, attached to the
inside of the return yoke for the magnetic field, are 20 cm apart. The layers
of the outer pair, positioned outside the return yoke, are 40 cm apart.

The forward muon detector consists of five planes of limited streamer
tubes (labelled LT1 to LT5 in figure 3.1), four planes of drift chambers
(labelled DCl, DC2, DC4 and DC5 in figure 3.1), and a time of flight
counter (labelled TOF in figure 3.1).

The return yoke is magnetised by the returned flux of the super con-
ducting solenoid and by additional coils around the barrel and the end
caps, which together generate a toroidal field of 1.6 T.

In the forward direction two magnetised iron toroids enhance the mo-
mentum resolution for highly energetic muon tracks.

The momentum resolution on muon tracks is a{p)/p = 23% at p =
100 GeV in the forward direction and <r(p)/p = 30% at p = 20 GeV in the
barrel and rear region.
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3.1.2 Energy measurement and identification of neutral and
charged particles by calorimetry

The energy of all particles in the final state, except neutrino's and muons,
will be measured by the high resolution calorimeter (CAL). The calorimeter
consists of three parts: the barrel calorimeter (BCAL), with the forward
calorimeter (FCAL) and rear calorimeter (RCAL) as end caps. The energy
resolution is 35%/y/E for hadrons and better than 18%/V^E for electrons
and photons, where E is in GeV units.

The CAL is almost hermetic with a coverage of 0.05 < 0 < 7r - 0.07
a n d 0 < <$> < 2TT.

The depth of the calorimeter ranges from 7 nuclear interaction lengths
(Ao) in the forward direction to 4Ao in the backward direction. Possi-
ble leakage through the high resolution calorimeter will be detected by
the backing calorimeter (BAC). The BAC detects hadronic energy with a
resolution of 1QO%/VE, where E is again in GeV units.

The high resolution calorimeter can distinguish between electromag-
netic energy depositions and hadronic energy deposition, by means of a lon-
gitudinal segmentation, consisting of an EMC unit of 25 radiation lengths
(XQ) deep (25 XQ « 1 Ao for this calorimeter) and one or two HAC units of
~ 3 Ao each. Electromagnetically showering particles (e*^) , will almost
always deposit all of their energy in the EMC units. In contrast, hadrons
will almost always deposit a substantial part of their energy in the HAC
units.

To enhance the electron hadron separation, one (in the RCAL and
BCAL), or two (in the FCAL) layers of silicon detectors are placed inside
the calorimeter. This subsystem is called the hadron electron separator
(HES). The planes of silicon are positioned at a depth of a few radia-
tion lengths, approximately at the shower maximum for electromagnetic
showers. The number of particles counted, discriminates between electro-
magnetic and hadronic shower components. Because the HES has a small
granularity (3x3 cm2 pads), it can even recognise electromagnetic shower
components in jets. Figure 3.8 shows the electron hadron separation power
of the HES.

The combination of the various electron identification strategies, gives
a good electron recognition power. For an electron identification efficiency
of about 80% in jets going in the forward direction, the combined hadron
rejection of the dE/dx measurement, the TRD discrimination aid one
plane of silicon in the calorimeter is plotted in figure 3.9. For jets going
in the direction of the BCAL or the RCAL, figure 3.10, shows hadron
rejection without TRD.
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Figure 3.8: Hadron misidentification probability versus electron ineffi-
ciency as obtained with 2 silicon planes, placed at 3.6 XQ and 7.2 XQ, for
particle energies of 3, 5 and 9 GeV.
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Figure 3.9: Combined electron hadron separation for jets in the FCAL.
Hadron misidentification probability as a function of particle energy. Line
(a) uses the balancing of energy in the calorimeter EMC unit and the mo-
mentum measured by the tracking detectors within two standard deviations
and TRD information. Line (b) uses the same information as (a), but
one plane of silicon pad detector in addition. The dashed line (c) gives the
expected prompt electron to hadron ratio in jets.

35



10- '

• I 10-2
or

•fe 10"3

o
X

10-

c)

10 20 30 40

Energy [GeV]

50

Figure 3.10: Combined electron hadron separation for jets in the BCAL.
Hadron misidentification probability as a function of particle energy. Line
(a) uses the balancing of energy in the calorimeter EMC unit and the mo-
mentum measured by the tracking detectors within two standard deviations
and the dE/dx information. Line (b) uses the same information as (a),
but one plane of silicon pad detector in addition. The dashed line (c) gives
the expected prompt electron to hadron ratio in jets.

3.1.3 The small angle detectors

In the forward direction a series of small angle detectors is placed, called
the leading proton spectrometer (LPS). This system is able to detect (parts
of) the target jet, i.e. the debris of the proton after an inelastic reaction,
and can tag elastically scattered protons.

In the backward direction a detection system for photons and elec-
trons emitted at very small angles, but of sizable energy, can be detected
by the luminosity monitor (LUMI). The coincidence of an electron and
a photon with an energy sum equal to the initial electron energy, flags a
Bremsstrahlung event. These events are abundant and are used to mea-
sure the luminosity [32]. The detection of an electron with less than the
beam energy and no photon in coincidence, flags the event as a low Q2

photoproduction event.

3.2 Event signatures in ZEUS

3.2.1 Deep inelastic events

As a representative example of a deep inelastic event in the ZEUS detector,
in figure 3.11 the CTD and CAL simulated response to a neutral current
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Figure 3.11: A typical example of a simulated neutral current event in
the simulated ZEUS detector. The tracks are shown through hits in the
CTD. The calorimeter cells with energy deposit are shown.

event, simulated by an event generator, is shown. The final state electron
can clearly be observed from the CTD track in the rear direction ending
in an energy deposition in the RCAL EMC followed by quiet HAC cells.
The current jet can also be distinguished, as a number of tracks pointing
in roughly the same direction and ending in the BCAL, where energy is
deposited in both the EMC and the HAC sections. The activity in the
FCAL around the beam pipe is caused by the remnants of the proton.

3.2.2 Heavy flavour events

Figure 3.12 shows a simulated cc pair produced through photon gluon
fusion. The final state lepton has very small Pj and remains in the beam
pipe. The two jets from the heavy quarks are back to back in the transverse
plane and manifest themselves by a number of tracks close together ending
in a hadronic energy deposition in the calorimeter. The proton remnant
causes some hits in the FCAL around the beam pipe.

3.2.3 Beam gas background events

Beam gas events will be the most abundant background, and the simu-
lated beam gas event shown in figure 3.13 can be seen as a typical exam-
ple. The activity is concentrated around the beam pipe, but the energy
depositions in the calorimeter are high. This results in a large (appar-
ent) transverse momentum. There can also be a relatively large missing
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Figure 3.12: J4 typical example of a simulated heavy flavour event pro-
duced through photon gluon fusion in the simulated ZEUS detector. The
tracks are shown through hits in the CTD. The calorimeter cells with energy
deposit are shown.

momentum, caused by highly energetic particles remaining in the beam
pipe.

3.3 More on the high resolution calorimeter

In the last few years, considerable progress has been made in the under-
standing of compensated calorimetry. It turns out that the energy resolu-
tion for hadrons can be optimised by equalising the response to the elec-
tromagnetic and hadronic shower components. For sampling calorimeters,
using heavy absorber and plastic scintillator as active layers, the response
to both shower components can be equalised by changing the absorber to
scintillator ratio [33].

The plastic scintillator contains (nearly) free hydrogen atoms, that take
over a part of the energy carried by neutrons via elastic scattering. Neu-
trons are abundantly produced in the hadronic component of showers in
heavy material (U, Pb), through nuclear breakup processes. The number
of produced neutrons is correlated to the energy spent in these nuclear pro-
cesses. Thus, fluctuations on the energy, lost in these nuclear processes,
are compensated for, resulting in a better energy resolution.

The ZEUS calorimeter test programme [34, 35, 36] has indeed resulted
in a compensating calorimeter. The high resolution calorimeter is a com-
pensating calorimeter of the sampling type consisting of plates of depleted
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Figure 3.13: A typical example of a simulated beam gas background event
in the simulated ZEUS detector. The tracks are shown through hits in the
CTD. The calorimeter cells with energy deposit are shown.
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Uranium (DU), 3.3 mm thick, and plates of scintillator, 2.6 mm thick. Fig-
ure 3.14 shows a cut through the calorimeter. Three large structures can
be identified: the FCAL, the BCAL and the RCAL.

3.3.1 The FCAL and RCAL

C-leg

tension strap

silicon detector

scinltffator plate

DU • plate

EMC tower

Figure 3.15: Isometric view of the largest FCAL module.

The FCAL and RCAL consist of 20 cm wide modules, with an active height
varying from 4.6 m for the central modules to 2.2 m for those at the sides.
The modules are subdivided into 20 x 20 cm2 towers. The towers are
longitudinally subdivided in three sections for the FCAL and two sections
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for the RCAL.
The first section seen from the interaction point is about 25 XQ W 1 Ao

deep. This section is called the electromagnetic calorimeter (EMC), since
in this part the electromagnetically showering particles (electrons and pho-
tons) will lose almost all of their energy. The EMC is subdivided into cells
of 20 cm wide and 5 cm high in the FCAL and into cells of 20 x 10 cm2

in the RCAL. The FCAL and RCAL towers that lie in the shadow of the
BCAL (seen from the interaction point), do not have this fine subdivision,
but consist of 20 x 20 cm2 cells, which are considered to be part of the the
hadronic calorimeter and are called HACO.

The section behind the EMC is called hadronic calorimeter (HA C). In
the FCAL the HAC is subdivided into two sections of equal depth, called
HAC I and HAC2. The RCAL has only one HAC section called HACl.
The transverse HAC cell size is always 20 X 20 cm2.

The light from the scintillator plates is captured in wavelength shifter
bars mounted to both sides of the modules. The wavelength shifter dimen-
sions match the cell size, so for the EMC cells they are 5 cm high and for
the HAC cells 20 cm. The light is transported by light guides to photo-
multipliers, that are mounted in the back beam of the support structure
of the modules.

Figure 3.15 shows the largest FCAL module, in which clearly the EMC
section and HAC sections can be identified together with the wavelength
shifters on the sides. The stack of DU and scintillator plates is held together
in a C-shaped frame by tensions straps that are fixed to the back beam of
the C-frame.
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3.3.2 The BCAL

Figure 3.16: Isometric view of a BCAL module.

The barrel modules are trapezoidally shaped with a width ranging from
23.4 cm at the inner radius to 43.5 cm at the outer radius of the active
volume. The modules are tilted by 2.5° relative to a projective position, to
prevent cracks pointing to the primary vertex. The longitudinal segmen-
tation consists of an EMC section of 24 Xo « 1 Ao and two HAC sections
of 2 Ao each

As can be seen from figure 3.14, the EMC cells of the BCAL are projec-
tive, whereas the HAC cells are non-projective. Therefore the segmentation
along the beam direction is different for the HAC and EMC. The HAC is
subdivided into 14 towers per module, which measure 23.3 x 27.2 cm2 at
the inner radius and 23.3 x 43.5 cm2 at the outer radius. The EMC is
subdivided into 53 cells along the beam direction. These cells measure
approximately 5.1 x 23.4 cm2 at the inner radius and 6 x 27.7 cm2 at the
outer radius.
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3.4 The data acquisition and triggering system

The data acquisition and triggering system will have to perform four main
tasks:

1. filtering of data,

2. readout and recording of data and calibration constants,

3. monitoring data quality and functioning of the detector,

4. interface to the HERA control and HI experiment.

An outline of the data acquisition system is drawn in figure 3.17. One of
the major concerns of the data acquisition system is to deal with high rates
(cf. the time interval of 96 ns between two subsequent beam crossings).

To minimise the dead time, the trigger and the subsequent operations
on the data are staged in three levels (see [124] for details on the complete
ZEUS triggering system):

level 1: The data for each bunch crossing are captured in an analogue
pipeline, synchronised to the HERA machine RF, which has a cy-
cle period of 96 ns, the time between two subsequent beam cross-
ings. In parallel a subset of the data is digitised by flash ADC's
and this first level trigger data is processed per component. The re-
sults of each component are fed into the global first level trigger box
(GFLTB) [110], which correlates these results and decides to keep or
reject the event.

level 2: If the event is kept by the first level trigger, the analogue data are
digitised and subsequently stored in digital buffers. The second level
component trigger processors then have the full, digitised data at
their disposal. On the basis of (a subset of) these digitised data the
components generate the second level component trigger data. These
data are fed into the global second level trigger box (GSLTB) [122].
The GSLTB correlates these data and generates an accept or reject
signal.

level 3: The component data of the events kept by the second level trigger
are read and combined into event banks by the event builder. The
complete events are transported from the event builder to one of the
third level trigger processors, which perform an on-line reconstruc-
tion of the complete event [118]. If the third level trigger, on the
basis of this on-line reconstruction, decides to keep the event, it is
stored for off-line analysis.
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The event rate at each level is depicted in figure 3.17. The input rate
for the DAQ system is 10AMHz, which is just one event every beam
crossing. The output rate can be no more than O(S) Hz, the rate at which
events can be transported to the DESY central computer or put on mass
storage. The first level trigger has to produce a decision every 96 ns. The
aim is to achieve a rate of accepted events below 1 kHz. The second level
trigger then has to produce a decision every 1 ms and has the full digitised
data to work on. According to design specifications the output after the
second level trigger should be below 100 Hz. This implies that the third
level trigger has to reconstruct an event and take a decision every 10 ms.

3.4.1 The calorimeter readout

PM INPUT©
1212

INPUT ©

CABLE
DRIVERSffiSS

PULSE C.LK f ^ RUT C U R S T R,- INC OUTPUTS

Figure 3.18: Schematic of the electronic readout scheme of the calorime-
ter.

A photomultiplier signal will be split into a dc channel, that is used to in-
tegrate the uranium noise for calibration purposes, and channels for pulse
measurement. The latter comprises a channel used to form the first level
trigger sums and a high and low gain channel for the precise signal mea-
surement. The high and low gain pulses are shaped and the shaped signal
is sampled every 96 ns.

Figure 3.19 shows the pulse shape from the photomultiplier and the
pulse shape after the shaping circuit. The timing of the signal can be
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Figure 3.19: The photomultiplier signal before (a) and after (b) the shap-
ing circuit. On the shaped signal the sampling times have been indicated,
that are used for the energy and time measurement.

determined to better than 1 ns in the sampling scheme.

The samples are stored in an analogue pipeline, which is a switched
capacitor first in first out (FIFO) buffer, that was specially designed for
this experiment [37]. The length of this pipeline has been fixed to 58 clock
cycles. When a first level trigger arrives, a number of samples is read from
the pipeline into an asynchronous analogue buffer.

The number of samples needed to reconstruct the energy deposit in the
calorimeter is at least three, but an additional number of pre-samples is
taken, to look for a tail of a previous signal. The total number of samples
is currently designed to be 8, the maximum number of samples that can
be hold in the buffer in front of the multiplexer. Six of these samples can
be taken before the beam crossing corresponding to the event. To set up
the readout of the pipeline, to transport the first level trigger decision and
to compensate for phase shifts in the synchronisation another six beam
crossings are needed. Therefore the delay of the pipeline will effectively
be 58 — 12 = 46 clockcycles = 4.42 /is. Of all components the calorimeter
turns out to have the smallest amount of buffering before the first level,
hence the 46 clock cycles will be the time available to arrive at a first level
trigger decision [130].

The calorimeter electronics discussed so far in this section will be
mounted on the back of the calorimeter. To transport the data samples to
the Rucksack, where the rest of the processing will be done, the (buffered)
output of the pipeline is multiplexed and put on a cable by a differential
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driver. The first level trigger analogue signals are added and also sent to
the Rucksack. A schematic layout of the front end electronics described
above has been drawn in figure 3.18.

During the first level trigger calculation, no dead time will occur, be-
cause the data FIFO and the trigger both can accept an event every 96 ns.
However, if an event is accepted by the first level trigger, the FIFO has to
be read out. The samples from the pipeline are put into an analogue buffer,
before multiplexing and digitisation. The data transfer from the analogue
pipeline to this buffer takes 1.7 fts per sample plus an extra 5/zs. The
pipeline will therefore be dead for 8 x 1.7 + 5(is = 18.6fis, causing a dead
time fraction of 1.86%. Each ADC treats the samples of twelve channels,
so 8 x 12 = 96 samples per event. Digitisation takes 1.75 us per sample.
When a first level trigger occurs before the previous accepted event has
been digitised, the pipeline has to be stopped until the buffer in front of
the multiplexer has been emptied. An estimate for the dead time fraction
at an average trigger rate of 1 kHz is given by (see also [38, 102, 104])1:

/ ° ! 6 8(0 168-*)e-fK1 ""><*t
1"o ( 3 . 1 )

= 1.34%.

The total dead time fraction from transferring and digitising the sam-
ples is 1.86%+ 1.34% = 3.2%.

After digitisation the samples are buffered in digital FIFO memory,
which can hold sixteen events. A digital signal processor (DSP) combines
the high and low gain samples and calculates the energy and time from the
samples of each photomultiplier channel. The time needed for processing
by the DSP is at most 1 ms.

The energy and time information is stored in a fifteen slot cyclic buffer
in dual port memory, that can also be read from the VME bus. The total
processing time at the second level is designed to be less than 8 ms, while
every millisecond a decision is taken. At an input rate of 1 kHz to the sec-
ond level, on average eight buffer slots are needed to store the information,
while the second level trigger performs its calculations. Because the DSP
processing time is nearly constant, the remaining buffer slots are sufficient
to avoid significant additional dead time.

The dead time resulting from the probability of an overflow of the DSP
input buffer is small in comparison to the dead time caused by the transfer
from the pipeline to the buffer/multiplexer and the overflow of the analogue

'The number of events, n, arriving in a time interval in which on average x events
are expected is assumed to follow a Poisson distribution: Px(n) = e~xx"/nl. The time
interval between two events then follows an exponential distribution: P(x) = e~x.

47



•= 8 -

OJB 0.85 0.9 ass 1. 1.05 1.1 1.15
DSP processing time Imsl

Figure 3.20: Dead time fraction introduced by overflow of the DSP input
buffer (fifteen slots) as function of the DSP processing time at a first level
trigger rate of 1 kHz. The actual dead time fraction is slightly less due to
the event buffer before the multiplexer. The dotted line indicates the dead
time fraction for an infinite number of buffers.

buffer (less than 0.4 % if DSP processing takes less than 0.9 ms per event,
see figure 3.20).

If the DSP output buffer is full, the DSP stops processing and events
pile up in the DSP input buffer. If the DSP input buffer is full, the digiti-
sation is stopped and the first level trigger is not acknowledged. This dead
time is therefore also registered by the first level trigger.

When a second level trigger arrives, the energy and time data is read
from the dual port memory of the DSPs over the VME bus by NIKHEF
2TP cards (see section 4.4.1). The data is transported through a transputer
network to the third level trigger.

After the second level the digitised data is buffered so extensively that
pile up hardly adds to the total dead time of the system, provided the
designed trigger rates at all levels can be obtained.

In conclusion, the anticipated total fraction of the time the calorimeter
is not read out due to dead time introduced by the first and second level
calorimeter trigger processors is estimated to be less than 4 %.
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3.5 The calorimeter trigger processors

3.5.1 The first level calorimeter trigger processor

As mentioned in the previous section, the total number of 96 ns clock cycles
available to arrive at a first level trigger decision is 46. The global first
level trigger needs at least 21 clock cycles [110, 114, 39], leaving each of
the component first level processors with 25 clock cycles, which must also
include the transport of data to the global first level trigger box. The first
level triggering system of course needs also to be pipelined, since it must
be able to accept an event every 96 ns to avoid dead time [125, 126].

As described in the previous section, the analogue signals from several
EMC and HAC cells are added into an EMC sum and a HAC sum. The
set of calorimeter cells contributing to one sum is called a supertower.
Figure 3.21 shows how the supertowers are defined. Each supertower has

/ J / t

11
BCAL.MD RCAL: B D

Figure 3.21: A cut through the y-z plane of the CAL. The connected
area's with the same fill pattern form the supertowers. Some HAC cells of
the FCAL or RCAL on the bottom and the top together with some EMC
cells of the BCAL also form supertowers. Figure taken from [125],

two corresponding analogue sums: an EMC sum and a HAC sum.

These analogue sums are digitised by two 8-bit flash ADC's with a
gain difference of a factor of 16, yielding a dynamic range of 12 bits. The
digitised sums are linearised and pedestals are subtracted. Then they are
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combined into global sums, such as:

(3.2)

tot = 12 Ei,
Et = £ .
p x = 12 Ei sin Qi cos 4>% and
Py — 12 Ei sin 0i sin <fo.

The linearised and pedestal subtracted digitisations are also compared
to several thresholds and the information is put into a pattern matching
network. The binary patterns of cells above a certain threshold, are com-
pared to the patterns that are expected from isolated electrons and muons:

• one to four adjacent cells hit and for all super towers at least three
times as much energy in the EMC as in the HAC for electrons.

• one to four adjacent cells hit and for all super towers a ratio of EMC
energy to HAC energy that is about equal to the path length ratio
for a minimum ionising particle.

To be able to perform the necessary operations in lock step with the
switched capacitor pipeline, global summing operations are performed ev-
ery 96 ns and the pattern matching operations every 24 ns. The global
sums and the pattern matching information are sent to the global first
level trigger box 2.4 fis after the corresponding beam crossing, repeating
every 96 ns.

3.5.2 The fast clear processor

The linearised and pedestal subtracted digitised sums of all individual su-
pertowers are also sent to the fast clear processor [121]. The fast clear
searches for energy clusters with the algorithm explained below, using ded-
icated processors.

The FCAL, BCAL and RCAL supertowers are individually scanned for
seed towers, that have an energy sum above a seed threshold. Starting from
the seed towers with the highest energy sum, all connecting supertowers
with supertower energy sums above a (lower) tower threshold are joined
to the cluster associated with the seed tower. The supertowers joining a
cluster, including the seed tower, are excluded from adding to other clus-
ters. A supertower is called connected if it borders (horizontally, vertically
or diagonally) to a supertower that is already joined to the cluster. This
process is repeated until no seed towers are left.

The total time needed to read the supertower sums and to find the
clusters is on average 10 - 20 jis [119]. (But it can occasionally be longer
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than 50 JJLS. In that case the fast clear results can no longer withdraw the
first level trigger accept, because after this time the digitisation can not
be stopped.)

Therefore this information enters the global first level trigger box, when
the first level trigger decision has already been made. When the fast clear
indicates, however, that the event should be rejected, the global first level
trigger can abort (or withdraw) the accept. The components can then stop
digitising or just not start digitisation, thereby saving time and reducing
dead time.

If a new first level trigger arrives, while the fast clear is still processing
the previous event, the processing of the previous event by the fast clear
is cancelled.

The fast clear is designed to back up the first level trigger, if the global
sums are unable to reach an output rate below the designed upper limit. Its
usefulness is limited to a first level trigger rate range of 1 kHz to 10 kHz.
At 1 kHz, the fast clear is redundant, because the second level trigger can
cope with that input rate. When the processing time of the fast clear is
taken to be about 10 fis, at 10 kHz, the probability for triggering on a next
event while still processing is:

Pio^/ioo^in > 0) = 1 - e"01 = 9.5%. (3.3)

The processing has to be aborted in this case, and 9.5% = 0.95 kHz of
the events will always pass the trigger in this way. This then results in an
output rate of at least 1 kHz, even if the events that are treated have a
very high rejection rate of 181:1.

3.5.3 The second level calorimeter processor

At the second level, the full digitisations of the calorimeter are available
and the same global sums as calculated by the first level trigger can be
recalculated in full precision.

The timing of the energy deposition with respect to the beam crossing is
only available after the full digitisation, so for the first time at the second
level. The timing difference of the FCAL and RCAL cells can be used
as a discriminator against beam gas interactions with a vertex z position
'behind' the RCAL.

The time 0(5 ms) available enables one to use microprocessors at the
second level. The system should be very flexible and adaptable to needs
arising, when running the experiment. The time available is sufficient to
perform a sophisticated cluster search. Event classification on the basis of
cluster information seems within reach at this level.

51



The data and time available to the global second level trigger box en-
sures that precise correlations can be made between the data of the various
components and allows a cross check of the reliability of the component
data.

In the following chapter the strategy for and implementation of the
ZEUS second level calorimeter processor will be discussed. (The approach
followed was first proposed in [101].)
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Chapter 4

The second level
calorimeter trigger
processor

4.1 The information available to the second level
calorimeter trigger

As described in the previous chapter, the full calorimeter information will
consist of an energy and a time relative to the bunch crossing. This in-
formation is calculated by the digital signal processors. The calibration of
the signals is included in the calculation and the off-line recalibration is
expected to give only small deviations. This means that the full digitised
data is at the disposal of the second level calorimeter trigger processor
(SLCTP).

To limit the number of channels used by the SLCTP, the energy for
the two channels corresponding to one calorimeter cell are combined by
the DSP. The precise timing information is also not very interesting for
second level triggering purposes, but the rough timing in the forward-
backward direction can be used to recognise beam gas interactions (this
will be treated in more detail later). The average timing for all channels
treated by the same DSP (24 at maximum) will be calculated and made
available. These energy sums and average timing information will be put in
a separate segment of the DSP dual port memory and is called the second
level calorimeter trigger data (or just trigger data for short).
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The printed circuit boards on which the ADC, DSP and associated pe-
ripherals are mounted are conventionally called digital cards1. The dual
port output memory of the digital cards is interfaced to an external bus
following the VME standard [40]. The second level trigger and data ac-
quisition for the calorimeter read the information over the VME bus from
many digital cards. The crates with the VME backplane containing the
digital cards and the second level trigger processor will be called ADC
crates. The digital cards in one ADC crate signal the completion of event
processing by a daisy chain. When all processors are finished, one of them
(a special one) will interrupt the second level processor on the VME bus
and the complete event can be read.

4.2 The global sums

One of the obvious things that can be done with the data available from
the digital cards, is summing them using various geometrical weights. The
energy sums foreseen are:

• scalar transverse energy sum:

^ (4.1)

• vector transverse energy sums in the x and y direction:

Px = ££iSin0,cos<fc, (4.2)
t

J2 (4-3)

• the total missing transverse momentum:

PT = y/P% + P$, (4.4)

• the longitudinal energy sum:

~ (4.5)

'This as opposed to the analogue cards containing the sampler, pipeline and
buffer/multiplexer. Of coutse many other boards will also have digital electronics, but
the digital card will be reserved for the board indicated at this point.
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The sums run over all calorimeter cells.
All global sums described above can be calculated by multiplying the

energy with a certain number, which is a constant for each cell. The
necessary multipliers can be computed once and stored in lookup tables.

Other, easy to obtain, global sums are the number of calorimeter cells
above a certain threshold. Different thresholds can be applied to the vari-
ous cell types, such that their volume differences can be taken into account.

Finally the rings of cells just around the beam pipe in the RCAL and
FCAL can be summed, to get a measure for beam gas event activity and
energy deposited by the proton remnant after an inelastic ep collision.

Of coarse all these sums can be separated into sums over the HAC cells
and over the EMC cells.

Most of these sums have also been determined by the first level calori-
meter processor, but less accurately. However, it can not be expected that
the trigger rate can be brought down substantially by this gain in accuracy
alone.

4.3 The cluster search

A topological classification of the event can be one of the trigger criteria
at the second level [109].

One of the things certainly aimed for is a very efficient2 identification
of isolated electrons. Events with a clear electron signal should always
be kept (cf. neutral current events). When no electron is found then
either the event should be characterised by a large missing PT (for charged
current interactions) or hadron activity back to back in the transverse
plane (for low Q2 photoproduction) should be observed. For the interesting
photoproduction events one expects many (> 1) hadron jets. The efficient
detection of hadron jets can preserve these and other interesting events.

To be not only efficient in accepting the interesting jvents, but also in
rejecting the background, the recognition of isolated electron and hadron
jets in the calorimeter should not only be efficient, but also reliable3.

In conclusion then the most important task of the second level calo-
rimeter processor is to find clusters of energy depositions associated with
isolated electrons and hadron jets.

2Efficiency is defined here as the probability that isolated electrons in the event are
actually found.

3 Reliability is defined as the probability that a cluster that is found and identified as
an electron ot hadron jet, indeed is an electron or hadron jet.

We will come back to the concepts of efficiency and reliability in chapter 6.
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4.3.1 Hadron jets

The existence of jets has been demonstrated in e+c~ annihilation experi-
ments [41] and pp and pp collider experiments [42].

The interpretation of jets as 'dressed up' partons from the initial hard
scattering has been put on firm grounds by the comparison of jet data with
various models [43, 45].

For recent collider experiments, the search for clusters of energy deposi-
tions and the topological event classification based on cluster information
has proven to be a valuable tool to distinguish interesting events from
background.

The cluster finding algorithms adapted to these collider experiments
have in common that they cover a limited range in rapidity4 (typically
— 1.5 < y < 1.5). We expect, however, that many interesting events at
HERA produce jets in a rapidity range up to y = 3.5. Also the use of
rapidity or pseudo-rapidity5 as one of the coordinates is inappropriate for
the ZEUS detector, since the interval in pseudo-rapidity that corresponds
to the size of one calorimeter cell in the extreme forward direction is the
same as the interval corresponding to almost the entire BCAL (see [112]
for an example of the use of pseudo-rapidity in jet reconstruction for the
ZEUS calorimeter).

The transverse momentum distribution in jets has been measured and
figure 4.1 shows this distribution. The distribution is well described by a
Gaussian, but with an exponential contribution extending to large PT- On
average more than 99% of the energy is contained within three standard
deviations around the average of the Gauss curve.

In e+e~ reactions the tails of the PT distribution are understood in the
framework of perturbative QCD by the occurrence of hard gluon Brems-
strahlung. This leads to a planar event shape with the interaction plane
spanned by the quark and gluon directions. The transverse momentum
out of this plane (Pf"*) then gives a measure of the PT evolution in a sin-
gle jet, whereas the transverse momentum distribution with respect to the
major jet axis is dominated by the PT of the gluon. Figure 4.2 shows the
distribution of mean transverse momentum squared in and out of the event
plane as a function of CM energy. The transverse evolution of the single
jet is seen to be almost energy independent and leads to a P~r « 350 MeV.

Figure 4.3 shows the shape of jets in pseudo-rapidity measured in a pp
collider experiment.

These results on jet shapes are very consistent for jet energies ranging

4Rapidity is defined as: j/ = | l f ^ )
Pseudo-rapidity is defined as: v = — ln[tan(0/2)].
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Figure 4.3: Transverse energy distribution inside jets in pseudo-rapidity
measured by the UA1 collaboration in pp scattering. An integration over
half the azimuth range around the jet is performed. Figure taken from [45].

from a few GeV to hundreds of GeV. The jet shape is given by a relative
transverse momentum (Pp') distribution with respect to the direction of
the parton generating the jet, with an average value of about 350 MeV.
The characteristic jet opening angle is caused by the Lorentz boost of the
quark in the laboratory frame. If the energy of the parton is large relative
to Pi « 350 MeV, then the average opening angle of the jet is given by:

= arctan (4.6)

From the value P j « 350 MeV found from figure 4.2, formula 4.6 should
be about correct for jet energies larger than a few GeV, which is again
in agreement with the previously quoted results from e+e~ and pp experi-
ments.

From the results mentioned above, an opening angle of jets can be
derived, within which on average more than 99% of the jet energy is con-
tained:

/QRT\

(4.7)

Energy deposition outside this limit should be interpreted as originating
from a separate parton.

When the jet energy is deposited in the calorimeter, it will be smeared
over a larger area, caused by the lateral hadronic shower spread. The
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Figure 4.4: Normalised lateral energy profile for pions in the TEST60
test calorimeter for the ZEUS experiment. The distribution is nearly inde-
pendent of the energy of the incoming pion.

radius within which on average more than 99 % of the energy of a hadron
shower is contained is called Rhadron- In figure 4.4 the lateral distribution
for showers initiated by pions in a ZEUS calorimeter test module is plotted.
From this figure it appears that on average more than 99% of the energy is
deposited within a radius of Rhadron = 30 cm around the point where the
particle enters and that this is rather independent of energy for the ZEUS
calorimeter.

Therefore the jet radius within which on average more than 98% of the
energy is deposited in the ZEUS calorimeter is given by:

Rjet — Real E
jet

+ Rhadr (4.8)

Where Rcai is the distance from the interaction point to the the surface of
the calorimeter, which varies with the polar angle of the jet axis.

4.3.2 Electron showers

Electrons form narrow showers in the ZEUS calorimeter. The radius,
within which almost all the energy is deposited is about three times the
Moliere radius (3pM « 6 cm for the ZEUS calorimeter). Provided that the
electron is isolated from other particles by more than one calorimeter cell,
the electron signal can be measured very well. The inner tracking detectors
are necessary to distinguish between e + , e~ and 7.
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4.3.3 Muons passing through the calorimeter

Muons pass through the calorimeter, only losing energy through 'ionisa-
tion'. The energy deposition is rather uniform along the trajectory in the
calorimeter. A muon can therefore be recognised by the more or less con-
stant ratio of energy depositions in the EMC and HAC sections. Together
with the criterion that the energy deposition should correspond to that
of a minimum ionising particle, this selects muons rather efficiently. An
energy or momentum measurement can however not be supplied by the
calorimeter, which mainly serves as a filter.

The muon detectors, which are specially designed to identify muons
and measure their momenta, complete the detection of muons.

4.3.4 The clustering model

Based on the previous subsections the ingredients for the clustering algo-
rithm introduced here are:

1. A cluster is a set of one or more cells and has two coordinates corre-
sponding to the jet axis, an energy and the number of contributing
cells as attributes.

2. A cell contributes to a cluster if the distance between the cell and the
average cluster position is less than the cluster radius R given by:

R ~ Rcal%£ + Rhadron for 'hadronic' clusters,
R = Rem for 'electromagnetic' clusters,

where Etot is the energy of the cluster and Rem is the approximate
radius within which 99 % of the electromagnetic shower energy is
contained (cf. section 4.3.2). In practice Rem is enlarged, because
the detector granularity has to be taken into consideration.

3. If a cell can contribute to more than one cluster, it is assigned to
only one of them.

4. A cluster is called hadronic if it contains a substantial energy depo-
sition in the HAC sections of the calorimeter. The minimum energy
in the HAC for this type of cluster will be called EjlAC. If a cluster
can not be called hadronic, it will be called electromagnetic.

5. To avoid bias from noise, cells with energy depositions below a certain
minimum are not considered as possible contributors to clusters. The
cell energy threshold will be called E~ell and can be different for
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different cell geometries (p.e. the uranium noise will be proportional
to the cell's volume).

6. A hadronic cluster with energy above E£ is called a jet.

7. A hadronic cluster with an energy satisfying:

E~ < Etot < E+ and F~ < J ^ < F+

is called a muon candidate. The lower and upper limits for the energy
deposition E^ and the HAC over EMC energy fraction F± depend
on the geometry of the calorimeter cells involved.

8. An electromagnetic cluster of energy above E~ is called an electron
candidate.

A very important point of consideration for the actual clustering algo-
rithm is that the execution is severely constrained by the available time.
Because the first level trigger rate can be as high as 1 kHz the throughput
of the SLCTP has to be more than 1 kHz, meaning that each processing
step can take no longer than 1 ms. The total time available to the second
level trigger is less than 8 ms, of which the global second level trigger box,
in which the various component data are combined, needs at least 3 ms.
Hence the total time available to the SLCTP is less than 5 ms. In the
next sections the implementation of the second level calorimeter trigger
processor and of the clustering algorithm in particular, will be described.
In chapter 6 results for the timing of this implementation will be shown,
which prove that the algorithm can perform its task within the required
time.

4.4 Hardware implementation

4.4.1 The NIKHEF two transputer VME module

As discussed in the first section of this chapter, the second level trigger
input information is to be read from the digital cards over the VME bus.
The calorimeter readout will be distributed over many crates (ADC crates),
each with its individual VME bus. The data of all these crates have to be
combined to obtain results for the complete calorimeter. The algorithm
described in the previous section is well suited for parallel processing. The
channels read out by one crate can be pre-clustered locally in the crate
and the pre-clusters can be combined to clusters at a later stage. The de-
cision was taken to use the transputer as the processor in the second level
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calorimeter trigger implementation, not only because it is a powerful pro-
cessor, but mostly because of its large connectivity [105]. The information
available from the digital cards will be read by a VME module that has
transputers on board to do the processing. Since at the time no suitable
transputer based VME modules were available, it was decided to design
one at NIKHEF. The pre-clusters formed locally for the channels connected
to one crate, are transported over transputer links to subsequent layers of
transputers, that combine the pre-clusters into clusters and transport the
final information to the global second level trigger box. The global sums
are also calculated locally and the local results are added in the higher
layers.

The OCCAM formalism and the transputer

The OCCAM language [47] can be viewed as a formalism describing a col-
lection of processes, which operate concurrently and communicate through
channels (point to point connections). Data is transported over a channel
if both sending and receiving process are ready, so channels are not only
used for transporting data, but also for providing synchronisation between
processes.

The development of the OCCAM language and the transputer6 are
closely linked and transputers can be viewed as a hardware implementation
of the OCCAM formalism.

Figure 4.5 shows the block diagram of the T800 transputer [48]. The
T800 integrates the following components on a single chip:

A 32-bit central processor: The CPU contains among other things an
evaluation stack with three registers. Additional registers are pro-
vided for the workspace pointer, the instruction pointer and for as-
sembling the instruction operand. Further registers are used by the
CPU for maintaining data structures needed for managing multi task-
ing. Process switching times are extremely short (typically in the
order of 1 (is), because only few registers have to be saved.

The CPU has a scheduler, which enables any number of concurrent
processes to be executed. Two priority levels are available: for pro-
cesses that are time shared and for processes that execute until they
de-schedule themselves.

'The term transputer is a contraction of the words transistor and computer. It
indicates that transputers are computer-like devices that can be used as building blocks
in concurrent processing, just like transistors are used as building blocks in electronic
circuits.
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Figure 4.5: Block diagram of the T800 micro-processor.

The instruction set is relatively small. Each instruction consists of
a byte divided into two 4-bit parts. The four most significant bits
of the byte are a function code, and the four least significant bits
are a data value. Before executing an instruction, the data value
of the instruction is shifted into the operand register. This scheme
allows sixteen direct functions, which have been chosen such that
they account for about 80% of the executed instructions. The direct
functions include instructions that just shift the data bits into the
operand register and perform no further operation (the 'prefix' and
'negative prefix' functions) and the 'operate' function that makes
tnat the operand is interpreted as an indirect function.

A 64-bit floating point unit: The FPU is able to perform single length
and double length floating point arithmetic operations concurrently
to and under control of the CPU at a sustained rate in excess of 1.5
million floating point operations per second.

Four transputer communication links: Transputer links are the
hardware implementation of the OCCAM channels. A DMA block
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transfer mechanism is used to transfer messages between memory
and another transputer, in parallel with CPU activity.
The data is transferred serially in packets of one byte preceded by
two start bits and followed by one stop bit. The link speed can be
selected at 20, 10 or 5Mbits/s. Each packet is acknowledged by
two acknowledge bits. The acknowledge packet can be sent before
the data packet has been fully received. Because the next byte will
only be sent if the previous one is acknowledged, the transmission
rate is sensitive to cable delays. Table 4.1 lists the unidirectional
transmitted data rate as a function of the cable length of the link
connection, at a link speed of 20 Mbiis/s.

Delay of ack. packet [ns)
0-50

50 - 100
100 - 150
150 - 200
200 - 250
250 - 300
300 - 350
350 - 400
400 - 450
450 - 500

Cable length [TO]
0 - 5
5 -10
10-15
15-20
20-25
25-30
30-35
35 -40
40-45
45-50

Transfer rate [Mbyte/s]
> 1.53

1.42
1.32
1.25
1.17
1.11
1.04
1.00
0.95
0.90

Table 4.1: The measured transputer link transmission speed as a function
of the delay of the acknowledge packet and of the length of the cable of the
link connection [49].

4K bytes of on-chip memory: The on-chip static RAM has an access
time of 50 ns. Sixteen 4-byte words of the on-chip memory are re-
served for memory mapped system functions, such as the link DMA.

A memory interface: The T800 can directly access a linear address
space up to 4 Gigabytes. The 32-bit wide external memory interface
uses multiplexed data and address lines. At least three wait cycles
have to be inserted on external memory access and the minimum
access time for external memory is 200 ns. The T800 has a memory
interface that can be configured to any number of wait cycles in
excess of three for the different parts in the memory map. It can
also refresh dynamic random access memories (DRAMs) through an
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on-chip refresh controller. The transputer's memory map is signed
and it starts at #80000000 7.

Error handling and debugging: When an error, such as an arithmetic
overflow, an array boundary violation, etc., is detected, the error flag
is set. The error can be handled internally by software or externally
by sensing the error pin. On request the system state is preserved
for subsequent analysis. The memory of the T800 can be inspected
when it has been reset over one of its links. Also individual memory
locations can be written to after a reset.

The T800 can be booted from ROM, but it can also be booted by
sending the programme and bootstrap code over one of its links. This last
method can also be used to boot an individual transputer in a network by
letting one of the connected transputers reset it and send the boot code.

The T4 family of transputers are similar to the T800 with omission of
the floating point processor. The T2 series are 16 bit processors with a
separate data and address bus.

Overview of the NIKHEF 2TP-VME module

4 bidirectional links 4 bidirectional links

r e s e t . ,
analyse-*
event i n - »
error in'

programmable •*-
output

error out

H H H H H H H H

jumpers

interrupt
request

T800orT425

4MByte
memory

1/6 logic X

output
event in

output
event in

T800orT425

4MByte
memory

I/O logic Y

512 KByte
triple-port
memory (TPM)

J

« - reset,
« - analyse,
• * - event in,

error in,
• * • programmable

output,
error out

rriple-port memory
IE-bus interface

I

local bus

Local bus
VME-bus interfaceus i

VME-bUS

Figure 4.6: Block diagram of the NIKHEF 2TP-VME module.

Figure 4.6 shows the functional diagram of the NIKHEF 2TP-VME mod-
ule. It consists of two transputers of the T800 or the T425 (same as T800

7The hash sign ' # ' will be used to indicate hexadecimal numbers.
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but no FPU) type. Each of the transputers has a private memory of four or
sixteen Mbytes dynamic random access memory (DRAM). Both transput-
ers are connected via private ports to the 128 or 512 Kbytes static RAM
triple port memory (TPM). The third port of the TPM is interfaced to
the VME bus. Both transputers are also interfaced to the VME bus via
the local bus. The VME interrupt request can be routed to one of the
transputers by setting a jumper on the module.

The address range of the TPM on the VME bus can be selected, so
many 2TP-VME modules can share one VME backplane. Since all trans-
puter modules are potential masters on the VME bus, an arbiter module
is needed when the VME bus is shared with other 2TP-VME modules or
other potential bus masters.

Each transputer can be interrupted from the following sources:

• VME interrupt,

• VME bus error,

• external error input signal,

• external interrupt input signal,

• interrupt from the other transputer on the module,

• dynamic memory refresh time out (the cycle causing this error is
forced to end to assure the DRAM is refreshed).

The different interrupt sources are all represented by one bit in a status
register. If one or more bits in this status register are set, the event input
pin of the corresponding transputer is activated. The event input can be
detected by the software and the status register can be inspected to obtain
the source(s) seeking attention.

The possibility for a transputer to generate an event on the other trans-
puter, makes it possible to transport data via the triple port memory from
one transputer to the other, where the event signal provides the synchro-
nisation.

The logic for the triple pori memory and the VME interface to the
TPM has been integrated partially on one ASIC8 chip. A large fraction of
the VME bus interface to the two transputers via the local bus has been
squeezed into another ASIC. The entire 2TP-VME module takes only one
VME slot, because of this integration.

*ASIC: Application Specific Integrated Circuit
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The VME bus interface can handle 32 and 24/16 bits address cycles
and 32, 16 and 8 bits data cycles. Block transfers on the VME bus and
read-modify-write cycles in the TPM and on the VME bus are supported.

To maximise the throughput when reading from the VME bus, a trick
is used called post-fetch mode reading. In post-fetch mode the data read
from VME is buffered. This buffer is read by the transputer, while at the
same time the next word is fetched from VME. The first word read by the
transputer carries no information.' And when the last word still is fetched
from the buffer, the reading on VME is already completed. When fetching
long arrays in block transfer mode, this scheme enhances the throughput
considerably (nearly a factor of 2), because VME and transputer cycles
proceed in parallel.

Table 4.2 contains some technical information and table 4.3 contains
the transfer rates for the 2TP-VME module.

4.4.2 The second level trigger network
The transputer modules used for the second level trigger are also used for
the calorimeter readout. For the layout of the second level trigger and
readout network the following points have to be taken into consideration:

1. The digital card produces two kinds of data:

• final data (also called DAQ channels), to be transported to the
event builder, with a projected rate of about 100 Hz, and

• trigger data (also called SLCT channels), with a projected rate
of about 1 kHz, used by the second level calorimeter trigger
processor.

2. Processing time is limited:

• Both final and trigger data should be distributed as uniformly as
possible over the ADC crates to avoid bottle necks in transport
and processing of these data.

• The length of the cables for the transputer links should be kept
as short as possible, especially for the DAQ data path, since
transmission speed depends upon the cable length for transputer
links.

3. For simplicity and surveyability:

• The channels put together in one crate should come from a com-
pact area, the ratio between the circumference and the surface
of the area covered should be as small as possible.
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LBUS
on-chip
private

private

private
local
local
VME

SLAVE
on-chip RAM

DRAM

TPM

Status Reg.
AMR

Data buffers
VME-slave"

CYCLE TYPE
read/write
read/write

refresh"
read/write

r-m-wrc

read/write
read/write

read
reade

read^
read(Postfetch)

write9

interr.ack.

DURATION [ns]
50
200
250

150-2506

800-9006

200
150
200

~ 450 + 2*5,1
~ 250 + tSA

~200
~200

~ 250 + tSA

"The total memory is refreshed approximately every 7.4 ms. A total memory
refresh takes 512 refresh cycles.

6TPM access time depends on arbitration: 150 ns if accessed last by the
same transputer, else 250 ns.

'Includes a Status Register bit set and reset.
''Timings depend on the speed of the VME-slave. ISA stands for

slave access time, the time a slave needs to supply valid data.
eIf the transputer cycle results in 2 D16 VME-cycles.
'If the transputer cycle results in 1 VME-cycle.
9If the transputer cycle results in 1 or 2 VME-cycles.

Table 4.2: Expected transputer cycle timing on the final NIKHEF
2TP-VME module. The processor clock speed is assumed to be 20 MHz.
The access times do not take into account possible arbitration delays
or additional processor actions like e.g. an instruction fetch during a
read-modify-write cycle. The timings involving the VME bus are not yet
measured on the final production module, but are estimates based on the
prototype timing and the simulation of the ASIC chips being used on the
final 2TP-VME module.

• The channels of one physical tower (in general two HAC and
four EMC cells) should be kept on one digital card.

• The FCAL, BCAL and RCAL channels should be kept in sep-
arate ADC crates.

4. The physical constraints of the hardware are:

• one digital card can handle 24 channels,



Data Transfer Ra te
[ Megabytes/s]

FROM
PrivMem
PrivMem
PrivMem
TPM
TPM
TPM
VMEMem
VMEMem
VMEMem
VMEMem
VMEMem

=* TO
=> PrivMem
=• TPM
=> VMEMem
=> PrivMem
=• TPM
=> VMEMem
=> PrivMem
=> PrivMem**
=• TPM
=> TPM**
=*• VMEMem

16
5.65
5.65
4.03
5.65
5.65
4.03
3.15
3.89
3.15
3.89
2.35

Block Size
[longwords]

J 128
7.47
7.50
4.73
7.47
7.47
4.73
3.65
5.53
3.65
5.53
2.59

16384
7.83
7.83
4.84
7.83
7.83
4.84
3.73
5.89
3.73
5.89
2.63

•* Transfer in Postfetch Mode.

Table 4.3: Measured transfer rates of the NIKHEF 2TP-VME module in
Megabytes per second for block transfer with 32-bit data items. The rating
includes the time to set up the block transfer. PrivMem is the local external
transputer memory, TPM is the triple port memory and VMEMem is a
VME memory module with a typical read access time of 290 ns, a typical
write access time of 200 ns and a typical cycle time of 320 ns. The timings
are measured with a 2TP-VME prototype. The final production module
is expected to be faster when the triple port memory or the VME bus is
involved.

• both the digital card and the 2TP module take one VME slot,

• one VME crate has 20 free slots (one of the 21 slots will be
occupied by a hardware monitoring module),

• one VME slot will be taken by a fan-out module, which monitors
the digital cards,

• one rack can contain four crates,

• the number of crates and racks should be kept as small as pos-
sible.

5. About the expected rates of excited channels in specific regions of
the calorimeter:

• the rate will be highest in the FCAL beam pipe region,
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• the rates in the FCAL will on average be higher than in the
BCAL and RCAL,

• beam gas interactions can cause a high rate in the beam pipe
region of the RCAL.

On the basis of the above criteria, a mapping of calorimeter channels
onto digital cards and the organisation of digital cards into VME crates
has been designed (see also [115, 116, 128, 131] for information on crate
and rack allocation).

An overview of the number of hardware components used in the second
level calorimeter electronics (the digital part of the calorimeter readout and
the second level calorimeter trigger processor) is given in table 4.4.

ADC crates
Digital cards

Raw SLCT channels
Final SLCT channels

DAQ channels

FCAL
12

188
2172
1516
4344

BCAL
16

224
2592
2144
5184

RCAL
8

100
1155
965

2310

Total
36

512
5919
4625

11838

Table 4.4: Overview of the number of hardware components used in the
second level calorimeter electronics. 'Raw SLCT chanels' are the left plus
right energy sums provided by the digital cards. For the 'Final SLCT chan-
nels'also the energy of HA C cells within the same tower have been summed.

For SLCT channels the left and right energy measurement of each ca-
lorimeter cell are summed by the DSP on the digital card. The energy
measurements of all HAC cells within one tower are summed on the 2TP-
VME module during the reading of these values.

The mapping of calorimeter channels on the digital cards has been done
separately for FCAL, BCAL and RCAL and is drawn in the figure 4.7, 4.9
and 4.8. The areas are numbered for reference purposes.

4.4.3 The trigger processor network

In figure 4.10 the network is shown that gathers and combines the infor-
mation that has been obtained by the 2TP-VME modules from the digital
cards. In layer 1, the 2TP-VME modules are located in the ADC crates,
together with the digital cards. The trigger data from the digital cards is
read and put into a buffer in the triple port memory by one transputer,
which will be called the readout transputer. The other transputer, which
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Figure 4.10: Layout of the trigger network which combines the pre-clus-
ters and the global trigger information to one final set. Each box represents
one 2TP-VME module.
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region
FCAL central-1

central-2a

top/bottom
left/right
corners

BCAL forward

rear

RCAL central
(chimney)
central
top (chimney)
bottom/
left/right

crate
numbers
5,7,9,11
6,8,10,12
2,4,13,15

1,3,14;16
25,27,29,31
33,35,37,39
26,28,30,32
34,36,38,40

20

19,21,23
17

18,23,24

crates
4

4

4
8

8

1

3
1
3

cards/
crate

7
6
17

16
14

14

11

11
14
14

channels/crate
SLCT

84
72

198

183
160

164

125

126
157
165

DAQ
168
144
396

366
320

328

250

252
314
330

"The regions in central-1 and in central-2 share crates: regions 5 and 6, regions 7
and 8, etc. are combined into one crate.

Table 4.5: Number of digital cards and calorimeter channels for each
readout crate.

will be called the trigger transputer, performs the first stage of the trigger
algorithm. The readout transputer generates an event signal when having
filled the trigger data buffer in triple port memory with a new event. When
ready the trigger transputer reacts to the event signal, by processing the
trigger data.

The global sums and pre-cluster information from the trigger trans-
puter are transported to a layer 2 transputer. In this layer the trigger
information is collected and combined per calorimeter part. At this stage
the local coordinates for FCAL, BCAL and RCAL are transformed into
global coordinates.

The resulting data is sent from layer 2 to tiie top layer transputer.
In the top layer transputer, the trigger data of the entire calorimeter is
combined and the results are sent to the global second level trigger box
(GSLTB).

The transputers in layer 2 and the top layer need not to be located on
2TP-VME modules, however it is convenient if they are, because it limits
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the number of different hardware components, that is to be used.
For each of the three layers in the pyramid the tasks and the software

implementation will be described in detail in the next section.

4.5 Software implementation

4.5.1 The coordinate systems

Four coordinate systems are used:

Global coordinates: The results are finally represented in the global co-
ordinate system. Because these coordinates are also used to combine
the clusters from the FCAL, BCAL and RCAL, we have chosen for
modified spherical coordinates:

x = R<j>sin(8), (4.10)

y = R0, (4.11)

where 9 is the polar angle, <f> the azimuth and the radius of the sphere
is taken to be R = 65 cm. Distances between points in this space are
calculated using the metric:

/ (4.12)

This is a good approximation for the distance between two points on
the sphere that are not too far apart and is adequate for our purposes
in the cluster finding algorithm.

Local coordinates: The FCAL, BCAL and RCAL are first treated sepa-
rately and this can be done much more efficiently using the following
local coordinate systems:

FCAL local coordinates: The FCAL local coordinates are given
by the Cartesian pair x and y.

For the EMC cells the x and y coordinates in the ZEUS coor-
dinate system of the middle of the cell are taken.

For the HAC cells the x and y coordinates are assigned as ex-
plained in figure 4.11.

The z coordinate of a cell is given by the z coordinate of the
centre of the EMC cells in the ZEUS coordinate system.

74



P

II
A

EMC

Figure 4.11: HAC coordinates in the FCAL. The slanted line pointing
from the interaction point to the face of a HAC2 cell intercepts the middle
of the EMC in the point marked by '*'. The x and y coordinate assigned
to the HAC cell (the sum of the HAC2 cell pointed to and the HACl cell
in front of it) are those of the point '*'.

The local coordinates x and y are calculated from:

x - z arctan f — J ,

y = z arctan (f)-
(4.13)

(4.14)

Distances in the x and y direction then scale as differences in
angle on the sphere with radius z.

RCAL local coordinates: The RCAL local coordinates are calcu-
lated in the same way as for the FCAL, except that the projec-
tion line is now drawn from the middle of the HACl cell.

BCAL local coordinates: The BCAL local coordinates are Remc<t>
and z, where Remc is the distance froni the interaction point to
the cylinder through the middle of the EMC cells. The azimuth
<j> runs from — IT to n.
The z coordinate is the contracted z coordinate in the ZEUS
coordinate system of the middle of the EMC cell, or the inter-
section of the line from the interaction point with the cylinder
through the middle of the EMC for the HAC cells, similar to
the FCAL case.

z = Remc arctan (4-15)

The local coordinates (f, y) are transformed into the global coordi-
nates (x,y) in the layer 2 processors. The number of clusters that
has to be treated by the layeT 2 processors is usually small and in
addition there are still six processors operating in parallel, so in this
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step we can afford these relatively CPU time consuming coordinate
transformations.

All coordinates are multiplied by 10 and rounded to the nearest integer.
In the second level calorimeter trigger processor only integer arithmetic is
used to achieve maximum processing speed. The spatial resolution is about
1 mm on the calorimeter surface for the local coordinates and the angular
resolution about 1.5 mrad for the global coordinates. The cell positions are
computed once (off-line) and are stored in lookup tables in the transputer
memory.

The dynamic range of the energy values calculated by the DSP is
19 bits. The coordinates are normalised such that the maximum value
of any spatial coordinate multiplied by the maximum energy can be repre-
sented as an integer of less than 32 bits. So arithmetic overflows will not
occur in the calculations.

4.5.2 Layer 1: Building the pre-clusters

The trigger transputers in layer 1 get their data from triple port memory.
The buffering mechanism is described in detail in appendix A. The trigger
data is placed in a specific order in the buffer, EMC channels and HAC
channels separately. The index of the channel in the buffer corresponds to
the index in lookup tables, in which the cell positions and the global sum
multipliers are stored.

Before each event the programme initialises the global sums and pre-
cluster counters to zero. Then the HAC and EMC cells are treated sepa-
rately.

The programme first loops over all HAC cells. The HAC cell energies
are fetched from triple port memory. If the cell energy is above the HAC cell
energy threshold then the global sums are updated, using the multipliers
that are stored in lookup tables. The index in the HAC cell energy table
is the same as the index in the lookup tables.

The already defined HAC pre-clusters are scanned and if the the cell
is within the radius of one of them, the cell joins the pre-cluster. For
determining whether a cell is within the radius of a HAC pre-cluster, the
cell is first joined to the HAC pre-cluster and then both the old HAC
pre-cluster and the newly joined cell should be within the radius of the
new HAC pre-cluster. The radius of the HAC pre-cluster is fixed at the
minimum radius for a hadron cluster R = Rudron- The simplification in
comparison to equations 4.9 is justified by the fact that at higher levels
equations 4.9 are applied exactly and pre-clusters are joined together there
if necessary. Also the area of the CAL covered by one trigger transputer in
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the first layer is not much larger than Rhadron- The cell position is fetched
from a lookup table, using the index in the HAC cell energy table.

The rre-cluster position is calculated as the energy weighted average
of cell positions. The pre-cluster radius is also stored in the form of the
pre-cluster energy times the radius, to avoid time consuming division op-
erations.

If the cell is not joined to a HAC pre-cluster, the cell is transformed
into a new HAC pre-cluster.

In the end only those HAC pre-clusters with energy above the HAC
pre-cluster threshold are kept.

Subsequently the programme loops over all EMC cells. The EMC cell
energies are fetched from triple port memory. If the cell energy is above
the EMC cell energy threshold then the global sums are updated, using
the multipliers that are stored in lookup tables. The index in the EMC
cell energy table is the same as the index in the lookup tables.

The EMC pre-clusters are scanned and if the the cell is within the
radius of one of them, it is joined to the pre-cluster.

The EMC pre-clusters contain a word to indicate the type of the clus-
ter: hadronic or electromagnetic. To determine the cluster type the HAC
pre-clusters found in the first step are scanned and if the cell that initiates
a new EMC pre-cluster is within the radius of one of the HAC pre-clusters,
the newly formed EMC pre-cluster is called hadronic, otherwise it will be
called electromagnetic. Once the type has been assigned it is not changed
during this programme step.

For determining whether a cell is within the radius of an EMC pre-
cluster, the cell is first joined to the EMC pre-cluster and then both the old
EMC pre-cluster and the newly joined cell should be within the radius of
the new EMC pre-cluster. The radius of the cluster is fixed at the minimum
radius for a hadronic cluster R = Rkadrom or if the type is electromagnetic
at R = Rem (see equations 4.9).

If the cell is not joined to an EMC pre-cluster, the cell is transformed
into a new EMC pre-cluster.

In the end only those EMC pre-clusters with energy above the EMC
pre-cluster threshold, for electromagnetic type pre-clusters, and above
HAC pre-cluster threshold, for hadronic type pre-clusters, are kept.

In the third step the HAC and EMC pre-clusters are combined. The
criterion to combine a HAC and an EMC pre-cluster is that the centroids of
both pre-clusters are within the radius of the combined pre-cluster. At this
step the type of an EMC pre-cluster can be changed from electromagnetic
into hadronic if it is joined to a HAC pre-cluster (the type will then be set
to hadronic regardless of what it was).
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The fourth step compares the energy of the pre-clusters to a local
pre-cluster energy threshold. Only those pre-clusters with high enough
energy survive this cut and are transported to the next trigger layer (layer
2). During the threshold comparison, the pre-clusters are copied to a pre-
cluster buffer. The global sums are also copied to a buffer. The global sums
and pre-clusters in the buffer are transported to the layer 2 transputers.
In parallel the pre-clustering of the next event is started.

Due to the composition of the transputer inf • uction set, the memory
is most efficiently accessed if the offsets in the workspace are small. If
the workspace can be placed partly in the on-chip memory, the variables
positioned in the on-chip memory (those with small offsets) can be accessed
three times or more faster than the variables on off-chip memory. To
achieve this for both HAC pre-clusters and EMC pre-clusters the memory
map for these pre-clusters has been chosen as indicated in figure 4.12.

4.5.3 Layer 2: Combining the pre-clusters for the FCAL,
BCAL and RCAL

The global sums and pre-clusters of five or six layer 1 transputers are col-
lected in parallel on a layer 2 2TP-VME module and buffered per event in
the TPM. If all data for one event has arrived, the layer 2 transputer com-
bines it. The global sums are just added. The pre-clusters are compared
pairwise. A pair of pre-clusters is combined to a single one, if the centroids
of both pre-clusters are within the radius of the combined pre-cluster.

After the pre-clusters have been combined as much as possible, their
coordinates are transformed from local coordinates to global coordinates.

The combined pre-clusters are buffered and sent to the third layer, in
parallel treatment of the next event is started.

4.5.4 Layer 3: Combining the pre-clusters from FCAL,
BCAL and RCAL

In the third layer, the results from the second layer are collected over links
in parallel and put into buffers. The global sums for each event are added
and the pre-clusters are combined as much as possible for each event.

The last step in the second level calorimeter trigger processor algorithm
is the final energy threshold comparison.

The final pre-clusters are called clusters.
The global sums and the clusters are sent to the global second level

trigger box (GSLTB). The data transmission protocol to the GSLTB is
defined as:
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Figure 4.12: The memory map for pre-clusters. The word to indicate the
type for EMC pre-clusters is also used to link HAC and EMC pre-clusters
for the formation of joined pre-clusters. In this example the type of the
EMC pre-cluster 1 is 2, meaning that the HAC pre-cluster 2 is to be joined
to the EMC pre -cluster 1.

Word
1

2

3
4
5

6 . . .n
n+1
ra + 2

TI + 3 . . . m

Contents
Total number of words in this data packet (m).
Component identifier (ADAMO bank descriptor).
FLT-decision number.
Bank identifier for the first bank.
Number of words in this bank. For an empty bank
this number is 0.
Data for this bank.
Bank identifier for the second bank.
Number of words in this bank. For an empty bank
this number is 0.
Data for this bank. And so on.
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For the second level calorimeter trigger processor five banks are foreseen
in total.

• The first bank contains the global sums. This will be twenty words
at most.

• The second bank contains the electron candidate. This will be zero
words if there is no electron candidate or 5 words if an electron can-
didate has been found.

• The third bank contains the electron clusters, except the electron
candidate of the previous bank. Five words per electron cluster will
be used.

• The fourth bank contains the hadron clusters. Each hadron cluster
is represented by ten words.

• The fifth bank contains the muon candidates. Each muon candidate
is characterised by ten words.
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Chapter 5

Monte Carlo simulations

5.1 The event generators

To simulate the different kinds of events that are of interest for the ZEUS
experiment and especially for the trigger, various event generators have
been used.

The deep inelastic event generator: To generate neutral current and
charged current events, LEPTO5.2 [50] was used. This event gen-
erator implements the lowest order lepton-quark and lepton-gluon
scattering diagrams.

The structure function parameterisation used is the Duke and Owens
set 1 [51]. With this structure function the LEPTO5.2 generator
describes the deep inelastic data from fixed target experiments with
Q2 values up to 200 (GeV/c)2. Extrapolation to higher energy is
expected to be rather reliable, because higher twist terms vanish and
also higher order corrections in perturbative QCD become smaller
(cf. chapter 2).

The hadronisation takes into account (hard) gluon radiation and for
the soft hadronisation part, the Lund string fragmentation model
package JETSET6.3 [52] is used.

The photoproduction event generators: For the description of pho-
toproduction, various models can be used, each with its own range
of applicability.

The hard photoproduction (large Pj events) can be conveniently de-
scribed by perturbative QCD [18].
At NIKHEF two photoproduction event generators were developed,
using perturbative QCD and taking the electron vertex into account
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explicitly:

The photon gluon fusion event generator: The GAMGLU2.0
event generator [53] implements the matrix element associated
with the Feynman diagram of figure 2.6.
The fragmentation is described by the Lund string fragmenta-
tion model and implemented by calls to the JETSET6.3 pack-
age. The colour strings as defined in JETSET run from the
anti-quark to one of the quarks of the remnant proton. The
di-quark of the remnant proton is fragmented together with the
quark produced through the photon gluon fusion process.

The QCD Compton event generator: The QCDCOM1.0 gen-
erator [54] implements the matrix element associated with the
Feynman diagram of figure 2.7.
The fragmentation is described by the Lund string fragmenta-
tion model and implemented by calls to the JETSET6.3 pack-
age. The colour strings as defined by JETSET run from the
quark in the final state via the gluon emitted in the initial or
final state (serving as a kink in the JETSET picture) to the
di-quark of the remnant proton.

For the description of soft photoproduction (low PT), the vector me-
son dominance model can be used. At NIKHEF a simple generator
implementing the vector meson dominance (VMD) model has been
developed:

The VMD event generator: In this model the photon is chosen
on its mass shell, with momentum along the direction of the
electron distributed according to the Weizsacker-Williams ap-
proximation. The photon with this momentum is then substi-
tuted by a pion with the same momentum. Alternately a TT+

or ir~ is taken. A pion-proton collision is then generated, using
the FRITI0F1.6 [55] generator.
The NIKHEF package implementing the VMD model is called
VMD1.0 [56].

The beam gas event generators: The interactions of the proton beam
with the rest gas molecules in the beam pipe were modelled by
proton-molecule interactions with an interaction point chosen ran-
domly along the z-axis between —26 m and +2 m.

Two models were used to simulate the proton gas molecule interac-
tions:
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The FRITIOF 1.6 generator [55]: The FRITIOF model de-
scribes the proton-nucleus interaction by the application of the
Lund string model [52] between a constituent quark of either of
the two baryons involved. In FRITIOF version 1.6, one kink in
the string is introduced to simulate hard gluon Bremsstrahlung.
The PT spectrum obtained in this way is known to be some-
what too hard. It will thus lead to a pessimistic estimate of the
background.

FRITI0F1.6 does not include elastic or single diifractive scat-
tering. The event rate from section 2.2.6 that is applicable is
therefore l.QkHz/m.

The UA5 2.0 generator [57]: The UA5 generator was originally
written to describe proton-proton interactions at the SppS col-
lider. This generator is not based on a particular model, but is
the result of a fit to the data of experiments performed at the
ISR and SppS colliders. The proton-nucleus interactions were
included by fitting emulsion experiment data [58]. The descrip-
tion of proton-proton interactions in our case needs no extra-
or interpolation, since the highest ISR energy is comparable to
the CMS energy for a proton gas interaction at HERA, both
being about 40 GeV.

The UA5 generator includes all processes: elastic, single and
double diffractive scattering and inelastic scattering. Hence,
the event rate, calculated in section 2.2.6, associated with these
events is 2kHz/m.

In figure 5.1 the transverse momentum spectra of the two beam
gas event generators are shown for various gas compositions. For
proton-proton interactions the transverse momentum spectra of the
two generators are practically the same, except that FRITIOF ex-
hibits a slightly harder spectrum at high transverse momentum (an
effect not observed in the ISR and UA5 data). The peak at low PT
in UA5 is due to the inclusion of elastic and diffractive events.

The beam gas events used in this thesis are proton-proton interac-
tions generated by FRITIOF1.6.

The cross sections for the processes described by the Monte Carlo event
generators mentioned above are given in chaofp- "

The beam gas interaction rate }••' ^cussed in section 2.2.6 of
chapter 2.
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Figure 5.1: Ej distribution of events generated with the FRITIOF1.6
and UA5 generators. The gas composition in the top plot is Hi, in the
middle plot 02 and in the bottom plot 50% H2 and 50% CO2. The solid
lines indicate the FRITIOF1.6 distributions, the dashed lines indicate the
distributions obtained with the UA5 generator.

5.2 The detector simulation

5.2.1 The GEANT model for detector simulation

The ZEUS detector is simulated, using the GEANT package [59]. The op-
eration principle of this package is that the user defines volumes, that are
filled with matter. Then a set of particles, defined by their type, momen-
tum and starting position, is presented to the package. These particles are
tracked in, usually small, steps through the volumes. For each volume the
free path length is determined, and a path length after which the particle
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interacts with the material in the volume, is randomly chosen following
an exponential distribution with the free path length as the mean value.
Ionisation loss is not included in the interactions that are simulated in the
volume, but is treated separately by reporting an energy deposition for
each step.

After each step or when an interaction occurs, the control is transferred
to a user routine. If there was an interaction and new particles were cre-
ated, they can be added to the list of particles to be tracked. Also all kinds
of other information can be stored, such as the energy deposition in the
current step.

In GEANT several interaction types are distinguished, most of which
are treated internally. For the electromagnetic reactions, the EGS pro-
gramme is used, based on QED. EGS has proven to be a very accurate
programme [60].

The hadronic interactions are not described by GEANT itself, but an
external package, GHEISHA [61], is called for these reactions. However,
the description of the ZEUS high resolution calorimeter by GHEISHA is
not adequate. The best energy resolution value obtained for the ZEUS
calorimeter, using GHEISHA, is 43%/VE (E in GeV) and depends rather
strongly on the energy of the incoming particle, while the correct value has
been measured to scale as 35%/\/E [103].

The source of the failure seems to be the description of the low energy
neutron interactions, especially with the nearly free hydrogen of the plas-
tic scintillator. To cure this, all evaporation particles and neutrons from
spallation with a kinetic energy below 50 MeV are replaced by a number of
small energy depositions that are distributed according to a Gaussian with
a spread of <rx = ay = az = 7.9 cm. By tuning the number of depositions
and the distribution in space, the energy resolution and the compensat-
ing behaviour of the ZEUS calorimeter can be described. It is likely that
this scheme has to be retuned fc other calorimeters and it provides there-
fore an ad hoc description of the calorimeter, rather than predicting its
behaviour [107].

A magnetic field map is used to describe the magnetic field in the
detector [62].

Two kinds of volumes can be distinguished: the active volumes (called
detectors in GEANT) and passive volumes. In the active volumes, various
items are recorded at each step or accumulated for certain volumes.

Tracking of the many ^articles generated in the calorimeter is very
CPU time consuming. An algorithm has been developed to reduce the
number of tracks to follow in calorimeter showers, while at the same time
preserving the statistical fluctuations [107].
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5.2.2 The ZG311T6 Monte Carlo programme

The ZG311T61 programme [64] is based on the general ZEUS Monte Carlo
ZEVSGEAN [63] and was set up to provide the events needed in trigger
studies.

The active volumes that are simulated are:

CTD: Modelled by a gas volume, surrounded by the dead material of
the support structure. Stored are the track number, the ionisation
loss, the space position, the wire number, the cell number and the
superlayer number.

FTD and RTD: Modelled by a gas volume, surrounded by the dead ma-
terial of the support structure. Stored are the track number, the
ionisation loss, the space position, the wire number, the cell number
and the detector plane number.

CAL: Modelled by alternating volumes of scintillator and a mixture of
uranium, paper and steel for the absorber. Stored are the track
number, the accumulated energy deposition for the left and right
hand side wavelength shifter of each cell. Light attenuation in the
scintillator is taken into account as well as Birks' law for saturation
effects.

HES: Modelled by volumes filled with silicon. Stored are the track num-
ber, the energy less and the space point for each hit.

FMUON: Modelled by gas volumes and the dead construction materials.
Stored are the track number, the energy loss, the time of flight and
the space point for each hit.

VETO: Modelled by a steel wall with a plane of scintillator on either side.
Stored are the track number, the space point and the time of flight

r. in both scintillator planes for each hit.

j The passive volumes included are:
i

• • the proton beam line from —100 m up to the detector, including the
* beam pipe, the magnets and the radiation shielding,

* • the beam pipe inside the detector, including the collimators surround-
I ing it,

'The name of the ZEUS detector Monte Carlo programme ZG311T6 is a concatena-
tion of the abbreviations: Z for ZEUS, G311 for GEANT version 3.11, T6 for Trigger
version 6.
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• the superconducting solenoid magnet coil and the compensator mag-
net,

• the transition radiation detector material,

• the barrel calorimeter end plates, the spoke plates and the frustum,

• the return yoke,

• the air, at standard temperature and pressure, surrounding all other
volumes, except inside the beam pipe, where there is vacuum.

For the studies presented here only the CTD and CAL information was
used, while all dead materials mentioned above have been included.

5.3 Beam gas scattering background to deep in-
elastic events

Beam gas scattering events are a very copious source of background for
HERA experiments [111, 120, 127, 129]. For the beam gas background
studies the FRITIOF1.6 generator was used. As calculated in section 2.2.6
the number of interactions in the proton beam line can be estimated to be
1.6kHz/m for the interactions simulated by the FRITIOF1.6 generator.
The beam gas interactions are assumed to be homogeneously distributed
along the proton beam line. The proton beam line has a straight section
of about 100 m on either side of the experimental area, of which only the
upstream part is of interest for the background studies. The ^-coordinate
of the primary vertex (zveriex) has been uniformly distributed between
-26 m < zvertex < +2 m for the events that have been generated. The
total rate for this range of primary vertices is:

beam gas rate = 28 m X 1.6 kHz/m = 44.8 kHz. (5.1)

From figure 5.2 it can be seen that the number of events causing activity
in the central tracking detector or the calorimeter decreases as the distance
of the primary vertex from the interaction point increases. From zvertex <
—60 m it is expected that beam gas events do not contribute to activity in
the detector any more.
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Figure 5.2: Beam gas event activity as a function ofzvtrt(.x. The top plot
shows the original Zvertex distribution of the Monte Carlo generated events.
The middle plot shows the number of events that give rise io activity in the
CTD or the CAL. The bottom plot shows the number of events that satisfy
the criteria of the first level trigger simulation as proposed in formulae 5.5.
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5.4 Photopro duct ion as a background to deep
inelastic events
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Figure 5.3: Cross section as a function ofQ2 (as determined with formu-
lae 5.2) for photon gluon fusion events and charged current deep inelastic
events. All stable particles in the final state outside a cone with angle
50 mrad around the beam axis are included in the calculation of Q2.

As has been shown in chapter 2, the cross sections for photoproduction
processes are very high as compared to the standard deep inelastic cross
sections at HERA [106,108]. The signature of most of the photoproduction
events is that the electron disappears in the beam pipe (and is detected
by the electron tagger for a small fraction of the events) and the hadronic
final state is balanced in transverse momentum [19]. The rate from pho-
toproduction is not so high that the trigger can not cope with it, but for
the off-line analysis and the third level trigger, certain events from pho-
toproduction will be hard to separate from neutral and charged current
events.

Because on many occasions part of the energy flow will not be detected
(due to escaping neutrino's and particles escaping through the beam pipe),
these events can develop a signature very similar to high Q2 events. In
figure 5.3 the differential cross section as a function of Q2 is plotted for
photon gluon fusion events and charged current deep inelastic events with
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Q2 determined by [65]:

y -

where the sums run over the hadronic final state, so over all particles in
the final state except the final state lepton. For charged currents the final
state lepton is a neutrino and the sum is taken over all observable particles
outside a cone with angle 50 mrad around the beam axis. The fact that Q2

differs from zero for the photon gluon fusion events is caused for a small part
by escaping neutrino's and for the largest part by transverse momentum
that escapes detection due to the non observation of particles at small
angles. From this plot it can be observed that only the simple kinematical
calculation based on 5.2 cannot lead to a good determination of structure
functions for Q2 < ~ 600 GeV2. Jet recognition can play an important
role in disentangling this type of background (in principle characterised
by a multijet final state) from the deep inelastic events, that are used to
determine the structure of the proton.

5.5 First level trigger studies and the generation
of a second level input sample

To obtain a realistic Monte Carlo event input sample for the second level
trigger, a simulation of the first level trigger has been performed first.

The first level trigger simulation uses information from the CTD and
CAL that will be available to the global first level trigger.

First of all the samples are divided into events that give rise to accepted
CTD tracks and those that have no CTD tracks. The acceptance of CTD
tracks has been simulated by applying the criteria of table 5.1 [66].

From the calorimeter the transverse energy sum ET, and the missing
transverse energy E™"m3 defined as:

ET = ]T)£,srai?,-, (5.3)

Px = ^2 Ei sin •di cos <p{,

Py =

JTP*, (5.4)
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Minimum # hits in superlayer 1
Minimum # hits in superlayer 2
Minimum # hits in superlayer 3
pp** [MeV]
&(Zvi~tex) [cm]

Condition
1

5

62
80

2
6
6

100
35

3
6
6
6

137
30

Table 5.1: Definition of accepted tracks in the first level CTD trigger. A
track is called an accepted track if all conditions in one of the columns are
fulfilled.

have been used. Where the summations are taken over all cells in the
calorimeter and i?j and <pi are the polar and azimuthal angles of the cell.

In both the CTD and CAL case, the simulation of the trigger processors
do not take smearing effects caused by the electronics into account.

In figure 5.4 the Er and E™"sinB are plotted in a scatterplot for Monte
Carlo generated events of various types.

From this figure (5.4) a first level trigger simulation was derived. In
this first level trigger simulation an event is accepted if:

0 accepted CTD tracks A E^i"in3 >5GeV
OR (5.5)

> 1 accepted CTD track A {E^'""3 >5GeWET>l2GeV)

All other events are rejected.
The event rates after the first level trigger simulation cuts from for-

mula 5.5 are listed in table 5.2. The number of beam gas events that is
accepted (246) is not a comfortable sample for extensive statistical stud-
ies. For the studies in the next chapter the sample will however show to
be sufficient.

The beam gas events have been generated along the proton beam line,
with the zveTtex homogeneously distributed between —26 m and +2m. The
rate of events causir g hits in the detector was expected to decrease with the
distance from the interaction point. However, after the first level trigger
selection criteria have been applied, the resulting distribution does not
decrease with zveTtex -* -oo for the range under discussion (see figure 5.2).
We estimate that the beam gas rates will have to be multiplied by a factor
of two, when the complete z-range is considered.
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Figure 5.4: £?x versus £)™'3*m9 for beam gas events (BG), charged cur-
rent events (CC), neutral current events (NC), cc pairs produced through
photon gluon fusion (PGF) and vector meson dominance soft photoproduc-
tion events (VMD). The left hand side plots display those events that have
no valid track in the CTD. The right hand side plots shows events with one
or more valid CTD tracks. The horizontal and vertical lines indicate the
Emi»ting cut at 5 ( j e y ma> fa £;T cut at \2GeV respectively. In the left
hand side plots the events populating the area below the line are rejected
on the basis of the first level criteria of formula 5.5. In the right hand side
plots the events populating the area in the lower left corner are rejected on
basis of the first level trigger criteria of formula 5.5.
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Event type
Beam-gas
VMD
QCD-Compton («)
QCD-Compton (d)
QCD-Compton (s)
PGF (««)
PGF (cc)

PGF (bb)
NC
CC

initial
# events

3993
7000
5000
5000
5000
8000
8001

1000
4685
4668

Rate
before FLT
44.5

264.0
1.86
0.34
0.23

26.0
8.58

86.0
0.11
1.3

kHz
Hz
Hz
Hz
Hz
Hz
Hz

mHz
Hz

mHz

Efficiency

6.2 %
6.7 %
5.0 %
4.7 %
3.7 %
3.0 %
7.0 %

66.0 %
99.7 %
99.8 %

Rate
after FLT

2.7
17.7
93.0
16.0
8.5
0.78
0.60

56.8
O.li
1.3

kHz
Hz

mHz
mHz
mHz

Hz
Hz

rnHz
Hz

mHz

Table 5.2: Event rates after applying the first level trigger simulation cuts
of formula 5.5. A beam gas rate of 1.6 kHz/m, integrated over 28 m, and
a HERA luminosity of 20/ib~*s~x, have been assumed. For further details
and cross sections the reader is referred to chapter 2. Between brackets the
produced quark-anti-quark pair (e.g. uu) for photon gluon fusion or the
scattered quark (e.g. u) for QCD Compton scattering is indicated.
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Chapter 6

Performance of the second
level calorimeter trigger
processor

6.1 A test set up using two 2TP-VME modules

Because the final 2TP-VME modules were not available yet, a test set up
was composed out of two prototype 2TP-VME modules. Figure 6.1 shows
a schematic layout of the test set up.

The transputers have been labelled by T^'^, where the superscript
(1,2) indicates the 2TP-VME module and the subscript (X,Y) indicates
the specific transputer on the 2TP-VME module.

On the prototype 2TP-VME modules, T \ has a private port to the
dual port memory, while Ty can only access the dual port memory via the
local bus. The time needed to read from or write to the memory is longer
for the prototype modules than for the final production modules.

The tasks running on the trigger (T\) and leyerS (Tx) transputer are
the same as in the final system that was described in chapter 4. Under the
assumption that the Monte Carlo input events are realistic, the execution
time needed in this test set up is a realistic estimate.

On the server (Ty) and readout (Ty) transputer tasks are running that
simulate the environment.

A Micro VAX 3300 with a Qbus to transputer link interface (QTO) is
used as an I/O server (standard input and output from a terminal and
access to disks) [67].

The test set up transputer network is booted statically over the links
according to the configuration description in OCCAM. The final system



will be booted dynamically, so small parts (even a single transputer) can
be rebooted on request or even automatically in case of failure.

command
monitor

Iayer2

cluster:

constants

pre-clusters

constants

server

all-data

tQTlink

VAX

trigger

Figure 6.1: Second level calorimeter trigger processor test set up.

The global data flow is (see figure 6.1):

1. The Monte Carlo event is read from the VAX disk by a task on
the server transputer over the link labelled QTlink. The calorimeter
event data is selected and formated in one or more data packets. An
event header, including a destination address for the data packet, is
attached to each data.

2. The formated data packet is sent to the readout transputer over the
link labelled all-data. The task running on the readout transputer
recognises the destination address in the header and stores the ca-
lorimeter data in a buffer in the dual port memory (DPM). This is
indicated by the arrow labelled data to the DPM.

The buffer number is sent over a link labelled trigger to the trigger
transputer.

3. The trigger transputer reacts to the buffer number information sent
over the link from the readout transputer. From this point on the
data and control flow is exactly the same as in the final system in the
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layer 1 transputers (see figure 4.10). See chapter 4 and appendix B for
the implementation of the second level calorimeter trigger processor
algorithm.

4. The trigger transputer calculates the global sums, forms the pre-
clusters and sends the resulting information over the link pre-clusters
to the layerS transputer.

5. The Iayer2 transputer combines the global sums and combines the
pre-clusters it receives. The resulting pre-clusters are compared
against an energy threshold and to those surviving a coordinate trans-
formation is applied from local coordinates to global coordinates (cf.
chapter 4).

6. The final global sum and cluster information is .sent over the link
clusters to the server transputer, which displays the information on
the standard output (terminal screen) and writes this information to
disk on the VAX.

Timing information is stored in the global sums array. The results are
usually stored on disk and analysed off-line.

The execution of the algorithm in the trigger and Iayer2 transputers is
completely controlled by the constants in the lookup tables. These con-
stants are supplied by the server transputer, which reads them from the
VAX disk and attaches a header, including a destination address. The con-
stants packets are then sent to the Iayer2 transputer. A task on the layers
transputer dispatches the constants to the Iayer2 trigger information com-
bining task and to the trigger-constants link depending on the destination
address. A task on the trigger transputer receives the constants and places
them into memory or discards them depending on the destination address.
This procedure makes the dispatching of the constants independent of the
number of constants packets or the order in which they are sent.

The performance of the trigger transputer is monitored over the mon-
itor link. A number of constants that should remain fixed is transported
for each event to detect unwanted changes in the memory. The transputer
is instructed to disregard arithmetic errors, but the error flag is read and
cleared at several steps in the clustering algorithm and a status word is
included in the monitor data and the global sums ii dicating if an error has
occurred in the event and at which point or points
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6.2 Parameter values

RCai [cm]
3RcaiPT[cmGeV]
Rhadron [cm]
Rem [cm]
EsMCceuWeV]
^HACceulMeV]
EEMCpreclu3tcr [MeV]
EHACprecluster\MeV]
E~ [MeV]
E+ [MeV]

FZ
E~ [MeV]
EKWeV]

Coordinate system
FCAL

233
210
30
20
30
100
200

1000
188

8100
2
15

1000
5000

BCAL
133.5
120
30
20
30
100
200

1000
188

8100
2
12

1000
5000

RCAL
157
140
30
20
20
70

130
700

148
6580

1

8
500

2500

Global
65
180
30
20
30
100
200

1000
148

8100
1

15
1000
5000

Table 6.1: Values for the parameters of the second level calorimeter trigger
cluster finding algorithm that were used to derive the results of this chapter.

The parameter values that were used for the cluster finding algorithm
to derive the results of the following section are listed in table 6.1. The
symbols are explained in section 4.3.4 of chapter 4, except for the following
symbols:

EBMC cell
EHACcell

rp—
^EMCprecluster

EHACpreclu3ter

E~ell for EMC cells,

E~ell for HAC cells,

electromagnetic pre-clusters below this energy
are discarded by the layer 1 processors,
hadronic pre-clusters below this energy are dis-
carded by the layer 1 processors.

6.3 Timing results

6.3.1 Layer 1
The implementation of the layer 1 part of the second level calorimeter
trigger processor ;n the test set up is the same for the final system.

98



The amount of work to be done by a specific layer 1 transputer, depends
on the region it has to service. The regions 1, 2, 5, 6, 18, 19, 25 and 26
(see figures 4.7, 4.9 and 4.8) have been selected to study the timing of the
algorithm in layer 1. The other regions are identical to one of the selected
regions and timing should be statistically the same, since all reactions that
were studied are symmetric in <j>.

Figures 6.2 and 6.3 show the execution time for the different regions
and the different reaction types in' the layer 1 processors.

region
FCAL central-1

central-2
top/bot./left/right
corners

BCAL forward

rear

RCAL central
top/bot./left/right

crate
numbars
5,7,9,11

6,8,10,12
2,4,13,15
1,3,14,16

25,27,29,31
33,35,37,39
26,28,30,32
34,36,38,40
19,20,21,23
17,18,23,24

<t>[tts]
727
575
652
517
616

646

857
526

fraction [%]
with t > 2 ms

0.02
0.01
0.02
0.01
0.01

0.01

0.02
0.01

Table 6.2: Average execution time and the fraction of events with a pro-
cessing time longer than 2 ms for the layer 1 processors. See chapter 4 for
the assignment of the region numbers. The contributions from the different
event types have been weighted by their second level input rate (= first level
output rate) as can be derived from table 5.2.

In table 6.2 the values of the average execution time for different regions
are listed.

In table 6.2 also the percentage of events with an execution time longer
than 2 ms is given. To keep the total processing time within tight bound-
aries, calculations that last longer than 2 ms can be aborted and the event
accepted. The rate of events that will have to be accepted because of this
provision is about 0.1%, much lower than the second level trigger output
rate aimed at (about 10% of the incoming rate).

Since most of the events that are expected as input for the second level
trigger will be of the beam gas interaction type (0(98)%, see table 5.2),
the timings on the beam gas events will completely dominate the average
execution time for all event types.
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6.3.2 Layer 2

As a prototype for a layer 2 processor, the processor combining the infor-
mation from the regions 1, 2, 4, 5, 6, 9 and 14 in the FCAL was used.

Its is expected that, especially for beam gas events, the FCAL and
RCAL will have to handle most of the information. The area proposed
above is the largest area that has to be combined by one processor and is
part of the FCAL.

I 10

10

1

10*

to

cc

PGFcc

NC

VMD

0. 1. Q. 1. 2.
Execution time tmsl

LATER 2 FCAL

Figure 6.4: Execution time in layer 2 for the largest set of FCAL regions
that should be combined by a single layer 2 processors.

Figure 6.4 shows the execution time for the different reaction types in
the layer 2 processors.

In table 6.3, the average processing times for one of the FCAL layer 2
processors are listed for several event types, as well as the percentage of the
events that need more than 2 ms to finish the calculations. The average
processing time for all events is 464/15 and is completely dominated by the
contribution from beam gas events.

A time out can be forced after 2 ms, while keeping the events that have
been timed out. In this way less than 1% of the events will be accepted
and this will not significantly influence the second level trigger rate.
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event type
Beam Gas
Neutral Current
Charged Current
Photon Gluon Fusion (cc)
Vector Meson Dominance

<t> [fis]
461
596
564
570
612

fraction [%]
with t > 2 ms

0.4
0.3
0.1
0.0
0.0

Table 6.3: Average execution time and the fraction of events with a pro-
cessing time longer than 2 ms for the layer 2 processor combining the in-
formation from the FCAL regions 1, 2, 4, 5, 9 and 14 (see figure 4-7 for
the region number assignment).

6.3.3 Estimates for layer 3

The layer 3 processors run the same algorithm as the layer 2 processors for
the combination of the clusters. The coordinate transformations, which
turn out to be the most time consuming part of the layer 2 calculations,
do not have to be performed by the layer 3 processors.

To estimate the execution time of the layer 3 processors, the timing
for the part of the layer 2 algorithm that combines the clusters alone has
been used. Figure 6.5 shows the execution time when only combining the
pre-clusters for the different reaction types in the layer 2 processors.

event type
Beam Gas
Neutral Current
Charged Current
Photon Gluon Fusion (cc)
Vector Meson Dominance

<t>[flS]
54
82
77
69
86

Table 6.4: Average execution time for the part of the layer 2 algorithm
for combining the clusters of the FCAL regions 1, 2, 4, 5, 9 and 14 only
(see figure 4- 7 for the region number assignment).

Table 6.4 lists the average execution time for the layer 3 cluster com-
bination algorithm run on the largest FCAL layer 2 area alone. The total
execution time for the layer 3 processor will be about a factor of three
larger at most. The average execution time will be dominated by the con-
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Figure 6.5: Execution time in layer 3 when only the information of the
largest FCAL layer 2 area is treated.

tribution from beam gas events. We estimate the total execution time for
the layer 3 algorithm to be less than 200 fis. This number is an estimate
and as such not as precise as the timing results for the layer 1 and layer
2 processors, but since this time will be short compared to 1 ms anyway,
this uncertainty will not affect significantly the overall timing results.

6.3.4 Estimates for data transport

From the digital cards to layer 1

The second level calorimeter trigger data has to be read from the digital
card. The transputers that have to read most channels are those in the
top, bottom, left and right region in the FCAL, 138 channels per region.
The time needed to read these channels and put them into the triple port
memory of the 2TP-VME card is approximately:

3.5 /is + 1.2 fis x 96 + 3.5 us + 1.2 fis x 42 = 173 (is, (6.1)

assuming that the 96 EMC sums and 42 HAC sums can be fetched using
two two dimensional block moves, that it takes 1.2fis to transfer one word
from the digital card to the triple port memory and that for both block
moves a 3.5fis start up time is needed.
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From layer 1 to layer 2

The data transport from one transputer to another can proceed completely
in parallel to the processing on the transputers. As a safe lower limit of
the data transmission rate 1 Mbyte/s will be assumed. This corresponds
to cable lengths up to 40 m (see table 4.1). The number of global sums
and monitor information to be transported is less then 20 4-byte words.
Figure 6.6 and 6.7 show the number of pre-clusters generated in different
layer 1 regions for different types of Monte Carlo events.

region
FCAL central-1

central-2
top/bot./left/right
corners

BCAL forward

rear

RCAL central
top/bot./left/right

crate
numbers
5,7,9,11
6,8,10,12
2,4,13,15
1,3,14,16

25,27,29,31
33,35,37,39
26,28,30,32
34,36,38,40
19,20,21,23
17,18,23,24

<clusters>
0.02
0.07
0.72
0.53
0.04

0.08

0.00
0.76

Table 6.5: Average number of pre-clustem. See chapter 4 for the assign-
ment of the region numbers. The contributions from the different event
types have been weighted by their second level input rate (= first level out-
put rate) as can be derived from table 5.2.

The average number of pre-clusters produced in any region is well below
1 (see table 6.5). The average total number of bytes to be transported from
any layer 1 to a layer 2 transputer is estimated to be less than:

20 X kbytes + 11 X 1 x 4bytes = 124bytes. (6.2)

Where the total number of global sums is estimated to be 20 (see also
section 4.2). The time needed, when assuming a data transmission rate
of 1 Mbyte/s, to transport this information is 124 fis. In addition a little
time will be lost when setting up the data transfer. A time of 130/15 for
the layer 1 to layer 2 data transport seems a safe estimate. \
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covered by one layer 2 processor.
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From layer 2 to layer 3

o. 10. 10. 20.
f Clusters

LAYER 2 FCAL

Figure 6.8: Number of clusters produced by layer 2 for one of the (largest)
FCAL regions covered by one layer 2 processor.

Figure 6.8 shows the number of clusters resulting after combination in the
largest FCAL region. This is the number of clusters that will have to be
sent from the layer 2 processors to the layer 3 processors.

event type
Beam Gas
Neutral Current
Charged Current
Photon Gluon Fusion (cc)
Vector Meson Dominance

< pre-clusters >
1.607
2.095
2.007
2.032
2.189

Table 6.6: Average number of pre-clusters for the FCAL area consist-
ing of regions 1, 2, 4> 5, 9 and 14 (see figure 4- 7 for the region number
assignment).

The average number of pre-clusters produced in any area covered by
one layer 2 processor can be expected to be on average well below 2 (see
table 6.6), because the FCAL layer 2 area under consideration is the largest
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and most active area covered by a single layer 2 processor.
The average total number of bytes to be transported from any layer 2

to a layer 3 transputer is estimated to be less than:

20 x Abytes + 11 x 2 x 4bytes = 168bytes. (6.3)

The time needed, when assuming a data transmission rate of 1 Mbyte/s,
to transport this information is 168 fis. In addition a little time will be
lost when setting up the data transfer. A time of 170 (is for the layer 1 to
layer 2 data transport seems a safe estimate.

6.3.5 Conclusion

The sustained throughput of the second level trigger processor depends
only on the slowest component in the system. The layer 1 processors
serving the area's just around the beam pipe in the RCAL are these slowest
components. The expectation of the throughput based on the Monte Carlo
studies presented here is thus:

maximum throughput = = 1.17 kHz. (6.4)

Since the first level trigger output rate should be below 1 kHz, this is well
within the specification.

The average time needed to process one event, from the time that a
first level trigger accept signal is generated, will be:

energy conversion by the DSP < 1000 fis
fetching the data from the Digital card 173 fis
processing in the first network layer
transport from first to second layer
processing in the second network layer
transport from second to third layer
processing in the third network layer

total < 3.094 ms.

This estimate includes the sample to energy conversion on the digital card.
The time needed by the second level calorimeter trigger processor itself is
on average only 2.094 ms.

When the maximum time in one of the processing layers is exceeded,
the event will be flagged as accepted and no cluster information will be
sent to the next layer. The total processing time is therefore always less
than 8 ms, but the maximum processing time only occurs in less than
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0.1% of the cases. A buffer overflow in the digital card buffers because of
large processing times in the second level calorimeter trigger processor is
unlikely.

The maximum time needed by the global second level trigger box to
combine the second level component trigger data is approximately 3 ms [68].
The time available to the component processors is thus on average at least
5 ms. Hence, the calorimeter second level trigger processor is not a critical
component.

6.4 Implementation of the clustering algorithm
in the ZEUS off-line reconstruction frame-
work

The clustering algorithm of the second level calorimeter trigger processor
has also been implemented in the ZEUS off-line reconstruction programme
ZEPHYR1 [117, 123].

In ZEPHYR the ADAMO system for data modelling is applied [113]
and the cluster finding algorithm has been coded in Fortran 77, using the
TAP package [69] of ADAMO.

The structure chart of the implementation in ZEPHYR can be found
in section B.4 of appendix B.

The results on the electron and parton jet recognition and the beam
gas event rejection have been obtained with the use of the implementation
of the cluster finding algorithm in ZEPHYR.

6.5 Recognition of electrons in neutral current
events

The recognition of electrons has been tested on neutral current Monte Carlo
events. The events were generated with Q2 > 100 GeV2. This ensures that
the electron will not remain in the beam pipe as will be the case for very
low Q2 events.

To obtain an electron candidate from the second level calorimeter trig-
ger processor algorithm, the electromagnetic cluster with the highest en-
ergy is selected. Electromagnetic clusters with an energy below 2 GeV are
discarded as electron candidates. The electromagnetic clusters with an en-
ergy below 2 GeV are partly due to photons originating from hadron jets,

1 ZEPHYR is an abbreviation of ZEUS Physics Reconstruction. Zephyr is also the
west wind in greek mythology.
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but produced at large angles with respect to the jet axis (see also page 118
for the implications on the acceptance of neutral current events).

It turns out that a few percent of the electrons go to a region in the
RCAL calorimeter where the EMC and HACO cells have been removed
to make room for supply pipes for the super conducting solenoid magnet.
This area is called the chimney. Electrons going this way will deposit their
energy in HAC1 cells and the resulting clusters will thus be identified as
hadronic. Because very low hadronic activity is expected in this region, all
clusters in this area will be called electromagnetic.

The final state electron, for which the momentum can be obtained
from the Monte Carlo event record, and the electron candidate, for which
the momentum is obtained from the calorimeter energy deposition and hit
coordinates, are said to match if the angle between the momenta is smaller
than 200 mrad.

The efficiency for finding the final state electron can be defined as:

p _ •"matched /„ r\

•"expected

where Nexpected is the number of final state electrons that is expected, which
is the same as the number of events for neutral current events, and Nmatched
is the number of electrons that match an electron candidate cluster. The
efficiency can be interpreted as the probability that the cluster algorithm
finds the final state electron.

The reliability for finding the final state electron can be defined as:

n = ]*matehed , (6.6)
•** candidates

where Ncandidates is the number of electron candidates found by the sec-
ond level calorimeter trigger processor algorithm. The reliability can be
interpreted as the probability that an electron candidate presented by the
second level calorimeter trigger processor algorithm indeed is the final state
electron.

For the matching criteria mentioned above, the efficiency and reliability
for final state electron recognition with the cluster finding algorithm under
discussion are:

€ = 96.5%, (6.7)

U = 98.4%. (6.8)

In figure 6.9 the angular difference and the energy difference for match-
ing pairs of final state electron and electron candidate pairs are plotted.
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Figure 6.9: Angular and energy difference distribution for final state elec-
trons and candidate electron clusters as found by the second level calorime-
ter trigger processor cluster finding algorithm. Only the electron candidates
which match the final state electron within 200 mrad are included.

The average angular resolution that is expected for the rear calorimeter
in the vertical and horizontal direction is about:

A6veTt

A0hor \ arctan

= 33 mrad

= 66 mrad
(6.9)

The peak value of the angular difference plot is at an angular difference of
about 30 mrad, which is in excellent agreement with the granularity of the
RCAL.

Most of the final state electrons have an energy between 20 GeV and
35 GeV. An estimate for the energy resolution of the calorimeter for elec-
trons in this energy range is given by:

E
(6.10)

The energy resolution found in figure 6.9 is compatible with this value.
We conclude that final state electrons from neutral current events can

be recognised with high efficiency and reliability by the second level calo-
rimeter trigger processor algorithm and that the angular and energy reso-
lution is dominated by contributions from the calorimeter granularity and
energy resolution respectively.
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6.6 Recognition of par ton jets in charged cur-
rent events

The recognition of parton jets in deep inelastic events is much more difficult
to interpret than the electrons in neutral current events.

After fragmentation of the partons in the final state it is impossible
to relate individual particles to a specific outgoing parton and it is very
difficult to correlate clusters of energy depositions in the calorimeter with
individual final state partons.

Nevertheless we shall attempt to interpret the hadronic clusters that
aro found by the second level calorimeter trigger processor algorithm as
jets originating from partons.

The first problem to be tackled is the radiation of gluons in the final
state. To describe the hadron fragmentation in detail, hard gluon Brems-
strahlung has to be taken into account, as is done for example in the
LEPTO5.2 [50] Monte Carlo for deep inelastic scattering that has been
used for the study presented here. These gluons normally do not manifest
themselves as separate jets, but simply cause a broadening of the quark
jets. However, some of the very hard gluons can be interpreted as separate
jets.

To determine the number of jets that has to be found, the partons
(quarks and gluons) in the final state are combined. The pair of partons
with the lowest invariant mass is combined into a new parton state, that
replaces the two original partons. This procedure is repeated until the
lowest invariant mass is larger than a minimum value, which was fixed at
5GeV.

The next problem is that for parton jets at small polar angles (0 <
0(100) mrad), the target remnant jet and the current jet usually overlap
and also part of the energy will disappear in the beam pipe, so that nei-
ther direction nor energy of the jets can be determined with a reasonable
accuracy.

This problem is solved by excluding all parton jets as well as all second
level calorimeter trigger processor clusters at polar angles below 150 mrad.

This again introduces a boundary problem, since a parton jet at a polar
angle just above 150 mrad can give rise to a cluster at a polar angle just
below 150 mrad and vice versa. Since the matching criterion for parton
jet and cluster is an angular difference of less than 200 mrad just as was
the case for electron matching, any parton jet or cluster with a polar angle
between 150 mrad and 350 mrad that has no match, is not accounted for
when determining the efficiency or reliability.

Parton jets and clusters with an energy below 5 GeV are discarded.
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For the matching criteria mentioned above, the efficiency and reliability
for parton jet recognition cluster finding algorithm under discussion are:

€ = 78.3%,
Tl = 98.0%.

(6.11)

The definitions for efficiency and reliability are the same as in the for-
mulae 6.5 and 6.6, except that the electron candidate and the Anal state
electron are replaced by all hadronic clusters and all parton jets per event
respectively.

The efficiency is not very high, partly because some of the hadronic
clusters are recognised as electromagnetic. These wrong assignments are
caused by fluctuations in the longitudinal shower development. To as-
sess the influence of these wrong assignments, the parton jets that remain
unmatched to hadronic clusters, are matched with the electromagnetic
clusters. When only the matched electromagnetic clusters are added to
the total number of hadronic clusters and the efficiency and reliability are
determined again the following numbers are obtained:

£ = 82.6%,
11 = 98.1%.

(6.12)

Hence the wrong type assignments account for about 4.3% of the ineffi-
ciency.

,20.

0. -40 -20 20 40
AE/E UO

Figure 6.10: Angular and energy difference distribution for matching par-
tons and hadron clusters as found by the second level calorimeter trigger
processor cluster finding algorithm.

In figure 6.10 the angular difference and the energy difference for the
matching parton jet and hadron cluster pairs are plotted.
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The angular resolution peaks around 40 mrad and the broad distribu-
tion is due to final state interactions (fragmentation).

The relative energy aifference {{EpartOn — -Eclua«er)/£par<on) peaks near
zero with a width of a about 15%, a bit broader than can be expected
from hadron jets with an energy around 40GeV. The systematic shift
towards positive values is caused by energy losses due to energy escaping
through the beam pipe, small energy deposits at the jets boundary that
have been discarded by the clustering algorithm and energy depositions
in dead materials in front of the calorimeter. There are also large tails,
especially extending to very low values. This means that in many cases
the energy of the parton is much smaller than the energy found in the
matching cluster. The reasons for this mismatch in energy are:

• Some parton jets within one event are not combined by the parton
clustering algorithm, but are not observed as individual clusters by
the second level calorimeter cluster algorithm. The energy difference
is determined between the cluster and only one of the partons yielding
a, possibly large, negative value.

• The calorimeter cluster can contain energy contributions from other
parton jets, even from those at large angles, due to fragmentation.

The efficiency in formula 6.11 is too low to allow the triggering on
specific jet (parton) topologies. But in fact there is no need for a perfect
match of all clusters within one event. The efficiency can be redefined as:

f. _ ^matched (R t « ,
^-trigger — TT > ^O.IO^

where Ne is the number of events and Nmatch.e<i is the number of events in
which either no parton jets occurs at polar angles larger than 100 mrad or
at least one cluster can be matched to a parton jet. This efficiency can be
interpreted as the probability that at least one cluster is found when one
or more parton jets are present.

This type of efficiency is found to be:

S = 96.3%. (6.14)

When also matching electromagnetic clusters are taken into account this
efficiency is further enhanced to the value:

£ - 97.9%. (6.15)

Hence for trigger purposes the algorithm proves quite efficient.
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We conclude that parton jets, at polar angles that are not small, can be
recognised as hadronic clusters with reasonable efficiency and high reliabil-
ity. When the efficiency criteria are loosened, such that only one matching
hadronic cluster is needed for each event that has parton jets at polar an-
gles of at least 100 mrad, then the efficiency is also high. Since this last
criterion is relevant for the second level trigger, the prospects for triggering
on parton jets are good. The interpretation of all clusters in every event
needs further study, but is mostly irrelevant for the on-line interpretation
of the events.

6.7 Rejecting beam gas events using clusters

6.7.1 Timing of the calorimeter signals

The time of the energy deposition in the calorimeter with respect to the
beam crossing time can be determined with a resolution of about 1 ns.

For tracks from events with the primary vertex in the interaction point,
the time of flight to the RCAL and to the FCAL differ by:

2.21m-1.45m „ „„ ,
At = —-——g—;— = 2.53 ns. (6.16

3 x l 0 8 m / s

For events that have their primary vertex inside or beyond the RCAL (cf.
beam gas events), the timing difference amounts to:

2.21 m+\ .45 m s A/ <- 2.21 ro+2.32 m
3xlO»m/a — — 3xl08m/a /g irr\

12.2 ns < At < 15.1ns v ' '

It turns out that a large fraction of the beam gas events has a significant
energy deposition in both the FCAL and the RCAL. For those events of
this subset that have a primary vertex with zvertex < -1.5m the timing
difference (more than 12 ns) is large enough to reject them on this ground
(in [132] the absolute timing in the RCAL was used in a similar study).

About 75% of the beam gas events surviving the first level trigger can
be rejected on the RCAL-FCAL time difference criterion, giving a beam
gas reduction factor of 3.97. The event sample produced at the interaction
point remains totally unaffected by this cut.

6.7.2 High energy clusters at large polar angles

In figure 6.11 scatter plots of polar angle versus energy are plotted for beam
gas, charged current and neutral current events. From this plot it can be
seen that for beam gas events the clusters are nearly all concentrated at low
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Figure 6.11: Scatter plots for the polar angle (6) versus the energy E for
electromagnetic clusters (left hand side plots) and hadronic clusters (right
hand side plots) for beam gas events (top plots), charged current events
(middle plots) and neutral current events (bottom plots).

energy or at low angle from the beam. The beam gas clusters at large polar
angles possess small energy. The neutral current events all have a final state
electron that deposits at least a few GeV at large angles. Hadron clusters
from charged current events populate the entire polar angle spectrum at
reasonably high energies. This suggests that energetic clusters at large
angles from the beam are a signature of interesting physics, whereas the
absence of energetic clusters at large angles is a signature of beam gas
events.

If only deep inelastic events with Q2 > Q2_ — 100 GeV2 are considered,
the final state electron for neutral current events must have an energy (see
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Event type
BG
CC
NC

Reduction factor
3.04

Efficiency

89.6%
100%

Table 6.7: Reduction of beam gas events and efficiency for neutral and
charged current events when only accepting events with at least one cluster
that has an angle of more than 100 mrad with the z-axis and an energy of
at least 2 GeV (electromagnetic) or 5 GeV (hadronic).

also formula 2.6):

— 4Ee{i+cos6)

> 2.33 GeV for RCAL,

> 0.46 GeV forBCAL,
> 0.41 GeV forFCAL.

(6.18)

If the electron energy is demanded to be above 2 GeV, the neutral current
event sample with Q2 > 480 GeV2 is totally unaffected, while the final state
electrons from events with 100 GeV2 < Q2 < 480 GeV2 are mainly concen-
trated in the backward direction with energies at or just below 30 GeV (so
at polar angle 150° < 9 < 160°). This means that a cut on the electron en-
ergy of 2 GeV does not affect the neutral current event sample significantly,
even in the region 100 GeV2 < Q2 < 480 GeV2.

The identification of a hadron cluster with a jet emerging from a parton
only makes sense above an energy of a few GeV. Therefore an energy cut
of 5 GeV on hadronic clusters is applied.

Figure 6.12 shows for each event the cluster with the largest angle with
respect to the z-axis.

Clusters with a centfoid at a polar angle below 100 mrad are so near
the beam pipe that a significant energy flow will disappear through the
beam pipe and remain unseen. If no other significant energy depositions
occur at larger angles in the detector it seems impossible to reconstruct
the event kinematics (and hence x and Q2) reliably.

It seems reasonable for the calorimeter part of the second level trigger to
require events to have at least one cluster at an angle larger than 100 mrad
with respect to the positive or negative z-axis and also that such a cluster
has an energy above 2 GeV if electromagnetic or above 5 GeV if hadronic.

Table 6.7 lists the reduction of beam gas events and the efficiency for
deep inelastic events for the proposed cluster selection criterion.
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Figure 6.12: Largest angle of any electromagnetic or hadronic cluster
for each event with respect to the z-axis. Electromagnetic clusters have
an energy of at least 2 GeV and hadronic cluster have an energy of at
least 5 GeV. The dashed line in the plot for beam gas events gives the
distribution after rejecting the events that have significant energy deposits
in both the FCAL and the RCAL.

Figure 6.13 shows the x and Q2 values of the charged current events
lost by the cluster criterion used in table 6.7. The lost events are charac-
terised by high values for x and relatively low values for Q2. This particular
combination of kinematical variables results in events having all activity
concentrated in the very forward direction near the beam pipe. The re-
construction of these very forward events will be very difficult and not
very reliable, because a large fraction of the energy flow escapes through
the beam pipe and is not detected, even for particles associated with the

• i
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Figure 6.13: On the left hand side the x and Q2 values of the charged
current events lost when only accepting events with at least one cluster that
has an angle of more than 100 mrad with the z-axis and an energy of at
least 2 GeV (electromagnetic) or 5 GeV (hadronic). On the right hand side
the x and Q2 values for the complete sample of charged current events is
plotted.

current jet. The loss of these event seems to be inevitable, but will not
seriously affect the physics potential.

From figure 6.12 it can be seen that at the expense of only a modest
increase of inefficiency for charged current events, the beam gas events
can be suppressed much further by raising the minimum cluster angle to
a higher value. The neutral current events with Q2 > 100 GeV2 are not
affected by this cut up to a minimum cluster angle of 250 mrad.

6.7.3 Trigger efficiency for non standard events

The trigger criteria discussed above, based on energies and angles of elec-
tromagnetic and hadronic clusters, have been particularly studied in the
context of deep inelastic scattering.

These or similar criteria are also expected to be adequate for other
events. Events with charged leptons will in principle be accepted. (Muons
will of course be selected by a separate trigger using the muon chamber
information.) Also (isolated) photons will generate a positive trigger deci-
sion. Multi-jet events will lead to accepted triggers.

This means that events from e.g. heavy flavour production, QED Comp-
ton scattering, QCD Compton scattering, QCD multi-jet production will
be preserved in our approach. But also super symmetry and Higgs pro-
duction will lead to energetic charged leptons and jets in the final state
and will therefore pass the trigger criteria as formulated in the previous
sections.
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6.7.4 Combined results

Event type
BG
CC
NC

Reduction factor
11.2

Efficiency

89.6%
100%

Table 6.8: Reduction of beam gas events and efficiency for neutral and
charged current events when only accepting events with at least one cluster
that has an angle of more than 100 mrad with the z-axis and an energy
of at least 2 GeV (electromagnetic) or 5 GeV (hadronic) and rejecting all
beam gas events with zveTtex < —1.45 m. that have at least one cell hit in
both FCAL and RCAL with an energy deposition above 1 GeV.

The reduction and efficiency resulting from applying both the RCAL-
FC AL timing difference cut and the requirement of an energetic cluster at
a large angle with respect to the beam are listed in table 6.8.

6.7.5 Conclusion

The set of cuts presented above shows that a beam gas event reduction
factor of more than 10 can be obtained even if only the calorimeter infor-
mation is used. Since the second level trigger input rate is dominated com-
pletely by beam gas events (soft photoproduction and other backgrounds
only contribute a few percent, see table 5.2), this means that the output
rate will be less than 10% of the input rate, which matches the design goal
of the second level trigger.

By improved vertex position resolution, especially in the transverse
plane, the central tracking second level trigger processor can further reduce
the beam gas events with a vertex position — 1.45 m <zmrtex. This means
that the minimum angle for a cluster with respect to the beam pipe can be
lowered, thereby even improving the acceptance of charged current events.

6.8 Conclusion

The second level calorimeter trigger processor algorithm presented in this
thesis is able to recognise final state electrons with high efficiency and
reliability, to recognise parton jets with a reasonable efficiency and high
reliability and has the potential to reject most of the dominant background
(beam gas events), while not affecting the physics to be extracted.
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As an illustration a set of second level cuts has been applied to Monte
Carlo generated events. These cuts reduce the background by more than
a factor of 10, in agreement with the design goal, and retain about 90% of
the charged current events and 100% of the neutral current events. The
charged current events that are lost will not severely affect the structure
function measurements. The proposed cuts are also expected to be very
efficient for other interesting physics, such as heavy flavour physics and
exotics.

For the implementation of the algorithm hardware has been developed
based on transputers. Timing studies on Monte Carlo events, show that
all necessary calculations can be performed in this implementation at a
maximum throughput rate of more than 1 kHz, conform to the design
specifications, while also the latency time is limited to about 2 ms for the
second level calorimeter trigger processor alone.
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Appendix A

A buffering scheme for fixed
length data items in
OCCAM

In OCCAM there exists a very elegant way for building a first in first out
buffer. A chain of processes can be formed, each passing on a data item
on to the next process. When the last process in the chain can not deliver
its data item to the consumer any more, the process stops, such that the
preceding process is unable to deliver its data item, etc. (see figure A.I).
For integer data items this can be coded in OCCAM as:

fifo[0]

Figure A . I : FIFO buffer implemented as a process chain in OCCAM.

PRQC fifoCVAL INT depth, CHAN OF INT source , d ra in )
[depth] CHAN OF INT channel :
PAR

WHILE TRUE — input process
INT item :
SEQ

source ? item
channe l [ i ] ! item

PAR i « 0 FOR (depth-1)
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WHILE TRUE
INT item :
SEQ

channel [ i] ?
channel [i+l] !

WHILE TRUE
INT i tem :
SEQ

channe l [depth -1 ]
drain

—

item
item

-

? item
! item

- single buffer

- output process

This process has to run in parallel with the supplier and consumer pro-
cesses. An external source can supply integers to the channel source and
an external consumer can read the integers from the channel drain in the
order in which they are supplied but asynchronously. The length of the
buffer can be selected at startup by the parameter depth, but can not be
less than 1 (in that case there is no buffering requested and the channels
can be tied up directly).

slot

slot

slot

slot

1

2

3

4

item

item

item

item

A

B

C

D

slot number 3

slot number 2

Figure A.2: FIFO buffer implementation for long data items in OCCAM.

For large data items, this scheme causes a large overhead, because the
data items have to be copied from buffer slot to buffer slot. It would
be much more practical to leave the data where they are and transport
only the data address in the way described above. This can be obtained
by declaring a two dimensional array and putting the data items in this
array and then providing the buffer slot number to the OCCAM process
described above. The number of buffer slots in the two dimensional array
has to be chosen two larger than the length of the fifo formed by the process
chain, because the filling of the buffer slots by the supplier process is always
one step ahead of the input of the corresponding buffer slot number to the
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fifo process chain and the consumer reads the buffer slot number and only
then starts reading from the corresponding buffer slot. Schematically this
is depicted in figure A.2. Buffer slot number 1 has been accepted by the
consumer and is being processed. The producer can not supply buffer slot
number 4, so it will not proceed and the contents of buffer slot 1 will not
be disturbed.

The (buffered) data transport between two transputers on a single NIK-
HEF 2TP-VME module can be conveniently implemented by this mech-
anism. The data buffer is then put in the triple port memory to which
both transputers have access. The first or last step of the FIFO routine is
implemented as a handshake, using the event signal that can be generated
from one transputer to the other on the NIKHEF 2TP-VME module.

'• V .

j
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Appendix B

SASD description of the
second level calorimeter
trigger processor

B.I Introduction

In this appendix the structured analysis structured design (SASD) analysis
diagrams for the second level calorimeter trigger processor are shown.

For a complementary description of the basic processing units the
reader is referred to chapter 4.

The SASD diagrams follow the Yourdon notation [70].

B.2 The full scale implementation

B.2.1 The context diagram

The three components that the second level calorimeter processor has to
interface to are:

1. the readout transputers on the 2TP-VME modules in layer 1, which
get the second level calorimeter trigger data from the digital cards,

2. the global second level trigger box, to which the trigger results have
to be sent and

3. the run control and monitoring hosts, which take care of controlling
the state of the programme (initialising, ready, paused, etc.), loading
of the constants and monitoring of the performance.
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Figure B.I: Context diagram.

B.2.2 The top level diagram

Figure B.2: Top level diagram.

In the top level diagram the processing has been split into layer 1, layer 2
and layer 3 processes. The division is hardware inspired1, but this makes
it easy to identify each of the three processes with the programme on one
of the processors in the corresponding layer of the pyramid.

'In general it is not a good SASD practice to let hardware constraints inspire the
analysis diagrams
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The monitorjconnectj-equest control flow is needed to interface to the
monitor host via a control and switch box (CSB) [71]. The trigger control
flow is an interrupt from the readout transputer to the trigger transputer
in layer 1, to signal that another event is ready to be treated.

B.2.3 The layerl diagram

Figure B.3: Layer 1 diagram.

In this diagram the processes storeJocaljconstants and sendjprej:lusters
run in parallel with the other processes, which run in sequence. The se-
quence is indicated by the use of control flows, each signaling to the sub-
sequent process that it can proceed. In practice these processes execute as
sequential code and flow control is automatically achieved.

The processes Initialise, makeJHACjprejclusters, makeJSMC-prejclus-
ters, combineJIA CMndJBMCprejdusters and cut_on.prejclustersjenergy
all operate on the same buffer in the prejclusterjstore. The last process
puts the pre-clusters into another buffer, ready for shipping to the layer
2 processor. The pre-cluster transport can then proceed in parallel with
treatment of the next event by the other parts of the code.

The control flow start Jayerl makes sure that the trigger algorithm can
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only start execution when the necessary constants are loaded.

B.2.4 The Iayer2 diagram

Figure B.4: Layer 2 diagram.

The incoming pre-clusters are buffered in layer 2 and processed by se-
quential code that combines the pre-clusters, if possible, and transforms
the spatial coordinates from local coordinates to global coordinates (see
section 4.5.1).

The control flow startJayer2 makes sure that the layer 2 programme
can only start executing when the necessary constants are present.

B.2.5 The Iayer3 diagram
The layer 3 processors execute the same code as the layer 2 processors,
with the exception that no coordinate transformation is performed.

A separate process running in parallel reads the information of the pre-
clusters and the global constants from the store in which they are kept and
extracts monitoring information that is being sent, on request or at regular
intervals, to the monitoring host.

130



Figure B.5: Layer 3 diagram.

B.3 The two 2TP-VME module test set up im-
plementation

B.3.1 The context diagram

Figure B.6: Context diagram.

In the context of the test set up, the three different terminators in the
context diagram of the final system are replaced by one terminator, which is
the VAX interfaced to the test set up network by a CAPLIN interface [67].
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B.3.2 The top level diagram

Figure B.7: Top level diagram.

In the top level diagram of the test set up the readout transputer and the
layer 1 transputer are part of the same 2TP-VME module. For the layer
1 transputer the environment is exactly the same as in the final system.

For the layer 2 transputer the situation is different in the sense that
the pre-cluster information from only one layer 1 transputer is collected
instead of the information from six or seven layer 1 transputers.

The server process interfaces the test set up network to the VAX, from
where it reads the calorimeter Monte Carlo data, on which it stores the
second level calorimeter trigger results and from where it is controlled by
the user.

B.3.3 The layerl diagram

The layer 1 diagram of the test set up is exactly the same as the one for
the final set up described in section B.2.3, except for the control flow that
requests connection for the monitoring data. This control is not needed in
the test set up, in which the control and switch box (CSB) is not used for
the link connections.
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Figure B.8: Layer 1 diagram.

B.3.4 The Iayer2 diagram

The layer 2 diagram of the test set up is the same as in the final set up,
except for the distribution of the constants which go through the layer 2
processor to the layer 1 processor, instead of directly from the server to
the layer 1 transputer. So a provision in the layer 2 programme has been
made to transport the constants also to the layer 1 processor.

B.4 The off-line implementation in ZEPHYR

Figure B.IO shows the structure chart of the off-line implementation of
the cluster finding part of the second level calorimeter trigger processor.
The object represented by the data couples (open circles with arrow) are
ADAMO tables, which are accessed by 'window' common blocks in Por-
trait.
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Figure B.9: Layer 2 diagram.

Figure B.10: Structure chart of the off-line implementation of the cluster
finding part of the second level calorimeter trigger processor algorithm.
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Summary

The Hadron Elektron Ring Anlage (HERA) is a unique SOGeV electron
820 GeV proton collider presently under construction at DESY in Ham-
burg, Germany. HERA is not a conventional collider, because it is asym-
metric: neither the centre of mass frame nor the target frame coincide with
the laboratory frame. The time interval between beam crossings (96 ns)
is very short. In chapter 2, the HERA parameters and the HERA physics
potential are discussed.

ZEUS is a detector for this electron-proton collider. One of the main
detector components of the ZEUS experiment is the high resolution de-
pleted uranium scintillator sandwich calorimeter.

The ZEUS high resolution calorimeter not only plays an important role
in the (off-line) reconstruction of the recorded events, but also in the (on-
line) selection of the interesting events. In chapter 3, the ZEUS detector
is described with the emphasis on the high resolution calorimeter and on
data acquisition and triggering.

ZEUS uses a trigger of three levels. In the first and second level trigger
the detector components first are treated independently and are then com-
bined in what is called the global first and second level trigger box, which
then produces the decision to keep or reject the event.

The second level calorimeter trigger processor produces global informa-
tion, such as energy sums and the timing of the energy depositions with
respect to the bunch crossing time. Also a search is performed for clusters
of energy depositions, which could be associated with isolated electrons
and hadron jets. In chapter 4, the second level calorimeter trigger algo-
rithm is explained and the implementation is discussed. The time available
to produce the second level calorimeter trigger data is of the order of one
millisecond and this time scale lead to the idea of massive parallel pro-
cessing and the use of transputers. A transputer based VME module has
especially been designed and produced at NIKHEF-H.

The performance of the trigger algorithm implemented in this transpu-
ter environment has been tested using Monte Carlo events. In chapter 5,
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the Monte Carlo event generators, that have been used for the studies
in this thesis, are discussed. The Monte Carlo events have been tracked
through a detector simulation programme, which was especially set up for
trigger studies. To test the second level trigger algorithm a realistic in-
put sample was obtained by applying a first level trigger simulation to the
Monte Carlo data. The first level trigger studies on the Monte Carlo data
are also discussed in chapter 4. The input rates for both the first and
second level trigger turn out to be completely dominated by interactions
of the proton beam with the rest gas in the beam pipe in a range between
—60 m and +2m from the interaction point.

In the last chapter (6), several important results of the second level
calorimeter trigger processor algorithm are presented. The execution time
of the algorithm was measured in a test set up. The execution time turns
out to satisfy the design criteria. The throughput of the system exceeds a
rate of 1.2 kHz, while the total time between the first level trigger accept
and the output of the second level calorimeter trigger data is about 3 ms,
well below the design criterion of 5 ms. This leaves ample time for the
global second level trigger box to correlate the data from the different
detector components.

The efficiency and reliability for the recognition of electrons and jets by
the second level calorimeter trigger processor have been determined and
have been shown to be very satisfactory.

Finally it is shown that with the use of the calorimeter cluster informa-
tion a significant beam gas event suppression, by a factor larger than 10,
can be obtained, while the interesting events are not significantly affected.
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Samenvatting

De Hadron Elektron Ring Anlage (HERA) is een unieke 30 GeV electron
820 GeV proton botser, die op met moment gebouwd wordt bij DESY
in Hamburg, Duitsland. HERA is een onconventionele botser, omdat hij
asymmetrisch is: noch het zwaartepunts systeem, noch het systeem waarin
het doel in rust is valt samen met het laboratorium systeem. Het tijdsin-
terval tussen twee opeenvolgende keren dat de bundels kruisen (96 ns) is
erg kort. In hoofdstuk 2 worden de HERA parameters en de HERA fysica
besproken.

ZEUS is een detector voor deze electron-proton botser. Eén van de
belangrijkste componenten van het ZEUS experiment is de hoge resolutie
sandwich calorimeter, die bestaat uit lagen verarmd uranium en scintilla-
tor.

De ZEUS hogp resolutie calorimeter speelt niet alleen een belangrijke
rol in de (off-line) reconstructie van de geregistreerde gebeurtenissen, maar
ook bij de (on-line) selectie van de interessante gevallen. In hoofdstuk 3
wordt de ZEUS detector beschreven met de nadruk op de hoge resolutie
calorimeter en op de data acquisitie en het selectiesysteem.

ZEUS gebruikt een selectiesysteem van drie niveau's. Op het eerste en
tweede niveau worden de detector componenten eerst afzonderlijk behan-
deld en daarna gecombineerd in wat een globale eerste of tweede niveau
selectiedoos wordt genoemd en waar beslist wordt om de gebeurtenis te
behouden of weg te gooien.

Het tweede niveau calorimeter selectiesysteem produceert globale in-
formatie, zoals gesommeerde energieën en de tijd die is verstreken tussen
het kruisen der bundels en de depositie van energie in de calorimeter. Er
wordt ook gezocht naar clusters in de energie deposities, die geassocieerd
zouden kunnen worden met geïsoleerde electronen en gecollimeerde bun-
dels hadronen. In hoofdstuk 4 wordt het algoritme van het tweede niveau
selectiesysteem uitgelegd en wordt de implementatie ervan besproken. De
tijd die beschikbaar is om de resultaten van het tweede nivea- calorimeter
selectiesysteem te berekenen is van de orde van een milliseconde en deze
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tijdschaal leidt tot het idee om de berekeningen grootschalig parallel uit te
voeren en zo tot het gebruik van transputers. Een op transputers gebas-
seerd VME module is speciaal voor dit doel op het NIKHEF-H ontwikkeld
en geproduceerd.

De prestaties van de implementatie van het trigger algoritme in deze
transputer omgeving is getest door gebruik te maken van Monte Carlo
gebeurtenissen. In hoofdstuk 5 worden de Monte Carlo generatoren be-
sproken, die zijn gebruikt voor de studies in dit proefschrift. De Monte
Carlo gebeurtenissen zijn bewerkt door een programma dat de detector
simuleert. Dit simulatie programma is speciaal voor de selectie studies
geschikt gemaakt. Om het tweede niveau calorimeter algoritme op een re-
alistische wijze te testen, is een verzameling gebeurtenissen gemaakt, die
een simulatie van de selectie op het eerste niveau overleven. De eerste ni-
veau selectie studies op de Monte Carlo gevallen worden ook in hoofdstuk 4
besproken.

De meeste gevallen die aan de eerste en tweede niveau selectie worden
aangeboden zijn botsingen van deeltjes uit de protonbundel op restgas in de
bundelpijp in het gebied dat tussen de —60 m en de +2 m van het interactie
punt is verwijderd.

In het laatste hoofdstuk (6) worden verschillende belangrijke resultaten
van het tweede niveau calorimeter selectiesysteem gepresenteerd. De execu-
tietijd van het algoritme is gemeten in een proefopstelling. De executietijd
blijkt aan de ontwerpdoelstellingen te voldoen. De verwerkingssnelheid van
het systeem overschrijdt de 1200 gevallen per seconde, terwijl de tijd tussen
de acceptatie door het eerste niveau selectiesysteem en de beschikbaarheid
van de resultaten van het tweede niveau calorimeter selectiesysteem onge-
veer 3 ms is, ruimschoots minder dan de ontwerpdoelstelling van 5 ms. Dit
laat nog ruim voldoende tijd voor de globale tweede niveau selectiedoos
om de resultaten van de verschillende componenten te correleren.

De efficiëntie en betrouwbaarheid voor de herkenning van electronen
en gecollimeerde bundels hadronen van het tweede niveau calorimeter se-
lectiesysteem is bepaald en blijkt erg bevredigend te zijn.

Tenslotte wordt nog gedemonstreerd dat met behulp van de calorimeter
cluster informatie een significante onderdrukking, meer dan een factor 10,
van bundel gas gebeurtenissen kan worden gerealiseerd, terwijl de interes-
sante gebeurtenissen niet noemenswaardig worden geschaad.
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