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1. INTRODUCTION

)

1.1, PREFACE. Farly in 1976 it had been pointed out!’ that the main

accelerator ring of the SPS could be transformed into a proton-

antiproton colliding beam device capable of reaching a centre of mass

energy of 2 x 270 GeV and eventually 2 x 400 GeV, On purely technical
grounds the scheme cannot compete with entirely new projects; still it

would offer a peak luminosity which 1s ouly a few times smallier than that

offt the ISR and threfore open up the possibilities of an early exploration of
several crucial issues; such as for instance, the existence of weak
intermediate bosons and of the spectacular new hadronic phencmena

hinted at by cosmic-ray experiments.

Two working groups were set-up at CERN in April of the same vyear
having in mind to examine the technical feasibility and the physics
potentials of the scheme. The conclusions of the groups were presented
at an Open Meeting on Nov. 24, 1976 and are contained in a report2>.

As a consequence of these recommendations three distinet activities

have begun at CERN, The first omne, is directed towards the realization
of the antiproton source; a second one to study experimentally the
stochastic and electron cooling needed in order to achieve the required
luminosity and finally a third group has concentrated on the physics
requirements and on the feasibility of a general purpose detector. A
first workshop was held at CERN in the period March 28 - 2nd April 1977
and a second in the period July 11 - 18, A third final meeting has taken
place in October. This systematic work has prompted over 50 reports,
‘which have been published as 'pp-Notes' and several other scientific

reports . Final conclusions have been presented at an open meeting

Nov. 11, 1977.

The present proposal is the direct result of these studies. Several
of the proponents have been with this project for at least two years
and have an active role in the cooling experiments (ICE) and in the
design of the antiproton facility. We believe that our close contact

with the accelerator group has been very beneficial and it will continue
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1.

2,

to be important especially during the initial phase of runniﬁg—in of

the experimental programme.

WORKING PRINCIPLE AND EXPECTED PERFORMANCE. We shall briefly outline

the general scheme of operation of the SPS as a pp collider. For
technical points and a more detailed discussion we shall refer to the
report of S. Van der Meer group3). Figure 1,1, shows a sketch of the
SPS. Antiprotons of about 3.5 GeV are produced with 26,5 GeV/c protons
from the PS and stacked in a specially designed pvaccumulator ring (A)
(block letters refer to Fig. 1.1). When a sufficient number of particles
(N_..2 6 x 10'1) has been accumulated and its phase space has been
su?tably compressed by cooling techniques, antiprotons are extracted

in the form of five bunches which travel along the existing tunnel (R)

. between the PS and the West Experimental Area, At the crossaver (C)

between this tunnel and TT60 (the extraction line from the SPS)
antiprotons are sharply bent by almost 170° and they find their way
to fhe 8PS through the standard niyoton extraction line (D) cperated at
appropriately reduced current, In this way,five equidistant p bunches
are stored inside the SPS with the nominal momentum of 3.5 GeV/c.
Particles are then accelerated to 15 GeV/c with the help of additionsl
RF cavities to cover the extended frequency range. Five proton bunches
are injected at the neminal injection energy from the PS through the
atandard line TT10 (E) and proton and antiproton bunches are
simultaneously accelerated with the main RF system to 270 GeV, energy
at which the SPS is held for the duration of the rumn. Initially a
luminosity lifetime of a few hours is anticipated“). In a second phase
with some improvements of the vacuum and eventually of the RF system
it is hoped that the lifetime could reach many hours.

The experiment will be located in one of the long straight sections,
We propose to use LSS5 (F) since it is the closest to the surface and it
is not occupied by major accelerator components. The luminosity will
be increased by acting on the betatron functions around the collision

)

point. This is realised by adding focussing elements®’ which are



energised only after acceleration. An increase of about forty times

in the luminosity is anticipated,

The luminocsity is easily estimated®’ from standard proton and

antiproton emittances:
L =1.43 x 107 x Np % NE/H cm © sec

where n is the number of (identical) bunches, Np and Nﬁ are
respectively the total number of protons and antiprotons, Setting
N_ = N5 =6 x 10" and n = 5 we get L = 1.0 x 10%? com™? sec”!, Tune

P
shifts and bunch-bunch luminosities are shown in Fig. 1.2. We remark

VERTICAL TUNE SHIFT OF PROTONS —
10°* 10~

—

PROTONS IN ONE BUNCH —
TUNE SRHIFT OF ANTIPROTONS

L
16'° 10" 10

ANTIPROTONS IN ONE BUNCH —

Figure 1.2, Bunch-bunch luminosities and tune shifts of
Ep = E5 = 270 GeV and standard emittances®).

(+ indicates our setting)

that for Gtot = 50 mb the interaction rate is N = 1.0 x 103" x 5 x 10726

= 5 x 10 int/sec and there is about 233 probability of



Table I.1. Parameters of S$PS used

as a pp~collider and of relevance to

the detector design.

Nominal energy
Equivalent accelerator energy

Total number of particles/beam

Number of bunches filled, each beam
Time separation between bunches
Luminosity, peak with low=R

Beam~beam tune shift

(max, at L, = 10°%)

Interaction probability at each
crossing of two bunches:

(i) beam-beam (Gtot = 50 mb)
(ii) beam—gas over 50 m at

P = 107" Torr

Total free length of low-g

insertion

Size of diamond, at 270 GeV and
nominal emittances (s.d):.

(i) ' vertical

(ii) horizontal

(iii) length

Luminosity lifetime due to gas,

at P =2 x 1077 Torr
av

Momentum spread, each beam

Ty

At

L
o]

AQ

bb

bg

270 + 270 GeV
160 TeV

6 x 1011 (4 ma)

5 (6)
4.6(3.8) us
1.0 x 10%%cm™2

4.8 1073

0.23

1.4 x 1073

H

14

0.08
0.336
30

5 x 107"

sec” !

mm

cm

hours
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interaction at each bunch crossing.

030 -2

cm s5ec !

A luminesity of v 1 is required in order to test
predictions of Unified Gauge Theories. However a first phase with a
much lower luminosity is highly significant since we could perform a
systematic study of the basic hadronic phenomena around 0.6 TeV in the
centre of mass, This initial phase is very fundamental since it would
test extrapolations of the main ISR/FNAL discoveries (large Pr phenomena,
jet structure, shrinking, scaling and so on) and the extracrdinary
indications of cosmic ray experiments which hint the onset of a new
hadronic threshold at about 100 TeV on a stationary target, or
equivalently 500 GeV in the centre of mass. For instance even for a
luminosity as low as L = 1027 cm™2 sec”™! our detecting apparatus could
collect about 50 events/sec or equivalently 150,000 events/hour in a
region in which cosmic rays have so far provided a handful of only
partially reconstructed events.

A list of relevant parameters is given in Table 1.1.

PHYSICS OBJECTIVES

2.1,

INTRODUCTION. There are several considerations,both théoretical and

experimental which substantiate our strong belief that new and fundamental
phenomena will emerge from experiments with energies of order 1 TeV in
the centre of mass. They are based on new and fundamental progress in
theoretical understanding, extrapolation of existing ISR, FNAL and SPS
results and the observations of cosmic ray experiments.

Gauge theories, the discoveries of neutral currents and of the
rising neutrino cross-section open the perspective of unification
between weak and e.m. interactions. This possibility rests on the
existence of intermediate vector bosons in the 40 to 150 GeV mass range
which are well within the capabilities of the detector presently
Proposed,

The observation of J/Y and of | indicate the presence of massive
quarks associated with new quantum numbers. If even more massive quarks
exist in nature, there should also exist narrow vector mesons analogous to

the p and 'Y, decaying into lepton pairs with large branching ratios. For



a reasonable mass resolution the peak would be above the Drell-Yan
continuum and the cross-section be observable for reasonahly large masses.
There is considerable evidence from cosmic ray experiments
indicating the onset of new phenomena in hadron interactions. The
appearance of unusual events above 100 TeV incident particles in the
laboratory and the observation of anomalous development of air showers
above the same energies, suggests some kind of threshold in hadronic
interactions?).
Another challenging possibility is .a search for fractionally
charged quarks. Overwhelming evidence favours the existence of
fractionally charged constituents inside the hadrons. Absence of direct
production suggests the existence of a confinement mechanism (bag). It is
not known, but it appears plausible that at very high energies the 'bag'
could sometimes be broken, thus liberating the elementary constituents.
All these expectations represent an impressive and coherent
justification of the considerable interest of this new energy range.
On the other hand it 1s clear that our detector will carry out a first
systematic exploration in a field which is almost completely unknown
and which must be tackled on a broad and unbiased base keeping sensitivity
towards entirely new facts and surprises.
In the following, a short overall review is given of some of the
physics potentials of the present proposal. We shall try to classify
them according to present knowledge and in the way they have guided us

in the design of the apparatus.

SEARCH FOR THE INTERMEDIATE VECTOR BOSONS. The most direct way to test

the current theory of weak interactions is to search for the W-mesons
whose coupling to fermions is respomsible for the weak forces). Their
masses must be large, since weak interactions so far can be described
in terms of local four fermion interactionsg). From the observation of
neutral currents!®) it is concluded that there must exist a neutral
component, a WY,

Even if we had no idea of what masses to expect, the opening uﬁ
of the new kinematic range offered by the p-p collider would make

the search for W an important objective. Current theoretical ideas



establish a close connection between W-mesons and the photon and give
to all of them a comparable intrinsic coupling strength. This leads to

the mass estimate:
~ (e?/G )% = 100 GeV/c?
W F

where e 1s the elementary charge and G_ the Fermi constant,

F
More specific theories allow detailed predictions. As an example
the Weinberg—Salam model! 1) gives masses as a function of an additional

parameter sin?f_, which is known from neutrino experiments:
W’
meos = 60 GeV/c? ™0 =~ 80 GeV/c?

which are outside the reach of the presently planned generation of ete”
Storage Rings (PEP and PETRA).

Mere general models of the same class predict a larger number of
W mesonSIZ), in the same mass range as the W-S model. Tt is therefore
evident that the presence or absence of W mesons in this mass range 1is
of considerable importance,.

The W cross-section in pp collisions is derived using basic and
simple assumptions. There is now very strong support for the notion
of point-like constituents in the hadron, obtained from lepton~hadron
scattering and very high energy neutrino experiments. The experimental
detection of weak interaction processes in hadronic collisions almost
certainly involves quark-antiquark annihilation very much like ete~
collisions.

In order to estimate the cross-sections in pp collisions, the
structure functions of partons must be known. Neutrino and charged
lepton scattering experimentss)provide the necessary structure functions
and have set limits (> 20 GeV) on any non-locality in the parton form
factor. The main difference with respect to e'e annihilation is that
now the kinematics is largely smeared out by the internal motion of
the ¢'s and q's.

Calculations on the production cross~sections have been reported
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10

by several authorsla). They usually invoke parton-antiparton annihilation,
scaling and CYC to relate the DLrell-Yan process to the W-productien,

Some corrections may be required because of scaling deviations due for
instance to asymptotic freedom. These effects have been considered !*)

and found relatively unimportant at least for MW < 100 GeVv.

Cross—sections are summarized in Fig. 2.la and 2.1b. Expectations
give a total cross-section of about 5 x 10733 cm? for Mwi Y 100 Gev.
We would like to stress that the estimates for PP are more reliable
than those for pp since the former involve mostly valence quarks
which have been accurately investigated in deep inelastic lepton
scattering experiments.

The search of these bosons requires an unambiguous experimental
signature. Leptonic decay branching ratios could be related by CVC to
the value of R measured in e%*e” annihilation at an energy equal to
the mass of the W®., We can either extrapolate R or use the Weinberg~
Salam medel. It is plausible that the result should be approximately
the same in any non exotic model since it depends mainly on the number
of possible quark and leptonic final states. (Quarks are counted three
times because of colour and with appropriate allowance being made for
the Cabibbo angle). For the branching ratios we take the foliowing
valuesls):

BOW » eT 4 v) = 0.12 B(w® +~ et + &7) = 0.05

Partial widths in the leptonic channels estimated by standard graphs

and the value of the Fermi constant!5) are:

F(Ww > et + v) = 140 MeV

{sin? 8, = 0.3)
T(w? - et + e} = 60 MeV

Combining partial widths and branching ratios we get total widths,
which are relatively large and at least in the case of W° accessible

to experimental observation:

I‘(wi > all) = 1.2 GeV/c? Tw® » all) = 1.2 GeV/c?
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12

The leptonic decay channels of both the neutral and charged
bosons represent the most obvious way of detection. In the case of the
We a pair of charged leptons are emitted. A narrow resonant peak
(reminiscent of the $/J signature) is easy to detect (Fig. 2.2). In
the case of the charged boson, a substantial fraction of the emitted
leptons are confined close to the maximum of the transverse momentum
(Fig. 2.3). Furthermore a large fraction of the transverse momentum
will be missing because of the emitted neutrino. Our detector is
capable of recording such a missing momentum.

Fig; 2.4 shows the calculated productla) 0.B for the process:

1_3+p—>Wi+X

4
e+ v

. + .
as a function of the W mass. The large C.M. energy available allows
us to investigate the existence of such particles up to masses of

about 200 GeV/c?. The rapidity distribution of the emitted

17)

leptons 1s shown in Fig. 2.5. We remark that only 50% of W° emit

both leptons in the angular range 30° < 8§ < 150° (|y] < 1.3) and 967
of the leptons are contained in the angular acceptance of our apparatus,
59 <8 < 175° (|yl < 3).

An important signature of the weak decay of the intermediate boson

can be found in the lepton angular distribution. The lepton distributions

from the charged W show a strong forward-backward asymmetry (fig. 2.6a).

This asymmetry is specific to 5p collisions, The asymmetry for the W°

is expected to be small (fig. 2.6 b). On the contrary, in pp collisions,

the lepton distributions are symmetric in cosf.

Recently hadronic jets have been observed in ete” annihilation
experiments. According to CVC the W should then also decay into two
hadronic jets; Observing the transverse momentum of the jet is most
likely not a sufficient ecriterion to separate out the W signal from the
(probably) more abundant background of hadronic originla). However if
the mass of the W is determined by observing both jets, the situation

19)

is far more promising and depending on the actual backgrounds and
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mass resolution it might be possible to isolate the signal (Fig. 2.7).
The interest in detecting the hadronic decays is motivated by the
faﬁts that:
(i) they constitute approximately 757 of the decays
(ii) they represent a direct way to measure the mass of the charged W's.,
An additional criterion which can be used in order to separate
jets from W decays from ordinary strong interactions is the presence
of leptons or/and strange particles since 3/8 of the W decays are
expected to be of the type W {c8).
However our primary objective in the search for W5 and WO rests
on leptonic decays. Background due to non resonant Drell-Yan and
other sources will be discussed later in the proposal. For the moment
we anticipate the conclusion that they appear negligible.
Mumber of events for an integrated luminosity of 10°% c¢m=2 are

given in Table 2.1.

100+

O =1GeV {Am/m=1.4%)
80

60 C =4GeV{Am/m ~ 5%) 7

Events / GeV

O =] GeV

c0 &5 70 75 80 85 90

Mass of 2 jets

Figure 2.7. W' + jets and Wo » jets signals and 5trong interaction
background calculated in the vector gluon model!®’, Data
are shown for an integrated luminosity of 10%° em™2.
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* 0 : .
TABLE 2.1. W and W Decay Channels, partial ecross sections and expected
events for [Ldt = 10%% cm 2.

. Channel Branching ratio Cross~section Number of events
: (cm?) for fLdt=10%%em™?
Wt ity 1/8 2.9 1073 290

Wt~ ety 1/8 2.9 107%" 290

W ud 3/8 8.7 1073" 870

1

W' cs 3/8 8.7 107" . 870

W By 1/8 2.9 107%" 290

W e"Ge 1/8 2.9 107" 290

W+ ud 3/8 8.7 107" 870

W+ c§ 3/8 8.7 1073% 870

- I

1O > eter 57 8. 10735 80

W% > vy 5% 8. 107%° 80

?. e e .

WO > utyT 57 8. 1075 80

MO > v Y 5% 8. 10733 80

! TRV

FJO + q3 807 13 10 *" 1300
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HIGGS BOSON PRODUCTION. A crucial feature of gauge theories is that

the masses of the gauge bosons and renormalizability are obtained

using the Higgs mechanism. Every gauge theory has at least one physical
neutral scalar Higgs boson. Therefore looking for such particles
should be an integral part of any programme to study weak interactioms
at high energies. In the simplest W-S model there is only one of

such neutral Higgs bosons, H. The Higgs boson could be less massive
than the W and w°. Other possibilities exist for instance if Higgs
particles are much beavier than the intermediate vector bosons, Their
self interactions could be large and a whole new set of effects could
emerge at centre of mass energies > 200 - 300 GeV.

In the standard W~S model, a spin zerc Higgs bosen couples to
other particles with strength proportional to their masses. As soon
as one can produce truly heavy particles, either quarks or intermediate
bosons, the process of production of a Higgs via bremsstrahlung
becomes non negligible,

Assuming that tbere are no quarks as massive as W's,the ¥ mass

dzu)

is require to be less than about 7 GeV. The production cross—secticn

for H production in p-p collisions has been recently calculated by

21)

antiquark annihilation and gluon-gluon annihilation. The coupling

Georgi, Glashow Machacck and Nanopoulos , They have considered quark
between gluons and H is related to the total number of beavy quark
flavours {even those so heavy that the corresponding new hadrons are
inaccessible). In their numerical estimates {(Figure 2,8 )} they have
used only three flavours. The number of heavy quarks and therefore the
B production could indeed be much larger.

Another process which 1s experimentally of interest in our case

X . , + o
is the associated production of a W or W° and a HZ&), Since the ¥

bosons have larpe masses, the cross—section for associated W, H

production is appreciable. The advantage of this process is that the
s + . . :

additional presence of the W or W° constituents a very lmportant

experimental signhature.

The cross—section has heen calculated22) with standard antiparton-

parton distributien functions and the cross—-section for the elementary
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Figure 2.8, dGH/dy|y=O as a function of H mass. Each shaded

band represents a different centre of mass
energy (Vs = 27.4, 60, 400 GeV)., From reference 21.

process q + g » W + H given by M.K. Gaillard and J. Ellis!S),

Results are shown in Figure 2.9. It is evident that we can reach
sensitivity to large masses (provided the W mass is large}.

The decay of the K boson depends critically on its mass. For masses
between "~ 4 GeV and 10 CeV,the TT and cc decay modes are accessible
and dominant. The experimental signature is then the presence of at least
one additional lepton in the debris of the W-preoducing event. If the
mass is greater than ~ 10 GeV,H decays mostly into hadrons containing

the T constituents. Until the next hadronic or leptonic thresheld is
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encountered {(corresponding to yet another flavour of lepton or quark},
these decay modes will predominate, There may be the possibility
that the new upsilon-related hadrons are stable., Another alternative
is that the ¥ belongs to yet another flavoured set of quarks which
enjoys weak couplings to other flavaurszl).ln this case the new hadrons
will decay by weak cascades producing multi-leptons or multi-strange
particle final state.

The effectiveness of the associated production method for observing
the Higgs relies onto the fact that the H-W" cross-section may be as
much as few percent of the ordinary Wt production and therefore the

additional leptonic signatures are highly significant.

10734 ' ' T ]
My =100 GeV o
. i
A Higgs -W ' L
associated production
o Y]
-3 35 from pp at vs=540GeV
o |O- = -
= . )
+l1 i
> n
T = ]
(=
1
~ 36 _
o © E .
|Oﬁ3?l L I L
0 50 100 150

Higgs boson mass {GeV/c?)

Figure 2.9. Associated Hipgs-W production according to the
quark-parton model and Weinberg Salam couplingszz).
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DYNAMICS OF HADRON CONSTITUENTS

[
.

he

| =

. QUARK SCATTERING. The centre of mass energy of 540 GeV brings closer
the regime of 'asymptotic freedom' for hadronic constituents (quarks).
Already over the range 10 é Vs ; 60 GeV there are strong indicatioms
for quasi-free behaviour of quérks. The general features of high Pr
particle production in hadron-hadron collisions are consistent with
a constituent interaction pictur623). A growing body of evidence
suggests that the basic mechanism for this process is a single large
angle elastic scattering of quarks followed by quark fragmentation

AR this viewpoint is correct the kinematics

inte a jet of hadrons
of jet production are directly related hoth to the elementary cross-
section for quark—gquark interactions and to the parent hadron structure

functions.

In order to estimate the cross—section for jet production in pp and

PP 1lnteractions for our energy range we have followed calculations of

25).

Peierls Trueman and Wang For elementary quark-quark scattering we

consider twe possibilities:

(1) coloured vector gluon exchange and (ii) the empirical Field-
Feynman form do/dt~ 1/(- g t3)26). The latter form was chosen to fit
the experimental invariant cross—section for single meson production

at 2 <Py < 8 GeV/c:

E — = = F(XT,O X = ZPT//é

CM)’ T

Additional assumptions used by Peierls et al, are (i) zero transverse

momentum for the colliding quarks, (ii) PPT structure functions for

29

the valence quarks and (iii) (1-x)’/x dependence for sea guarks.,

Since field theoretical models based on vector gluon exchange predict a

pE“ falloff it may be that the presently observed p}a falloff will

be replaced by a p}“ dependence at higher energies — hence both

possibilities are considered by Peierls et a12%),
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Figure 2.10. Cross-section E%%ﬁ for hadronic jets at 90°
as a function of Pr for various models.
Predictions are for pp interactien at

/s of 400 Gev2S?,

Figure 2.10 shows the predicted cross-section do/dpd{ versus Pr for
jets produced at By Of 90° in pp collisions at Vs of 400 GeV.
Figure 2, 11 shows the dependence of this cross-section on Vs in the
vector gluon model. Figure 2, 12 shows that pp and pp cross-—sections
are essentially the same for the p range accessible at the planned

25). The

luminosity, (L = 10%%m “sec™) in the vector gluon model
angular distribution of a jet recoiling against a 90° jet is shown in
Figure 2.13 for pp interactions at Vs of 400 GeV.

Experimental studies of leptonic and hadronic processes have
shown the following properties for the process g + hadronic jet:zs)
(1) Limited hadron transverse momentum, " 300 MeV/c relative to the

jet axis.

(2) Universal form — that is quarks appear to fragment in the same way
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irrespective of whether they are produced in e‘e™, VN, e"N or NN

collisions.

The inclusive single hadron distribution within the jet scales,

The theoretical picture is the following: as the quark leaves the

others the forces responsible for confinement build up an ever larger

fieldzg). The many quarks and antiquarks produced then gather into colour

singlets qq and qqq.

Field and Feynman

30

have developed a specific model of quark

decay which leads to direct experimental verifications. Detailed study

of quark fragmentation is an important element in our physics

programme,
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Apart from the intrinsic interest of this process, its understanding
is also important in relation to hadronic decays of W. Thus an
effective signature for charmed or strange quarks would facilitate the
study od W + c3. Brodsky has recently reviewed techniques for
identifying the parent of a hadronic jetal). The retention of charge
and other additive quantum numbers by the leading particle (z » 1) in a
jet decay may be useful as a jet discriminant.

Jacob and Landshoff have discussed the difficulty of experimentally
defining a jet at ISR energies because of the large angular aperture,
" 409 for a 5 GeV/c jet32). Since the angular aperture of a jet goes

approximately as sinf ~In pT/pT the collimation will improve in the

cM
higher pp range afforded by our experiment. Computer simulation of
events has shown that at our energies jets should be clearly identifiable

'by the naked eye' (Figure 2,14). For a given Py range, the increasing

Figure 2.14. Computer simulated quark—quark scattering event. The
transverse momentum is p,, = 20 GeV/c. Magnetic field
and aspect ratios correspond to our actual set-up-
The particles belonging to the jets are dot-~dashed.

Dotted lines are 7°'s,
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collimation of the jet away from BCM = 909 also enhances jet recognition
at the trigger level. Figure 2.15 shows the Pr dependence of jet
production at 6., = 90°, 20° and 6° calculated by Peierls et al. for
pE“jet prodﬁctionZS). The 20° cross—section is of the same order of
magnitude as the 90° cross—section up to p; v 40 GeV/c. Thus high p,
studies are desirable at moderate angles which also afford higher CM

energies in the quark-quark CM frame,

16731
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Figure 2.15. Predicted cross—section versus p,, for hadronic jets
at various angles in pp collisions at Vs of 400 GeV
from the vector gluon model?37,

8ince the cross—section for large Py jets is relatively small,
a trigger selection is necessary. The best unbiased trigger is

the requirement of a large transverse energy with full azimuthal



26

symmetry. With such a trigger, events with two or more jets can be
detected without bias. _ _

Most studies to date of high Pr phenomena have been made by _
triggering on a single high P particle. In the gquark-quark scattering
model the single high Pr particle comes from a quark carrying typically

26)

* 157 more momentum than the single particle The ratio

o{pp + jet + X)/o(pp ~ r° + X) is shown in Figure 2.16 as a function

of Xp far the vector gluon and Field-Feynman models; it depends onlyzs)on
X and GCM . A recent Fermilab study at 200 GeV/c is in agreement with
the Field-Feynman ratio for 3 < by < 5 GeV/e 33)
lo‘ i T T T T T
olpp=JET+X)/o (pp= mo+X]
——d5rdt = 1/0-51Y Bop = 9C°
———dgyai= 5530/
o
G2 //’ .
/,,
/,’
’/
0§81 "oz 03 04 05 o8 07

Figure 2.16. Predicted ratioc o(pp + jet + X)/o(pp + n*+X)

versus X, = ZPTVE with GCM = 90° from the quark-

quark scattering model of Field=-TFeynman {solid
curve) and from a vector gluon exchange model
(dashed curve).



27

In contrast it seems clear that high Pr studies at the pp collider
should be strongly focussed on jet production for the following
reasons:

(1) jet production kinematics are likely to be more directly related
to the underlying quark dynamics than single particle production;

(2) the jet fragmentation mechanism alsc relates directly to quark
dynamics;

(3) since the cross=-section for jet production is much higher than

for single particle production at the same Pr> jet triggers will

permit studies out to larger Pr than will single particle triggers; .
(4) hadronic decays of W will have to be jet studies,

Finally we would like to recall that cosmic ray experiments seem

7)

to indicate’’ that in the energy range of the present experiment
large pp events occur with probabilities which are much greater than

those observed at ISR and FNAL.

3:E:E:_GEPEN_?ﬁxERé?TI9N§r It is known from momentum sum rule that about one
half of the momentum of the proton is carried by constituents which
do not interact with lepton and photon probes. These are probably
gluons which are expected to be totally neutral. The importance of
gluons in hadron-hadron collisions has been pointed out by Van Hove

3u).

and Pokorski They suggest that inelastic production in the central
region is mainly due to gluon interactions. They review the evidence
for clusters and show that data are consitent with production of
neutral clusters emitted independently with flat rapidity distribution
and small P In general we can say that QCD implies existence of
gluon jets at some level 31D, Any collision that produces direct (real
or virtual) hard photons will also prodﬁce gluon jets. A gluon jet

may be identified from its global neutral character, its quantum

numbers and, relatively to quarks, the suppression of leading fragmentsal).

Brodskygl) has pointed out that the most important signature
of a gluon jet may be its hadron density dn/dy in the central rapidity
region.

Whether gluons jets exist or not, it is anticipated that gluong will

become of considerable experimental significance in the energy range
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of the proposed experiment35).

_QUARK-QUARK ANNIHILATION. The qq annihilation in the Drell-Yan process
leads via a virtual photon to lepton pair production,
A recent high luminosity study of the reaction p + N+~ pt + 47 + X
at FNAL shows that this process accounts for the production of the lepton pair
continuum in the mass range 5 < Moo < 10 Gev/c?.3%) The scaling

behaviour of the Drell-Yan cross-section has the form:
do/dM dx = F(x,M?/s)/M*

As emphasized in reference 1 this scaling law precludes an extension of
the Me+e_ - mass range beyond 10 GeV/c for the present experiment.
Nevertheless the study of the scaling properties of the Drell-Yan
process as a function of s, Pr and x in the accessible mass range .
will be an important activity. Drell-Yan pairs with x i 0.1 will he
accompanied by a forward diquark system in the same hemisphere?® );
diquark studies will require specialised forward detectors. Another
application of pp collisions for Drell-Yan studies may be at the ISR
where a comparison of lepton pair production in pp and pp interactions
could provide a sensitive test of the quark model. Figure 2.17 for
example shows the Drell-Yan scaling function M*da/dM? predicted by
C. Quigg for two different forms of the nucleon structure functions in
PP collisions 7).

The background from Drell-Yan leptons in W-boson searches is
expected to be negligibleQQ).

At high energies we can expect contributions from gluon exchange382
This last process is expected to have a significantly larger hadron
multiplicity than that associated with Drell-Yan events and unlike the
Drell-Yan mechanism, will have the same production cross~section for pp
and pp reactions,

It seems likely that heavy vector mesons such as J/¢ or “fhare
produced by the streng fusion of a quark—antiquark pair. '

A variety of models have been proposed for production of J/ in

hadron-hadron interactions. Most of these involve a generalised Drell-
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Figure 2.17. Scaling function M* do/dM? for Drell-Yan
pairs expected for Field-Feynman (solid
1ine) and PPT (broken line) nucleon
structure functions.

Yan mechanism in which hadron constituents (quarks, gluons or other)
amalgamate to produce J/¢. In the model of Halzen and Matsuda for
example the constituents are light quarks (u, d) and antiquarks which

39)

form J/Y via a single gluon intermediate state . Donnachie and

Landshoff on the other hand assume that the predominant mechanism is

“9). In their model fusion

fusion of charmed quarks from the sea
involving u, d quarks is suppressed due to its 'Zweig-violating'
character, except close to production threshold where the higher
momentum valence quarks take over, (Mi = %,x,§ where X is the momentum
fraction carried by the colliding quarks). The recent observation of
o(p)/o(p) = 0.15 * 0.08 for J/¢ production at 39,5 GeV/c (Mé/s = 0,12)
supports the Donnachie and Landshoff model”l).

It is obvious that production of J/¢ and Y in pp collisions are

of considerable significance in the understanding of these mechanisms,
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. PRODUCTION OF MASSIVE AND NARROW VECTOR MESONSt If massive new quarks

exist there should also be narrow vector mesons analogous to the J/ U
and Y. A question of primary interest is the production of heavy
vector mesons with hidden quantum numbers beyond charm. We can attempt
to infer the production cross-sections for such states from the

“2). Galsser, Halzen and

measured cross—sections for J/ prduction
Paschos”a) have proposed the scaling rule for the production of such a

meson of mass M:

G = —F——F(S/MZ)
ME

where T 1s the total width into hadrons and F(s/Mz) 1s a universal
dimensionless function.

The meson should decay into lepton pairs e'e” with a branching
ratio Be+e_' Thus it could be observed as a narrow peak in the lepton
pair invariant mass with a cross-section:

T 4 -

Be+e— o = _£E F(S/Mz)
e
which is independent of I'. Assuming that Fe+e_ = Fe+e—(J/w), we can

estimate production from J/U data. It is interesting to remark that
this procedure gives approximately the cross—section for Y - ete”
observed at the ISRHH).

Scaling according to M® rather than M® is also conceivable“s) and
it is not ruled out by the experimental data. Figure 2.18 shows the
resulting p excitation curves for the masses 9.5 < M < 100 GeV/c?

Although these cross-sections appear substantially smaller than the

expectations for W® + e*

e, the uncertainties on scaling and widths

are amply sufficient to justify the following question: suppose one finds
a narrow peak in ete” say at 60 GeV/cz. How do we know that we have

found the W°, rather than a bound qq state? The answer evidently rests

on the observation of the asymmetry in the leptonic charge, which as
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already pointed out is a specific feature of pp collisions.
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Figure 2.18. B(V - ) do/dy%y=0 for vector meson production.

The upper (lower) scale in s corresponds to M3 (M%)

scaling.

a)} Excitation curve for T(9.5 GeV) and V(15 GeV),
and

b) Excitation curve for V(30 GeV) and V(100 GeV).

CONVENTIONAL HADRONIC PHYSICS

The general feature of ISR results on large cross-section phenomena
can be globally referred to as 'log s physics'. We expect to find very
significant changes between the ISR (Vs = 56 GeV) and the present
experiment (Vs = 540 GeV}, even for phenomena which have a scale for
changes set by log s or the available rapidity range AY.

The extrapolation procedure is not entirely obvious and larger
differences are expected for instance 1f {log s}? terms need to be

present, as suggested for instance by the most recent ISR measurements
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on particle multiplicities”e).

Total cross—sections (Figure 2.19) could increase significantly
from ISR energies, as inferred from a dispersion relation analysis
of the ratio of the real to imaginary part of the forward amplitude

at the TSR"7.
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Figure 2.19. Measurements of total proton—proton and proton-
antiproton cross-sections as a function of the
centre of mass energy. The dashed area is the
prediction of dispersion relations and of
measurementg of the real part of scattering
amplitude®’’,

The single particle inclusive reactions are expected to exhibit
important changes from ISR to the proposed energies. Firstly, if two

units of rapidity arc abtraclio |l 1 sach egs S Lo aent i oy ions,
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the length of the central region is increased from Ay = 4 at ISR to
Ay = 9. This expansion is of substantial benefit. Furthermore
recent results indicate a slow but significant rise in the inclusive

invariant cross-section around 90° 46, 48) (Figure 2.20}.
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Figure 2.20. Energy dependence of pp >~ X cross-
section at x=0. The naive Pemercn
Model predicts that this cross-section
shouid remain independent of energy.

Extrapolationsto pp collider energies would indicate a rise of the
rapidity plateau by almost a factor two from ISR,

The higher energy would also facilitate the study of particle
correlations, since the size of the central region is now about twice
that at the ISR. Particles can be separated by more than one correlation
length (2 units of rapidity) while remaining in the central region.
This should allow separation between dynamical long range correlations,

short range correlations and momentum-energy conservation effects.
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The smooth changes expected if confirmed would be an important
success of our present ideas about strong interactions. However there
is evidence from cosmic rays that more important changes may manifest

themselves.Figure 2.21 shows measurements of the mean charged

multiplicity <N> as a function of energy, including the last ISR

results“ﬁ). The best fit, demands a (ln s}* term, a consequence of the
logarithmic rise of the plateau. The striking point of this figure is
that, the extrapolated multiplicity for P A > 10° GeV is well below,
t 9)

the indication of <N> deduced from cosmic ray experiments

Finally we mention briefly the double~Pomeron exchange. By
definition the double~Pomeron process A + B >~ A + X + B is characterized
by 1) quasi-elastic scattering of the incident particles A, B and
ii) large rapidity gaps (AI,Q > 2 units) between the central cluster x
and the outgoing particles A, B. A first search for this process at the
ISR gave a cross—section v 10 - 20 ub for 30 < /s < 62 Gevsﬂ), constistent
with theoretical expectations®!). Subsequent studies by the CCHK®?) and
CHOV®*) collaborations have confirmed this resultsq). The cross—section
is expected to grow as fns and 30 ub at collider energies is a reasonable

35).

expectation Interest in this process is twofold:.

i) to elucidate the mature of the Pomeron, i.e. to understand the
dynamics of elastic and quasi-elastic processes, and
ii) to use this process to provide a Pomeron-Pomeron 'facility' for the

4+
and so on

study of I=0, C= G=+1 bosons in the JPC series 0++, 2
(quantum numbers of the eluster X). At the collider, (ZyM = 13 units),

rapidity gaps as large as &1 = 3 units would be compatible with

2
masses MX up to 20 GeV/c2, (Mi n u;exp(ﬂx) where Mo is the pion
transverse mass). For masses Mx > 3 GeV/c? one expects
dofaM? ~ 1/M2,

x X
The Pomeron may be no more than a phenomenological artifact. At the
more fundamental level of OCD it seems increasingly plausible that the
bosonic cluster x is the colourless product of a gluon—-gluon

35, 55,56)

interaction .The question of how colour neutrality of the

colour octets at the upper and low vertices is achieved in this

reaction is moot. Whatever the final state interaction it is thought
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that the fundamental production process for a bosonic cluster well
separated in rapidity from other particles is a hard gluon—gluon

collision. The close analogy with Yy scattering in e*e” collisioms has
35,50)’ and has been used to estimate a cross—section

35).

been remarked on
of = 15 ub for this process
So we have the exciting prospect of a colliding gluon-gluon
'facility' at the pp collider. In this case many interesting and
important possibilities are opened both for testing QCD and for boson
physics. Since gluons unlike the Pomeron are flavour neutral the final
states X should couple with equal strength to pions, kaons, charmed

particle pairs etec.

2.7. NEW HADRONIC PHENOMENA. Cosmic ray experiments at energies exceeding

the reach of our present accelerators have provided hints of some
surprising new phenomena which should affect a major part of the
total cross—section of the presently proposed colliding beams. The
information is, of course, very scarce owing to the extremely fast fall
of the primary flux (see Table 2.2), arnd it is based either on isalated
events or on extenslive alr showers.

This trend is confirmed by the observation of isolated events
above 100 TeV: Centauro eventSS?), T-star (500 charged secondaries)sg),
and Andromeda59). The first observed Centauro event is a 230 TeV

interaction 50 m above the emulsion chambers which preoduces 90 charged

TABLE 2.2. Primary cosmic ray flux at the top of atmosphere

Primary energy Flux
E N (> E)
1 Gev = 10° eV 40,000 (m® sec) !
1 TeV = 10% GeV 1 (@® sec)!
103 TeV = 10° GeV 1 (m® day)”!
105 Tev = 10° GeV 1 (m? year)™!
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particies with an invariant mass of 210 GeV and an average transverse
momentum of 1.7 GeV with respect teo the core axis.No meutral v's are
observed! The apparent absence of T°'s at production sets the probability
that this event is a fluctuation of a regular nuclear interaction at

107% . The high average transverse momentum rules out the possibility of

a break up of a nucleus.

Besides these unusual events, observations indicate anomalies of
the development of air showers above the same energy and suggest that
100 TeV is some kind of a threshold in hadronic interactions?) This

threshold might have been directly observed in the Tien-Shan experimentﬁn).
A calorimeter measures the absorption length of hadrons or air shower

cores in lead as a function of their energy. The result is shown in

Figure 2.22. The penetration of cascades increases dramatically between

50 and 100 TeV, indicating the onset of new phenomena in hadron

interactions.
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Figure 2.22 The Tien Shan anomaly in the penetration of
cosmic ray showers as a function of the total
" energy measured in a calorimeter®®’,
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GENERAL DESCRIPTION OF THE SET-UP

3.1.

GUIDELINES. The physics motivations of the preceeding chapters and the

exploratory nature of the experimental programme have provided general .

guidelines for a more detailed design of the detector:

(1)

(11)

In order to collect the largest amount of unbiased information at .
each event the detector must cover the largest possible fraction

of the solid angle. In practice we have succeeded to insure

detection of particles down to about ome degree from the beam
axis,

The simultaneous detecticn of large transverse momentum electrons,

muons and neutrinos, the last ones by missing energy, is of
importance when searching for a broad class of new physical

phenomena. .

(iii)We need energy measurements both by magnetic curvature and

(iv)

(v)

(vi)

even for configurations where the local particle density is too
large for the visual detectors to give meaningful curvature
measurements. Likewise an electromagnetic shower detector
complements the energy resolution of magnetic analysis for high
energy electrons, like for instance from decays of the type

WO » efe™. It is also less sensitive to internal radiative
correctionsal\ and to bremsstrahlung in the vacuum chamber walls.

The detector must coperate with minimum disruption of the SPS

programme and in an enviromment which 1s relatively hostile

because of high radiation levels, backgrounds and so on, Only

unsophisticated and reliable equipment must be chosen. The problem
of debugging and maintaining efficiently a complex equipment in
the 8PS tunnel should not be underestimated.

The nature of our proposal is basically evolutionary and several

separate elements (building blocks) are designed in such a way as
to be operated almost independently and may eventually be installed
in successive phases matched to the available luminosity and to

the advances of civil engineering.

Data acquisition and trigger should be arranged in order to collect

the maximum of information at each event and per unit of time.
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Although the inner core of our detector could be installed in the
SPS tunnel without major modifications for a first exploratory
experiment, we have reached the conclusion that the minimum overall
disruption to SPS programme is achieved by breaking-in of the new
area before the beginning of the experimental activity. Furthermore a
series of successive installation phases will inevitably delay some

of the most challenging explorations to the advantage of TISABELLE which

- is expected to operate few years after the present proposal. However

our design is sufficiently flexible as to permit substantial

modifications in case a different strategy should be chosen.

INITIAL CHOICES. Before describing in detail the proposed set-up we

discuss briefly the main underlying reasons for these choices. We start

with the choice of the magnetic field, Schemes involving more than one

field configuration have been discarded since they necessarily give
bad fields over rather extensive transition regions,

The orientation of the field is not entirely trivial. Three major
orientations have been considered:

1) A toroidal field »ilways normal to the direction of emission
and proportional to 1/r. The main advantage of this configuration
is that the field has the maximum effect, and that the bending
power is concentrated at small angles where the particle rigidity
is maximal. We have discarded this scheme, since it has not been
possible to arrive at a realistic design with more than about
607 transparency outside the ceils., Also the general problem
of the forces acting on the coils is quite serious.

ii) A solencidal fie1d52).This is the universally preferred solution

of et

e detectors. The bending power (B.2) is angle-independent
as long as the solenoid is made long enough. A very long solenoid
is required if one wants to measure particles emitted over several

units of rapidity. The weak point of this arrangement is that

after few units of rapidity the momentum resolution for charged
particles becomes less accurate. Moreover the magnetic field does
not extract from the beam pipe forward partieles which carry a
substantial fraction of the energy. Note that this problem does
not exist in ete”™ processes which are mediated by one-photon

exchange
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iii)} A transversal field Edipole)aa).The hending power increases
rapidly at smaller angles of emission at least as long as the
pole pieces are rectangular and sufficiently long., The main
drawback of the system is a dead cone around 90°, where particles
travel parallel to the field. In terms of solid angle, this does
not represent a large fraction, and it occurs where the particle
density is generally lowest. Compensating magnets help to

increase the analysing power for small—angle particles.

The choice between (ii) and (iii) is very delicate and a

conclusion has been reached on the basis of considerations most of

which are not entirely fundamental. We prefer the dipole solution

since the losses around the beam pipe appear more serious than the

dead cone around 900, where chambers can still detect tracks and
calorimeters can give approximate energy determination. Cther arguments
in favour of the dipole is that it offers a good accessibility of

the chambers and that there is no coil in front of the electromagnetic
detector and dE/dx scintillation counters. Finally a solenoid would
almost inevitably be a superconducting coil, whilst the dipole can be
realised with a thin aluminium coil at room temperature.

The extreme complexity of some of the cosmic-ray events in this
energy domain demonstrates the need for highly redundant, 'visual'
multidimensional chambers. The relative high magnetic rigidity of
charged tracks places strict requirements on the spatial accuracy.
Finally, the remote possibility that free quarks may be produced
within jets, and more ambitious particle separations by relativistic
increase of dE/dx, are strong recommendations to retain the energy
loss information for individual tracks., For these reasons we have
developed and extensively testedsn) what we like to call an 'image
chamber', Rather than an entirely new device, an image chamber is a
different more complete way of extracting the information potentially
present in a drift chamber. From the electronic point of view, the device
is essentially a drift chamber with a large number of collecting wires.
However the complete and (presumably) undistorted image of the

ionisation electrons produced in the gas is now scanned and recorded.
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tach of the charher wires represents a "scan line' of the image.
fipnals are stored like a 'video signal', that is the complete time
dependence of the signal is retained, rather than just the timing of
the centroid or the leading edge as custamary for a Charpak-type

drift chamber, In a few words, the principle of operation is clearly
inspired by the television camera. Like in a television, 'scan lines'’
are stored either as charge in an analog shift-register or converted
digitally and accumulated in a multi-bit shift-register. After parallel
storage, scan lines could be read out sequentially, In principle, the
resultant 'video signal' could be used to modulate directly the
intensity of a CRT display which gives the image of the event which occcurred
in the chauber volume. The topelogy of the image is precisely the one
seen by an idealized camera located at infinity and with its optical
axis parallel to the recording wires. The critical track configuration
is the one in which a multiplying wire is subject for extended periods
of time (several microseconds) to electrons concentrated over a small
area. Saturation effects have been carefully investigated and found not
impertant st least up to the maximum drift time which is in our case
about 4 us.

Although such a read-out insures a true (two dimensional)
isotropy, the best accuracy is cbtained by a measurement of the drift
time. Therefore planes have been arranged in such a way as to insure
that tracks coming from the diamond do not exceed 45° angle respect

to the electric field direction.

The photon and electron detector surrounds the track sensitiwve

chambers over the largest possible fraction of the solid angle.

it is designed in order to achieve:

(1) detection of photons and a measurement of their energy by total
absorption;g

(1i) a measurement of the energy of high energy electrons{ primarily
from W° and Wo decays)with the best possible accuracy;

{11i) electron identification in the presence of ha&ronic background
which is expected to be several orders of magnitude more
abundant.

The detector is a fine grain calorimeter made of many plates of
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short radiation length and which measures samplings of the total
energy deposited by the electromagnetic cascade. Homogeneous shower
detectors like Lead Glass or Sodium Iodide blocks have been discarded
because they seem less well adapted to the present application. Their
major disadvantages are: (i) the difficulties in reconciling
Llongitudinal segmentation in order to probe the shower development
at different depths with a compact geometry; (ii) their sengitivity
to radiation damage which could be substantial inside the SPS tunnel
during normal operation; (iii)} the requirements on the phototubes,
which must be located immediately behind the crystal and finally

(iv) the prohibitive cost of a 70 m?

detector. On the other hand it
is gemerally accepted that the energy resolution of an homogenecus
detector can be realised also with a sampling calorimeter provided
sufficient large number of plates is usedES).

Several major detectors for cblliding beams neow under construction
throughout the world have chosen liquid Argon to measure electromagnetic
energy depositions. Qur initial design considerations have also been
orientated towards a cryogenic liquid Argon detector because of its
potentially greater uniformity between cells and the accurate

calibration proceduress)

. Engineering studies have shown that such a
detector is feasible only at the cost of considerable complexity and
substantial solid angle losses due to cryostats and supporting
structures.

Recently a new type of shower counter has been describedsT). The
device is conventional in the sense that it uses lead scintillator
sandwich for detecting the shower energy. However a novel light
collection technique is employed in which the scintillation light
produced in inexpensive plastic scintillation slabs crosses an air
- gap into a thin plastic sheet doped with a wave-length shifting organic
compound. This technique has been shown to be capable of an energy
resolution which is at low energies the same as with liquid Argon.
However at higher energies, the ultimate resolution might bhe slightly
worse since it could be masked by calibration in the PM's. The main
advantage of this technique is that it permits to conmstruct counters

which are less expensive and more convenient to build and operate
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than liquid Argon shower detectors, since the lead plates do not have

to be self-supporting and,most important,they require no cryogenics. Tt

is easy to split the counter in several sections in order to achieve

a satisfactory separation between hadrons and electrons; several

shifter sheets may be brought oct separately, each one leooking at
different sections of the shower counter. Finally space can be

made between the layers of the stack and track chambers inserted

whenever required to provide improved position resolution and

separation between multiple hits., This can be done with little or

no sacrifice in energy resolution.

The hadron calorimeter is necessary for several important reasons,
some of which mentioned already:

(i) the energy flow measurement for configurations where the particle
densities are too large for magnetic analysis of individual
tracks; |

(ii)} the results of the Tien-Shan experiment indicating the onset
of a more penetrating hadronic component for centre of mass
energies ; 500 GeV;

(iii) the possibility of separating electrons from accidental overlaps
of a charged particle and a photon on the basis of the
longitudinal energy deposition;

(iv) to realise an effective measurement of missing transverse
energy to identify large transverse momentum neutrinos (for
instance from W= decays);

(v) to trigger on specific energy depositions, jets and so on.

It is known that the best hadronic calorimeters are uranium
compensated devices. After several initial investigations we have
discarded this solution because of its cost and complexity. We prefer
instead simply to instrument the iron yoke of the magnet with plastic
scintillators and a technique rather similar to the one already
discussed for the electromagnetic detectors.

Two ways of identifying muons have been considered, both based on
the absence of interactions. The first one observes the apparently

rectilinear tracks after traversing a considerable amount of material
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(EMI). A non—interacting track is defined as a track which is
compatible with spatial deviations due to Coulomb scattering alone.

For particles at high energies, the mean free path for interactions
identifiable in this way becomes considerably larger than the collision
mean free path, Although wasteful in terms of absorber, this scheme

is simple and of proven effectiveness. The second method is based on a
" hadron calorimeter in which the track is sampled periodically. A muon
is defined as a track which loses energy compatibly with electromagnetic
processes only (ionisation}. Since almost all hadronic interactions
lead to anomalous energy deposifions in the célorimeter, this method
gives a detectable collision length close to the true length, and it

is particularly effective at high energies (which is our case).

The angular range below 5° (and above 1750) respect to the beam
line is either badly or not covered at all by the chambers of the
central detector. In this angular range one does not expect decay
particles for instance from W decay but rather the 'spectator' jets
produced in association with the central event. It 1s however werth
while to retain some sensitivity over that fegion in order to get a
more complete understanding of these features of the events. For
these reasons we have decided to install very simple forward
detectors downstreams of the main spectrometer.

Finally in order to know the luminosity we would like to follow
the generalised Van der Meer methodas). Two very small telescopes
subtending angles arcund 1 mradian are required (luminosity telescopes) .
These devices can also be used in coincidence with the main spectrometer

in order to study Pomeron—Pomeron collisions.

THE SET-UP. We now give a brief overall description of the set-up.

The detailed discussions of the technical aspects of each of the

components are given in the following chapters.

We shall refer to Figure 3.1. The complete detector is about 10 m
long and 5 m wide. The magnet is a dipole of nominal field value of
0.7 Tesla and it has an internal magnetic volume of %0 m®
(7.0 x 3.4 x 3.4 m®). The coils [5} (numbers refer to Figures 3.1 and 3.2)

are made of Aluminium in order to minimize the number of collision
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lengths. They are 13 cm thick and weigh about 25 Tons. We have chosen
a rather conservative currént density of 5A/mm2 giving a total
dissipated power of 5.8 MW, The total thickness of the instrumented
iron yoke is 96 cm and it is subdivided into 146 C-shaped elements Iﬁj
each one about 90 cm wide and of about 52 Tons. Each element can be
in principle removed independently with its own instrumentation
(hadron calorimetry). _

The chambers of the central detector [2] are of drift type with
image read-out.The third coordinate is obtained by current division. The
sensitive volume around the vacuum pipe [LJ is roughly a cylinder
about 6 m long and 1,22 m radius. It can be separated in 6 blocks
which can be easily removed and replaced with another standard element
in case of failure. All wires travel along the horizontal plane.

The wire spacing is 3 mm and the maximum wire length is 2.5 m,

Since we plan to used 40 p wires, this span can be covered

without supporting wires. The drift distance is 20 cm and it is matched
to the time lag between bunches, i.e. the collection of electrons
must be completed before the next crossing takes place. We hope to
achieve a spatial resolution of 250 1 on each wire, and a longitudinal
localization to about * 17 of its length. The large number of points
measured on each track makes it possible to determine the ionisation

of tracks down to % 6Z.

The chambers are surrounded by an electromagnetic calorimeter

Eﬂ of lead-scintillator type, about 30 radiation length deep. The
calorimeter is segmented in 52 half-moon gondolas which have an
internal radius of 1.3 m, a width of 22.5 cm, corresponding to four
gondolas for each magnet unit [4]. They weigh about 1.8 Tons each. A
scintillation counter is mounted in front of each gondola for dE/dx

and time of flight measurements. The thickness of the lead-scintillator
stack is about 36 cm. Each gondola can be separately removed. Similar
units f6j cover' the end caps. They are segmented in ten angular ranges of
a width modulated to achleve iso-rapidity gaps over the radii

between 30 cm and 1.2 m. The total number of phototubes required by

a fourfold segmentation in depth of the gondola and localization

by pulse division in both coordinates is v 832, Additional 320 tubes .are
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Figure 3.2.

Cut view of the detector. For legend see Figure 3.1. Note that
the muon detectors[S] are shown for clarity only on top and
bottom of the magnet and not on the sides (nor in Figure 3.1).
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needed for the end-caps. The hadron calorimeters are actually built
inside the magnet C's DJ and end—caps Eﬂ . There are in each of the
C's ten subdivisions in $. In total there are 8 subdivisions in 8,
one for each one of the C's, The standard scintillator plate size is

88 x 80 x 0.7 em® . About 2000 m® of scintillator are needed. The
total number of phototubes for the C's is 640. The two end caps

(270 Tons) are instrumented with about 360 tubes and 1000 m? of
scintillator.

The detector can be easily opened by rolling the two halves of the
magnet apart (Figure 3.3). In this way the chambers are made immediately
accessible. PM's can be replaced easily with a quick disconnect
technique. The rest of the detector is very rugged and should need
only very rarely direct maintenance. Table 3.1 lists some relevant

parameters,
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Figure 3.3. Artist's view of detector showing access to the central chambers.
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TABLE 3.1. Parameter list

A) MAGNET

Field

Coils

Iron

Type
Nominal value
Inside magnetic volume

Dimensions

Number

Material

Thickness of conductor
Total mass of conductor
Current density

Dissipated power

Thickness

Effective thickness of
return yoke (instrumented)

Weight

External dimensions
(length x width x height)

Subdivision in C-shape
elements
- total number

- width

- weight

B) CENTRAL DETECTOR CHAMBERS

Type

Sensitive volume (cylinder around beam pipe)

- length
- R . /R

min’ max

Number of separate elements (half cylinder

of L v 2 m)

Wires

wire spacing

- wire length

drift length

total number of sense wires

dipole

0.7 Tesla

80 m®

7.0 x 3.4 x 3.4 m

2, flat
Aluminium
13 cm

25 Tons
54/mm?
5.8 MW

80 cm

86 cm
830 Tons

7.2%x 5.3 x5.7m

16
90 cm
52 Tons

drift,image read-out

+ current division

6 m
0.10 to 1.22 m

3 mm

O.8to 2.5 m
20 em

10,700
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CENTRAL DETECTOR CHAMBERS

C)

Performance/accuracy
- time measurement (for sagitta)
- pulse division (localization)
- ionisation measurement

- 2 track resolution

EM CALORIMETER

General description
- type
- thickness
- lead plate thickness
- stack thickness
Scintillator plates
- material
— thickness
- attenuation length AO
collection pipes
- material
— thickness
- attenuation length Ao
angle units
- shape
- internal radius
- width
- weight/unit
- number of units
- number of PM's
End cap units
- shape
- internal radius
- weight/end cap
- number of units/end cap
- number of PM's
Performance/accuracy
- resolution
- track localization
(pulse division)
Front scintillator counters

- number of PM's (2 x (52 + 20))

250 u
1% of wire length
t 67

2,5 mm

Lead scintillator sandwich
30 r.%.
2 mm

36 cm

PLEXIPOP

2 mm
20 cm

acrylic, BBO doped
4 mm

> 3.5 m

half moon ('gondola')
1.3 m
22.5 em (4 per iron C)
"~ 1,8 Ton
52
832

half moon
0.3 to 1.7 m
" 12 Tons
10
320
107/VE

v .05 A /VE

144
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D) HADRON CALORIMETER

General description
- type Iron scintillator sandwich
- iron plate thickness 5 em

Central part {magnet iron

C-shape units)

— number of subdivision in 8 8

= number of subdivisions in & 20

- standard scint.plate dimensions 88 x 80 x 0.7 cm®
- total scintillator needed 2000 m®

- number of PM's 640

2 end caps (4 independent half-moons)

- outside radius 3.0 m
- inside radius (forward hole) 0.35 m
~ thickness - iron 1.25 m

- total (instrumented) 1.50m
~ weight/end cap 270 Tons

- total scintillator needed ~ 1000 m?

£} MUON DETECTOR

General description

- type drift tubes

- location around dipole and end caps
- total surface covered 350 m2

- number of layers 2

- number of planes of drift tubes

per layer 4 (2)
— distance between layers b6 - 1m
— dimension of one drift tube (.05) X (.05) X (3 - 5)m3
- spatial resolution 5 = .7 mm

- time resclution : = 20 ns
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4. MAGNET
4.1. DESIGN, The physics considerations outlined in the preceding chapters govern
the design of the dipole within limitations dictated by economics and common
sense, More specifically:
i) The analyzing power, k = B2 where % is the useful transverse dimension
of the track detector inside the magnet (and K = BLZ for the long—
itudinal dimension L) should be as big as possible. A minimum value of
1 T.m® is desirable, if it can be reached for reasonable dimensions of
the magnet and an acceptable value of the electric power.
ii) For the purpose of calorimetry, the thickness a of the metal of the
coil should be a rather small fraction of an interaction length, leaving
the main part of the calorimeter in the yoke. The iron thickness f of
the return yoke should be about 80 cm, which, added to the other materials
(electromagnetic shower detector, coil, scintillators), would represent
more than 6 absorption lengths, la (the iron should be made of plates
separated by gaps, so that the geometrical thickness is about 1.2 £f).
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Figure 4.1, Transverse cuts of the magnet a) through a standard
section, showing the disposition of the iron plates,
b} through the median plane, showing the horizontal
window along the field direction.
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The thickness of the coil is minimized by using Aluminium rather
than Copper, since 13 cm of Aluminium represent only 0.34 }a instead of
0.56 Ra for the 8.2 cm electrical equivalent of copper, and by
distributing the coil evenly around the inside field volume,

This leads to the ''warm-coffin'' design illustrated in Figure 4.1,
which has also the advantage of providing a very uniform field. The
coil is made of two vertical rectangular halves; the small gap between
these two halves (and the horizental parts of the iron yoke) is needed
for the light collectors from the e.m. shower counters and allows the

yoke to be physically separated into two parts, thus providing access

to the inner detectors.
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Figure 4.2. Variation of the magnet characteristics,
at fixed analyzing power B2? and current
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CHARACTERISTICS. The aspect ratio L/ being fixed to 2.5 (see chapter 3),
the physical parameters which remain free are the inside transverse
dimension, %' = £ + 0.5 m (the 0.5 m is needed for the vacuum tube and the
shower detector) and the field B. They should be chosen in such a way as to
provide a good analyzing power k = B2? with optimized values of the electric

power W, the total mass M of iron required (either for magnetic or for

calorimetric purposes), and the thickness a of Aluminium in the coil.

Fig. 4.2, shows the variation of these characteristics as a
function of the useful transverse dimension %, when the analyzing power
is fixed at 1 T.m? and the current density in Aluminium is set equal to
the acceptable value I = 5 A/mm®. Due to the better use of the inside
magnetic volume, the three variables W, M (magnetic) and a, slowly decrease
when £ increases. However, at & > 1.2 m, the minimum thickness of
iron required for the magnetic flux return becomes less than the 80 cm
required for calorimetry and at constant thickness the total mass of
iron would skyrocket when % increases. We therefore should choose this value
£ = 1.2 my, if the other characteristics have acceptable values.

At £ = 1.2 m, the electric power is around 6 MY, which seems
reasonable for an installation which will presumably be used for about
127 of the time; it also allows the use of the power supply of the

2 metre HBC,.
The necessary thickness of Aluminium is about 13 cm, equivalent

to .34 interaction length (or 6 cm of irom), which allows to consider
the coil as the first plate of the hadronic calorimeter. Finally the
value of the magnetic field B = .7 T is adequate for good operation of
the inside drift chambers (see chapter 5). |

Thus the choice & = 1.2 m (&' = 1.7 m) leads to a satisfactory
solution of the various constraints. The final list of parameters is
given in Table 4.1, where the current density I and hence the total

current i and the power W have been adjusted so as to yield an average

field value of 0.7 Tesla inside the measurement volume
(22 + y2 < 1.32 n?).
For this purpose the field has been calculated by the computer

program Fatima ®%Xith input data representing the quality of a standard



55

TABLE 4.1. Parameters of the magnet

Nominal field value B

o
Transverse analyzing power k = B 22
Longitudinal analyzing power K = BI*

Inside magnetic veolume, dimensions:
(i} Transverse 24"
(11) Longitudinal 2L
Total current in each half coil i

Coll material

Thickness of conductor a
Total space for coil a'
Current density in aluminium I

Total mass of conductoer

Total dissipated power

Total thickness of iron (magnetic) f
Width of return yoke (instrumented) f'
Weight of irom (magnetic) M
Overall external dimensions:

(1) Length

(11} Height

. . . o
Dimensiocns of windows at 90
(on external iron surface)

Dimension of forward openings
in the coil

(*#) End caps not included

0.70 T

1 T n”
-~ 6.0 T.m?
3.4 m

7 m

.03 10° a

Aluminium
13.0 cm
20 cm
4.81 A/mm?
~ 25 Tons
5.88 ™MW
80 cm
96 cm

~ 830 Tons (%)
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low-price iron (u = 150 at B = 1.8 Tesla), and the exact configuration

of the iron plates (14 plates of 5 cm separated by 1 cm gap and followed
by a last plate of 10 cm), as well as the vertical slit already mentioned
and, in the median plane, two windows of 0.9 m vertically (about % 10° in
azimut) to provide escape for particles emitted at & ~ 90° along the
magnetic field.

The field lines displayed in Fig. 4.3, illustrate the good uniformity
of the field., In the median transverse plane, where the field is slightly
perturbed by the horizontal window, its calculated values depart at
maximum by 5% from the average field inside the periphery of the track
detector, and by less than 1% in 807 of that area. These numbers are

even better for a section without window.

STRUCTURE OF THE MAGNET. The total length of the iron yoke being 7.2 m

and the total weight of iron about 830 tons, & possible structure consists
in dividing each half of the mgznet into 8 vertical C-shaped sections,
90 cm wide, each weighing about 55 t.

A schematie design of such a C-section is displayed in Figure 4.4.
It is made of 15 iron plates (14 plates 5 cm thick, followed by an
external one 10 ¢m thick) separated by 1 cm gaps.The plates are bound
together by transverse rods, disposed in longitudinal rows about every

80 cm along the periphery of the C. This reinforcement structure, which

insures rigidity of the unit, subdivides the C in 10 cells, ~ 90 cm long,
~ 80 cm wide and 94 cm thick in which the scintillators can be inserted
from both lateral sides. A space of 2 cm is left free between the internal
horizontal faces of the C and the coil, both to provide room for
supporting the coil and to insert a first layer of scintillators. The
vertical extreme faces of the C, facing the opposite C, are covered with
4 22,5 em wide iron plates, which are the supports for the internal
shower counters {see chapter VI). Each C 1s mounted on guided rollers
of the type used in the NA4 experiment (see Fig. 3.1).
The modular C-structure of the whole magnet is shown in Fig. 4.5.

(see also Fig. 3,1).It has the following advantages:
- each C can be completely mounted, including its detection equipment,

before being brought near the intersection feor final assembly of the

magnet.



a7

by

|

Field lines in the median transverse plane of the
magnet. Note the good uniformity of the field in

Figure 4.3.

the area covered by the track detector (a circle
of radius v .8 the half width of the dipole) and

lack of appreciable fringing field, except

neatr the vertical slit.

the



S8

90; : . * L4 ‘ . T
,./ 1 . . . . o .
E T
’:/_JI
_______________ _r Il//
cooocoi o L
- |
| >
- ~
a . ’/ p
L * ,]/
. |
™ «— 1 — ________f_' —
% . ‘// B
. * / ‘
o i |
-
P |
.. |
DR S
. I
* . . I
L] a |
. .
Y ' Shower counter supports
i | \
' same at top not shown,
» 266 —» ( P
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each C can eventually be removed independently (see Fig. 3.1) from the
octher ones to allow repair or replacement of the scintillators, which
are accessible from the vertical sides of the C.

pach of the two halves of the magnet (8 C's bound together) is movable
horizontally as a single unit, to allow the magnet to be opened and

to provide access to the internal detectors.
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Figure 4.5, The upper half is a vertical cut along the beam
axis, the lower half a side view of the whole
magnet, showing its segmentation in 8 C-shaped
sections.

COMPENSATTION

DIPOLAR EFFECTS. The dipole field is to be compensated locally by

means of two dipole magnets on either side of the experimental magnet
such that the total integrated field along the beam axis is zero. The
compensating magnets could be beam transfer magnets in the beginning

with & 1.5 T field and v 1.6 m length each. The amplitude of the
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vertical orbit bump at 270 GeV reaches the following values,in the

centre and at the edges of the experimental magnet:

TABLE 4.2. Amplitude of the vertical orbit bump.

Distance (m) Amplitude (mm)
(centre exp.magnet—centre compensation) (centre) (edge)
4.5 12,2 2.7
5 13.6 4.1
6 16.3 6.8
7 19. 9.5
8 21.8 12.2
9 24,5 15
10 27.2 - 17.7
11 29.9 20.4
12 32.6 23.1
13 35.4 25.8

The effects of this bump should be local assuming perfect dipolar

fields., The magnets will only be switched on after acceleration since
probably the time constant of the big magnet will be too long to be

able to fellow the machine magnets during acceleration. Also the

higher order effects are attenuated at higher beam momentum. Switching
on the set of magnets (dipole and compensators) necessitates a time which
is long with respect to their largesttime constant e.g. probably

several minutes with time constants of the order of 10 seconds (SFM

fundamental mode: 13 seconds).

QUADRUPOLE EFFECTS. Quadrupole components create time shifts, amplitude
70)

beating and changes of the horizontal momentum compaction
Because of the holes in the forward direction and because of the
horizontal window at 909 the proposed dipole has quadrupole components.

From two dimensional field computations the integrated gradient
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A(GL) = f G(L) d& is estimated to be at most 2 x 0.3 T and ~ 0.015T
3}

in the centre.

Taking these figures and the properties of the proposed low beta

insertion (71 ) we obtain for the amplitude beating:

AB ) 1 0.3
pevt
— = _ B A(GL)
( B Juv 28in 2T Qp v Ppeap  H5V

yielding, with 0O OV x 26.6 71):

TRV
(EE_) < LT
B Jy

For the tune shift we obtain:

1 pevt 0.3
A = e B AGL e
41 H,V P

Aoy < 4 % 107"

-y
&QH < 2x 10

Finally the variation of the horizontal momentum compaction is zero
because the momeutum compaction is zero in the low beta insertion.
At the ISR an amplitude beating of several percent and a tune

shift of the order of A0 5 107 ? is considered to be admissible.
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INTRODUCTION. With the pp cellider we are entering a new  energy

regime and we must be prepared to measure events which are made complex
by the high particle multiplicities. Hence we need a device which is
capable of measuring such topologies. Such a device, the drift chamber

?zzhas recently been developed for this purpose and

1) Good pattern recognition capabilities of large charge multiplicities
which is provided by the high density for information recorded and
the good two track resolution.

2} Good momentum and directional measurement of individual tracks.

3} The feasibility of mass measurement of some particles through the
measurement of dE/dx. Fractiomally charged particles can be detected

from their energy loss which is proportional to the square of the

4} Relatively few wires for the large volume covered.
While providing all these advantages, the technique we propose is only

a simple extrapolation of a completely known technology.

5. CENTRAL DETECTOR
5.1.
with image readout
has the following properties:
particle charge.
5.2. . RASTIC CONFIGURATION
2.1,

GENERAL PARAMETERS. The central detector is a self supported cylinder

6 m long and 2.6 m in diameter. This cylinder is split along the
horizontal diameter and into three 2 m sections along the beam pipe
making 6 half moon sections as shown in Figure 5.1. The middle sections
will be referred to as a the central chambers and the other sections

as the forward chambers. The magnetic field and the drift wires are
horizental and the beam pipe traverses along the axis.

The cylinder of these chambers is prestressed and made of a
vetronite shell separated with honeycomb. This design combines a
maximum of rigidity with a minimum of radiation length of material.

The horizontal members are of similar material and provide additional
support to prevent rotational distortions about the beam axis, The half
moon sections are separated by a thin mylar window such that they can

be treated as completely independent chambers each with an individual
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forward chamber

central chamber

forward chamber
anode plane

cathode plane

Figure 5.1. Cut-away diagram of central detector showing the
orientations of the wire planes in the central and

! -~ .. forward chambers.



5.

2.

64

gas supply. This modularity has many advantages both in constructien
and maintenance, _

The basic cell we propose to use consists of a bidimensional
proportional chamber onto which electrons created in the gas are drifting.
An electric field is applied in the drift space by a cathode parallel
to the plane of sense wires and suitable field electrodes at the
volume boundary. The three coordinates of a space point on a track
crossing the chamber will be given by:

a) the time of arrival of electrons
b) the position of the sense wire on which it arrives
¢) the pulse sharing between the two ends of the sense wire.

Sclution c) was prefered to a cathode readout because it provides
space points directly which will decrease the number of ambiguities
for pattern recognition,

' The drift distance has been fixed at 20 cm for the following

reasons:

1) the maximum drift time of 4 Us is well matched to the bunch
crossing frequency

2) space charge problems vary as the cube’®) of the distance and
become manageable fer 20 cm (see section 5.4.2).

Table 5.1 lists the main parameters of the chambers.

. WIRE ORIENTATION. The wires of the chamber sre arranged in the so

called quadrupole configuration”3

jtwo planes of wires 3 mm apart
alternating grounded anode sense wires of 40 j.diameter and cathode
field wires of 100 um diameter. This configuration has two advantages:
1) drift electrons cannot cross this plane and hence there is no
left right ambiguity. However the sampling frequency is reduced to
once every 6 mm

2} it allows the wires to be unsupported over their maximum length of

2.5 m. Extrapolation from tests we have done show that their
movemenkt can be limited to less than 300 um provided we load

the 40 Um sense wires to 160 g.
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a)
CENTRAL CHAMBER

b)
FORWARD CHAMBER field shaping
anode planes
cathode plane
- =30KV
B
—_—

field shaping
£
ch) 3mm
s DD ¢ e
] Qe Do

sense wires field wires
40|.| 100p

Figure 5.2a) Vertical section of a central chamber.

b) Vertical section of forward chamber.
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Although our chambers are fully sensitive to all tracks, whatever
their direction is, we choose to crient the sense wires along the
magnetic field direction in order to make full use of the drift time

for momentum measurement.

CENTRAL CHAMBERS. . The planes of wires are in the vertical

b)

direction and the electromns drift in the horizontal direction.

Figure 5.2a) shows a vertical section through a plane of sense and
field wires, The magnetic field is horizontal and the electric field
and beam pipe are inte the paper. The wires extend from 0.10 m to

L1.15 m vertically and are 2.44 m long at the bottom and 0.80 m long at
the top, Below 0.1 m there are planes of similar wires each side of
the beam pipe. There is a measurement hole below 10° to the magnetic
field (horizontal) direction. This corresponds to + 0,30 m at the
inner edge of the return yoke. The measurement of particles in this
direction is discussed below. There are 5 pairs of sense and field wire
planes at 0.40 m intervals with cathode wire planes at + .20 to these
planes. Hence a volume extending + 1.0 m along the beam pipe is

covered by these chambers.

FORWARD CHAMBERS. 1In the forward chambers the planes of wires lie in

5.3.

the horizontal direction and the electrons drift in the vertical
direction. Figure 5.2b) shows a vertical section perpendicular te the
beam pipe through the forward chambers. The magnetic field is horizontal
and the electric field in the vertical direction. The wires extend

from £ 1.10 m to * 2.9 m along the beam pipe either side of the central
region respectively. The cathode and sense wire planes are again
separated by 0.20 m. As shown in Figure 5.2b) there are 3 sense wire
planes at 0.20, 0.60 and 1.0 above the beam axis which have 2.40, 2.12
and 1.40 m long wires respectively. Electric field shaping near the
edge is provided by applying the appropriate voltages to a series of
electrodes etched onto the vetronite wall of the detector. At the beam

pipe,field shaping is provided by similar electrodes.

ELECTRONIC. CIRCUITS. The electreonic readout should record all the

useful information without producing such a large number of bits as
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to be too expensive to process., The actual required information is of
two types: the timing of the leading and trailing edges of the pulse
to an accuracy of about 4 ns, and the determination of the total
charge if the pulse has minimum length or for longer pulses a sampling
of the integrated charge every 50 ns corresponding to 2.5 mm drift
lengths.

Two different systems have been considered. The first is based
on the storage of information in analogue form by a charge coupled
device (CCD}731

A conservative approach is to convert the pulse amplitude into
digital information sufficiently rapidly to accumulate samplings at a

d7”)which combines the

20 MHz rate. A device has been describe
integration and an amplitude to time conversion. The input sigpal is
converted to a current pulse which is then switched at 530 ns intervals
between 2 identical circuits. During one such interval the charge is
integrated on a storage capacitor and during the next it is discharged
at a constant rate and the discharge time is digitized with a 160 MHz
clock. The 2 circuits are out of phase, so that when one is digitizing,
the other integrates the next sampling. It can be seen that this

scheme has the capability of recording multiple track hits on any

wire provided that there are separated by more than 2.5 mm.

-PERFORMANCE OF CHAMBERS

5.4,

1.

RESULTS OF TESTS. Two chambers each having a drift gap of 0.20 m have

been tested successfully at the Psfzbne of these was mounted inside

a magnet in order to determine the drift angle with respect to the
electric field as a function of the electric and magnersic fields. The
results as shown in Table 5.2 imply a drift angle of 229 for a
magnetic field of 0.7 T and an electric field of 1.5 kV/cm.

In addition to the results of these tests, a large amount of
information is available from similar multi-sense wire drift chambers
currently used in the R606 experiment at the ISR’%), From the performance
of the chambers at the PS as well as from the experience gained at the
ISR, we expect for the chambers of the central detector the following

properties:



68

TABLE 5,2. Measured drift angle as a function of the electronic field

E and magnetic field B.

E :

B 1kV/cm ' 1.5 kV/em
0.5 T 26° : < 2Q°
1T 45° 32°
4001 11_ .
300F 7

O = 250}¢
200r 600,‘.1. N
ICOF N

O ] i | | ]

-1.6 -0.8 0 08 [.&

8x= Vmeas. ~ Vfittea (mm)

Figure 5.3 Distribution of residuals for a sample
sense wire (see Reference 75).
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high reliability with an efficiency of 99.87

a spatial resolution in the drift direction of 2.50 pm, see

Figure 5.3,

no angular dependence of the drift velocity between 0° and 90°,
Figure 5.4 shows the drift velocity up to 45°. For tracks parallel
to the drift field (90°) the same drift velocities are observed.

a drift angle of the expected magnitude as shown in Table 5.2

the capability of recording many tracks with a two track resolution
of 2.5 mm corresponding to 50ns drift time

figure 5.5 shows that a dE/dx resolution of 14% was obtained by
retaining the 4 lowest pulse heights out of 10 x 2 cm samples.

This implies for our increased track length in the central detector

that a dE/dx resolution of 6% can be obtalined,

T T T T T T T T T 1
0.054 - -
— VD vs angle at constant voltage B
0.052F -
= -

[ [ )
0030 e ggo—o—g—wvs—masv—" g2 20— — -
e .o ¢ o0 s & @

01048_ -
0.046 - ~

1 L | | | | | 1 1 l

-40 -20 0] ' 20 40

Degrees

Figure 5.4. FElectron drift velocity versus the angle the track
makes with the electron drift direction.



70

40001 4% -

3000

2000

1000

Channels

Figure 5.5. Pulse height spectra of the lowest pulses. The
' fitted gaussian gives a dE/dx rescolution of 14Z.

The relativistic increase of the ionisation is roughly 50% in the
p/m range 3 = 150. A resolution of * 67 would allow therefore a
separation of pions, kaons,protons and electroms with the following

confidence levels:

C.L. . > 857 T =P 5 = 30 GeV/c
> 85% m-K 3 - 30 GeV/c
> 70% K~-p 5 =70 GeV/e
> 95% T - e 0.3 - 15 GeV/e

A detailed description and the results of the tests can be found

72)
elsewhere .
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SPACE CHARCE EFFECT. Positive ions create an additional electric field

5.4,

3.

perpendicular to a wire plane which increases linearly with the discance
from this plane. This has no effect on the drift velocity which is
in the saturated region but slightly modifies the angle of drift ()
(@~ 229). For our configuration we have computed a maximum distortion
of 170 y perpendicular to the wire plane for a flux of 2.5 x 10°
particles/m?/second, which corresponds to the expected track density

at full luminesity at 10 cm from the beam. Details of this calculation

?5). Ve have measured the deflection of

are presented in reference
electrons due to space charge effects in our test chambers and our
results agree well with theoretical caleculations. Distortions in
successive planes tend to compensate and the effect on sagitta will
be reduced. Our centinuous calibration will allow such effects to be

monitored and make further corrections if necessary.

EXPECTED PERFORMANCE OF CENTRAL DETECTOR. With the wire configuration

described above we have calculated 7?%£p/p) and A6 for recounstructed
tracks with a random setting error of 250 um for each point of the
track. Figure 5.6 shows lines of equal (Ap/p) as a function of the
longitudinal momentum 129 and transverse momentum P The best case is
shown for a dip angle of X = 0° where X is defined as the angle the
track makes to the plane perpendicular to the field direction. These
errors have been calculated under the assumption that there are no
systematic errors in the chamber peometry. If rhese systematic errors
can only be controlled within 100 pm the errors shown in Figure 5.6
should be increased by a factor of twe. Perpendicular to the wire
direction the track angle is determined in the same calculation to an
accuracy of approximately 2 x 107", Along the wire direction an angle
error of between 40 and 80 times worse is cobtained. This arises
because of the increased setting error of 1 to 2 cﬁ along the wire,
determined by the current division. With a precise value of the vertex
position, obtained from many tracks, this angle error could be reduced
by a factor of two. However this latter direction is closely related
to the azimuthal direction about the beam which does not require such

an accurate measurement.
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Figure 5.6. Lines of equal (Ap/p) as a function of
longitudinal momentum p, and transverse

momentum p... No allowance has been made

for systematic errors.

As noted above Fig. 5.6 is for a dip angle X = Q. For other
dip angles this error will increase by a factor (cosi)~!. This does
not take into account a possible increase of the setting error as XA
increases. This question is currently under experimental investigatiom.

Preliminary results suggest less than a 10% increase in the error out

to track angles ¢f 459,
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5.5, CALIBRATION AND MONITORING. The chambers we are proposing to build are

essentially analogue devices. In order to achieve the effective 60 u
r.m.s. error on the sagitta that we claim in section 5.4.3 we have to
control very carefully all systematic errors down to that level. Morecwver
average pulse heights must bo monitored to 57,

The mechanical design enables us to measure the position of
individual sense wires to the required accuracy. In particular the
support of the chambers should not apply any stress to their structure.
Similarly electronics will include automatic calibration faecilities.

The main effects to control then, are variations of drift
velocity and drift angle due to mechanical or magnetic field
imperfections, changes in temperature and gas composition, and space
charge effects. We will deal with these problems in three ways:

a) we are planning a careful study of chamber behaviour on prototypes.
We will chose final parameters which will maximize drift velocity
stability and minimize the drift angle,

b) our system is, to a large extent, self calibrating.This comes from
the fact that we are drifting in opposite directions on either side
of a sense wire plane. A track will usually cross several drift
spaces and the measurements will have to be consistent. Linking
of track segments provides detailed information on the drift velocity
and the drift angle, since variations of these quantities will have
opposite effects in adjacent drift spaces. Moreover points close to
the sense wire planes (small drift times) are not subject to
variation of drift parameters and can be used to fix the position
of tracks in space.

c) we plan to draw fiducial marks in our volume. We are investigating
several possibilities. The most powerful one seems to be the use of
a pulsed UV laser. In principle, it can extract, by multiple photon
absorption, electrons on rigorously straight lines. Time zero could
be known to few ns. The number of electrons per unit length is
controled by the laser intensity. For pulse height calibration, we

can use also F€° sources.
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WINDOW AT 90°. Perpendicular to the beam pipe in the horizontal

direction there is a measurement hole. This occurs because of two

1) tracks travelling parallel to the chamber wires gives large pulses
but only a small number of wires detect these tracks

2) the magnetic field is in this direction and hence provides no

The magnet is designed to have a hole about this axis + 0.45 m
vertically and + 0.45 m along the beam direction. The vertical
aperture is matched to the measurement limit of the central chamber
and the horizontal aperture 1s increased to allow for the 0.30 m long
interaction region of the beams. It is proposed to put two sets of
drift chamber planes external to the magnet to measure the escaping
tracks. These could be used as the first stage of a spectrometer arm

which could be added at a later date.

5.6. ADDITIONAL CHAMBERS
5.6.1.
reasons:
bending.
5.6.2,

HOLE IN FORWARD DIRECTION. Due to lateral dimensions of the beam pipe

(¢ = .15 m) tracks produced between 29 and 5° to the beam axis only
have part of their trajectory in the active part of the central
detector leading to reduced accuracy. Below 2° a particle leaves the
central detector completely undetected, To improve the measurement
accuracy of such tracks we propose to have two sets of drift chambers,
1 metre apart, situated at 5.5 m and 6.5 m from the intersection

region. These chambers are described in chapter 9.



TABLE 5.1. CHAMBERS

Type

Gas

Drift length
Drift field
Drift velocity
Drift angle

Collécting electrodes
(a) Configuration

(b) Wire spacing

(c) Wire length

(d) Support wires

{(e) Wire diameter, sense

"(f) Wire diameter field shaping

Planes normal to vacuum chamber
(a) Total number of half planes

(b) Number of wires/plane

Planes parallel to wvacuum chamber

(a) Total number of half planes

(b) Number wires/plane

Total number of sense wires
Tonisation measurement
localisation along wires
Accuracy of pulse division
Accuracy to time measurement

Twoe track resolution

75

H+

Ine

Drift, image read-out

Ar/Ethane

20 cm
1.5 kV/cm
0.05 m/us

29° at 0.7 T

Quadrupole

3 mm
Max. 2.5 i
None

40

100

10
350

12
600

10,700

67

Current division
1%Z of w. length
250 u

2.5 mm
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. ELECTRON AND FHOTON DETECTOR

]. L

INTRODUCTION. The photon and electron detector encloses the track

sensitive chamber over the largest possible fraction of the solid

angle, Tt is designed in order to achieve:

i} detection of photons and measurement of their energy by total
absorption.

ii) measurement of the energy of high energy electrons, primarily
from Ww° and Wt decays with the best possible accuracy.

iii) electron identification in the presence of hadronic background
which is expected to be several orders of magnitude more abundant.
Homogeneous shower detectors like lead glass or sodium iodide

blocks which give very good energy resolution have been discarded

because of:

i) their sensitivity to radiation damages

ii) the prohibitive cost of a 70 m® detector

iii) the requirements on the phototubes which must be located behind
the crystal

iv) the difficulties in the longitudinal segmentation for T/e
discrimination.

A lead liquid argoen detector, as propesed for several detectors,
has potentially a very zood uniformity between cells, a precise
localisation of the centroid of the shower and can be calibrated with
a great accuracyEG’TS). However an appreciable fraction of the solid angle
must be sacrified to eryostat walls and various supporting structures
which must hold the v 140 tons of the detector through cryogenic
insulation. Besides that, the operation of such a detector in the SPS
tunnel could be rather complex.

A lead-scintillator sandwich counter gives less good but adequate
resolution and is simpler. We thus propese to use a lead scintillator
electromagnetic detector as a trade-off between flexibility, simplicity
of construction and cperation, low cost and a slightly worse energy
resolution.

The list of parameters of the detector, which will be discussed

in details in the following sections, is given in Table 6.1.
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6.2. DESCRIPTION OF THE DETECTOR

6.2.1. GENERALITIES. Recently a new type of lead scintillator sandwich

shower counter has been describedES)Which avoids many of the older

problems and makes this technique competitive with a liquid argon

lead sandwich. The important novel feature is the method of light
collection. UV scintillation light is produced in inexpensive but high
quality plastic scintillator slabs. The light crosses an air gap into a thin
plastic sheet doped with a wave-length shifting, but not scintillating,
organic compound. The test counter of reference’’’ is illustrated

Figure 6.1. The counter with 2 mm lead plates and 1/2"' plastic

scintillator sheets, 13 r.f%. deep was tested with electrons in the

energy range 0.5 - 2 GeV, The light collection is uniform over the

detector. The energy resolution is well fitted by the expression:
AE/E = 0.092/VE(GeV)

This result is to be compared to the one obtained with liquid

. 74),
argon and 1.5 mm lead plates s

AE/E = 0.075/VE(GeV)
and to Monte Carlo calculationsﬂn)for 2 mm lead plates which predict:
AE/E = 0.090/vE(GeV)

Clearly the results are in excellent agreement with each cother once a
small correction for the different converter thickness is introduced.
They are consistent with the fluctuations expected from the shower

development,

6.2.2, DESIGN. The central part of the photon detector covers the region from

B = 90° down to 8 = 25° where 8 is the angle of the emitted particle
to the beam crossing axis. It is segmented in several narrow and long
rings in the plane normal to the beam (Figure 6.2). This configuration

gives a very convenient way to trigger on transverse energy.
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Figure 6.1. Lead scintillator sandwich counter used in Reference 65,
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Each of the elements is split in two half moomns consisting of a
rigid honeycomb supporting structure and of the lead-scintillator
stack mounted on its inside wall. The supporting structure extends
above and below the half circles in order to ensure a rigid
fixation of the elements on the magnet yoke (Figure 3.2). A special
transfer frame is used to hold the half moon when net secured on the
magnet. These precautions are necessary since the weight of each of
these units is about 2 tons. Converter plates will consist of 2 mm
lead and 2 mm scintillator sheets of precisely calibrated thickness,
Natural lead is entirely satisfactory since it can adapt easily to the
curved shape of the counter and it is held firmly in position inside
the stack by the scintillator sheets. We have discarded the possibility

’g)because its residual radiocactivity

of the more dense uranium conmverters
will most certainly affect the operation of the chambers.

From 6 = 25° down to 6 = 5° the emitted particles will hit the.
end cap detectors. These detectors are also segmented in several
units, each one covering a small fraction of production angles and
about 180° of the azimuthal angles. Supports and light pipes are
following closely the design concepts already described for the large
angle detectors (Figure 6.3). A strong backplate made of a rigid freame
fitted with honeycomb material and solidly anchored to the magnet
voke holds the lead scintillator stacks. The weight of each of the
detector units when completely equipped is approximately 12 tons and
the supporting structure must be solidly designed. Light pipes come
out horizontally hetween the two coils.

Since the whole photon and electron detector with exception of
photomultiplierswhich are easily accessible on the outside of the
magnet is made of inert material, it is expected that removal of
units during the experiment in the SPS tunnel would be needed only in

exceptional circumstances.

6.2.3.WIDTH OF COUNTERS. The width of each counter unit is primarily

determined by the requirement of keeping as low as possible the

possibilities of multiple hits. However a too fine segmentation
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increases the number of photomultipliers and the number of inactive
gaps (v 1 cm)between counters, An optimized layout must therefere take
into account the fact that particle density per unit solid angle

grows rapidly with decreasing production angle 0. A constant width of
counters gives about equal hit probability in each counter.

Assuming %§-= 1.5 for n% production at collider energies,{note
that at ISR energies, gg = 1,0), we get an average of 4.5 1° per event
in the central part of the photon detector and 4.5 7° per event in the
end cap detectors. Note that the average P of these 7' is expected
to be v 300 MeV/c.

In the present design there are 52 counters in the central part
of the detector with a width of 22.5 em at 1.3 m of the interaction

% per event in a given counter,

peint. This leads to an average of 0.09 1
This width is also well matched with the C structure of the magnet
(4 counters per C).

The end cap detectors will consist of 10 half rings covering the
same rapidity interval. Fach ring gets an average of 0.11 n° per
event. At 5° which is the smallest covered range, the ring counter has a

radius of v 30 cm at 3.5 m of the interaction point and is 5 cm wide.

DEPTH OF COUNTERS. The thickness of the stack is determined by the

6.2.6.

requirement of a good containment of the shower. An experimentalﬂl)

transition curve for 50 GeV electrons is shown in Figure 6.4, In

Figures 6.5, 6.5b, 6.5c we show the distribution of the energy

depositions of a 50 GeV electron after 12.4 and 24.8 radiation lengths.
We remark the presence of an asymmetric tail in the distribution due
to few showers which penetrate much further than the average. We
conclude that in order to ensure an appropriate and symmetric response
to high energy electrons the depth of the counter must be at least 25

radiation lengths (along the direction of incidence of particles).

LEAD SCINTILLATOR STACK. The stack is made of 84 thin sheets of

ordinary lead (2 mm), which correspond to 30 radiation length in the
direction normal te the stack. The scintillator plates are made of
commercial acrylic doped with appropriate scintillating agents and

wave-length shifter (PLEXIPOP). In order to minimize the Chickness
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of the overall lead scintillator stack, the PLEXIPOP sheets are 2 mm

thick. The maximum thickness of the stack is then 360 mm.

6.2.7. LIGHT COLLECTION. The light collecting pipes are on the side of each

counter. They consist, for the large angle units, of “ 4 m long, 4 mm
thick pieces of acrylic, BBQ doped material. The light emerging from
the edge of the scintillator crosses a ~ 1 mm air gap and reaches the
pipes. These pipes absorb the light at » = 420 nm from the scintillator
and reemits it at % v 480 nm. Since the reemitted light is isotropic,
approximately 1/3 of this light is within the internal reflection angle
and is transported with an attenuation length > 3.5 m onto the two

(up and down) small area (1'' - 2'' diameter) phototubes. Note that thisg

attenuation length is well matched to the length of the counter.

6.3. EXPECTED PERFORMANCES.

6.3.1. ENERGY RESOLUTION. The counters have been designed in order to ensure the

best performance around 50 GeV which is the typical electron energy
from W° or W' decays and to retain a reascnable energy resolution (for
photons) down to a fraction of a GeV. However since the geometrical
parameters of electromagnetic showers vary very slowly (legarithmically)
with energy the optimum performance is ensured over a very broad
energy range.

The energy resolution of such a detector is determined by three
components:
1) the sampling fluctuations.

From these fluctuations we expect an energy resolution for

particles with an incidence normal to the stack:
AE/E = 0.09/VE(GeV) see 6.2.1

The response for particles at different angles of incidence has been

50)

extensively studied with a Monte Carlo program .The program

reproduces very well the experimentally observed shower fluctuations for
a variety of lead plate thicknesses and energies whech are well represented

by the empirical formulaHZ);
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1
~ dE : 1
AE/E = 0.05 | <= f_\x) JEGeT

whereigg is the energy loss {(in MeV) in one layer (lead + scintillator
sheet).

We have extended these calculations to the case in which the particle
(electron or photon) is incident on the stack at an angle # 90°.
Results are shown in Figure 6.6 where it is apparent that the shower
fluctuations could be made independent down to ~ 257 as long as the
thickness of the converter plates is reduced by a factor 1/sinf, where
§ is the average incidence angle for each half moon, in order to

compensate the increased thickness due to the angle of incidence.

L]
!
o ® Tlates of constant thickness
124 1.5 mm. )
O Plates of reduced thickmess
10 {1.5/sin8 mm.)
sl
61—
4 3 GeV
— 5= - — = O GV
2= 20Gev
e O = O — — 7
0 ] | ] ] | |
0 15° 30° 45° . 60° 90° >

Figure 6.6. Energy resolution for showers generated by
electrons with different Impact angles,
From Ref. 80.
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Particles emitted at angles smaller than 25° intercept the end cap
detectors which have plates oriented in an almost normal incidence.

The inactive gaps between counters are " 1 cm, We expect that this
distance does not affect the precisien of our measurements. Monte Carlo
tests are in progress.

11) Statistical fluctuations in the number of photcelectrons.

"The figures have been derived following closely the work of
Barish et al.’’)which gives results on light collection with the same
type of counter.

We expect one photoelectron in each coliectlng bar per 5.7 MeV

deposited in the stack. This leads to:

AN(photoelectron)  AE 0,05

N =F ° JE(GeV

We are aware however that other teams have obtained significantly less
light than expected. We plan to study carefully this discrepancy

with the test prototypes, However this does not appear to be crucial
for high energy particles since we are there limited by systematics.
iii) Systematics for high energy particles.

Extrapolation to the energy interval of interest for the Z° and W
search is not entirely trivial. Fluctuations of the shower development
and of photoelectrons decrease as 1/VE giving for instance at E = 5
GeV a resolution o = 0.1 x L. 1.4 X 107%. Such an ultimate

/50
resclution can be substantially masked by calibration errors in the PM's
and by inhomogeneities of the light collection. Some estimates of
these effects can be obtained from data available for a lead glass

)

counter’ '’ which exhibits up to 50 GeV an energy resclution well
represented by a 1/VE term plus a constant which becomes significant
only at high energies:

rE/E = 220 4 0.015

VE(GeV)
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We estimate that realistic energy resolution at 50 GeV for the sandwich

counter 1s 2 — 3%,

HADRON REJECTION, 1In addition to the measurement of the energy of an

electromagnetic shower and provision of a trigger which indicates

occurence of the shower, the counters must provide an effective
identification of electron amidst a large flux of hadrons.

In our counter one radiation length corresponds to only g g3

hadronic absorption lengths:hence an early development of a sizeable
cascade is an effective way of recognizing an electromagnetic shower
Another method consists of comparing the known momentum p of the
incoming electron with the total visible energy E in the lead
scintillator stack. For electrons E/fp = 1 whilst feor hadrons

E/p < «I1.

This has been studied in detail in ref.?g) for a 50 GeV incident
electron on a lead glass shower counter. The size of the task is
indicated by Figure 6.7a. After applying threshold cuts, there is a
suggestion of an electron peak in Figure 6.7b near 1.0 on the E/p plot.
In order to further separate electrons from these hadrons which
deposit all their energy in the array (most likely through m°
production reactions) the authors use information on the longitudinal
distribution of the electromagnetic shower given by four independent
sections. The result of these cuts is the E/p distribution shown in
Figure 6.7c. From this figure we can derive a formula for the hadron
rejection = 5 x 107° x Ap/p where Ap/p is the momentum resolution from
the central detector.

Following this work, we thus propose to segment our counter in
four independent sections: 0 - 6 r.%L., 6 =12 r.%., 12 = 24 r.%, and
24 - 30 r.&. A more refined optimization will be performed during the
tests of prototypes. We expect a hadron rejection of the order of

~ 7 2 107% for 50 GeV charged particles at 90° (a = 7 x 107° x i'\Eﬂ,\rith

P
our sampling). This could be even improved by using the information

from the hadron calorimeter.
At the triggering level we expect to have a rejection factor of

at least 20 to 50 by comparing the ratic of the energy deposited in the
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1000
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first half of the calorimeter stack to that deposited in the second

)

half. A rejection factor of this type has been reported®’’in a recent

study of a thin lead argon calorimeter exposed to 15 and 50 GeV
electrons. In addition we plan to have a layer of scintillator in front

of the counters to distinguish electrons from 7° at the trigger level.
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Figure 6.7, Fraction of energy (E/p) deposited in lead glass for
a) all incident charged 40-45 GeV particles, b) all
particles above a threshold requirement, c) all particles
passing shower shape requirement, d) all hadrons passing
the cuts of b), e) all hadrons passing the cuts of c).
From Reference 8 1.

LOCALIZATION OF THE SHOWER. The localization of an electromagnetic

shower 1is performed in our counter through pulse height division.
Azimuthally {with an attenuation length of 3.5 m in the wave
shifter »ar)we expect a localizatiom:

Ax = 15.9 cm/vE(GeV)

in our central counters,
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TABLE 6,1. Electron and photon detector.

Type
Depth, normal to incidence
Lead plate thickness,normal to incidence

Scintillator plate

(1) Material

(2) Thickness

(3) Light attenuation length
(4) Total surface

Total number of converter sheets,

scintillator plates
Thickness stack, max.

Large angle units

{1) Shape

(2) Width

(3) Approximate weight

(4) Total number required

End cap detector

(1) Shape

(2) Radius

(3) Number/end cap

(4) Approximate weight of each end cap

(5) Subdivision

(6) Width

Light collecting pipes

(i) Material

(ii) TLength,large angle units,max.
{111) Thickness

(iv) Attenuation length

Lead scintillator stack
30 r.h,

2 mm

UV acrylic, PLEXIPOP

2 mm

w20 em

5900 m?

84

360 mm

half moon, 1.3 m radius
22.5 cm

1.8 Tons

52

half moon

variable 30 ¢m to 1.3 m
10 x 2

10 Tomns

iso-rapidity gaps

max. 30 cm

min. 5 cm

acrylic, BBQ doped
4,10 m
4 mm

> 3.5 m
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TABLE 6.1. continued

Resolution
(i} At low energies

(ii) Ultimate, at high energies

Localization, by pulse division
(i} Longitudinal

(i1) Transverse

Electron—pion discrimination

{at 50 GeV)
Segmentation along shower

Phototubes
(1) Large angle units

(2} End caps

Light yield

0.1/VE(GeV)
0.02 - 0.03

I+

16 cm/vE(GeV)
1 cm/VE(GeV)

I+

< 7 x 107"

4

832
320

~350 photoelectr. /GeV

In the transverse direction for a scintillator with a purposely

short attenuation length of ~ 20 tm, we expect by collecting the light

on bothe sides of the central counters:

Ay =

1 cmf/EkGeV)

These figures have been derived following closely the work of

Barish et al.87)

This very precise localization of the centroid of all electromagnetic

showers occuring in a given counter

will allow us, if achieved, to

detect extra m° whenever an electron hits a counter, through an off-set

of the overall centroid with respect to the impact of the charged

paiticle deduced from the track seen in the central chambers.
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HADRON CALORIMETER

INTRODUCTION

We propose to build a hadron calorimeter which will measure the energy
_— . . o 0 .

of particles produced with scattering angle, 8 (5 < & < 1757). The physics
requirements of the calorimeter have been discussed in section 2. Lts main

+
uses are in W detection and in triggering on high P jets.

The calerimeter will measure the total hadronic energy contained in
charged particles, neutreons and K%s. It will thus complement the momentum
measurement of the charged hadrons in the central detector. Although the two
devices will have roughly the same energy resolution (%E-% 15%), the hadron
calorimeter can be used to trigger {either on-line or off-line in the soft-
ware) on tranverse energy, ET.
Ideally, we want a calorimeter which 1s symmetric about the azimuthal

angle, ¢, and in medular form so that we obtain ET by summing over all elements:

T .1 em’ 1

ie E_= ZIK. (E ). =sin 9. + Th.(E ). sin O,
i 1 thJ ]

where (Eem)i and (Eh)j are the energies deposited in modules i, j of the

electron and hadron calorimeters.

Some modularity in O is essential to convert from E . to E_.. By
deposited T

triggering on integrated E_, we obtain an unbiased hadron or jet distribution.

T
Off-line, a better determination of ET is obtained by combining the measurements
of track angle in the Central Detector chambers with the measurement of the total

energy in the calorimeters.

fpart from its principal use in triggering, the hadron calorimeter is
essential for detecting missing transverse energy.

eg W - uv where the high energy muon is detected.

The apparent momentum imbalance produced by the undetected neutrine is

a possible W signature. This is discussed further in sectiom 13.
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CONSTRUCTION OF THE CALORIMETER. The hadron calorimeter will be constructed

in two distinct parts.

A. Central Part

For large scattering angles (300 < 8 < 1500), the calorimeter is con-
structed by instrumenting the iron magnetic field return yoke with scintilla-
tor plates. As described insection 4, the yoke is constructed of identical
'C' shaped modules (Fig. 7.1). As the modules are the same length along the
beam direction (90 cm) , each subtends approximately the same interval of

rapidity.

As shown in Fig. 7.2, the first layer of scintillator is immediately
after the coil. These 'C's are, in fact, iron/scintillator sandwiches (5 cm
iron and 0.7 cm of scintillator). The last layer of iron is a continuous slab,
16 cm thick, to make the module rigid and to decrease its magnetic reluctance.
The iron thickness is 80 ¢m giving a total thickness including gaps for the

scintillators of 96 cm (Fig. 7.2).

Each 'C' is subdivided into ten calorimeter elements subtending approxi-
. o . v .
mately equal azimuthal angles (Ad v 18 ). This subdivision matches the require=~
ments of the 'C' construction, as discussed in Chapter 4. The resulting size of

each calorimeter element is 90 x 80 x 96 cmB.

B. End-caps

For smaller angles (59 < § < 30° and 150° < § < 1750), the calorimeter lies

oulside the magnet (Fig. 7.3). It will be constructed of iron nlates,

5 em thick and interleaved with 0.7 em scintillator plates. The iron plates could be .

magnetized to aid mucn identification, as discussed in section 8. The total
thickness, including the scintillator is 150 em (ie twenty five plates of 5 cm

of iron).

The end-cap calorimeters will be built in a mosaic pattern to localize the
showers in © and ¢. They will cover the same rapidity range as the Central Part of
the calorimeter and will be subdivided into elements subtending solid angles
defined by A6 = 5% and A = 10° (Fig. 7.3). (The opening angle of a jet is

approximately +3° 85)).
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With such a construction of the Central Part and End-caps, the calori-
meter is essentially ¢ symmetric and has a good definition of scattering

angle © so that transverse energies can be calculated and used in triggering.

LIGHT COLLECTION. The space available for light collection between the 'C'

modules and between the elements of the End-Cap is minimal. For this reason
and in order to use as few photomultiplier tubes as possible, light will be

collected by means of wave-length shifting bars and rods.

In the Central Part, a spacing of several centimetres between the 'C’
pieces “oes not affect the magnetic field appreciably and can be used for
light collection. Light from each scintillator plate will be collected via a
wave—length shifting bar (plexiglas doped with BBQ) as used by Barish et al.E?)-
This merhod allows great flexibility in sampling the shower as individual bars
can be grouped together on to photomultipliers tubes as required. To ensure
good uniformity of response, light will be collected from opposite sides of
the scintillators, providing automatically a measurement in 8 of the shower
centroid, Also, as shown in Fig. 7.4, the showers will be sampled over two
depths to give some discrimination of showers at small angles to the calorimeter
plates. Sampling over two depths will also give a rough measurement of the
shower development and will help in the muon identification. Therefore, four

photomultiplier tubes will be used in each element of the calorimeter.

We estimate that a minimum ionising particle will produce approximately
ten photoelectrons per scintillator, giving a reasonable signature for un-

accompanied muons.

For the End-Caps, a different method of lighi extraction will be used to
avoid having gaps between the calorimeter elements. Light will be collected via
wave—length shifting rods in the manner developed by the MPL {(Munich) group®®),
The rods are perpendicular to the plates and are inserted through holes drilled
in the iron and scintillator slabs. Therefore, tracks from the interaction region

are never parallel to the rods.
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. ENERGY RESOLUTION. The energy r. solution of the calorimeter is determined

7.

5.

by the frequency with which the shower development is measured and by the
extent to which the interacting particles are contained in the calorimeter
volume. Our sampling frequency is similar to that of Holder et al. B")who
used a 5 cm iron/0.6 cm scintillator sandwich. (The alumipium coil of the
dipcle has an absorption thickness corresponding to 6 cm of iron and so is
equivalent to an extra calorimeter plate). The electromagnetic calorimeter
gives excellent sampling over the equivalent of 15 cm of iron. In Table 7.1,
we estimate our energy resolution from that of Holder et al. and by taking

into account the following properties of our apparatus:

(i) the increasing plate thickness (with ) for hadrons incident at

sinb
small angles

(11} some showers are not fully contained longitudinally. For the Central Part,
the total effective thickness of iron is11® cm, including the electro-
magnetic calorimeter, the coil and the scintillator. In the End-Caps,

where the hadron energy is higher,the equivalent thickness of iron is 160 cm.

(iii) dead spaces due to the gaps between 'C' modules and to the wave-length

shifting rods cover about 5% of the solid angle (5° < 8 < 175%.

We estimate that 90% of the incident hadrons will have more than 907 of
their shower energy contained in the calorimeter. With decreasing scattering
angle, O, the resolution in the Central Part worsens due to the increasing
effective plate thickness. This is partly balanced by the better containment
of the shower at small angles to give a net resolution approximately constant
with energy. At shower energies above 30 GeV, the energy resolution (¢0(r.m.s.)/

mean) is about 20%.

CONCLUSIONS. The parameters of the calorimeter are summarized in Table 7.2. We

conclude that, by comstructing the 'C' modules of the magnet return yoke as an
iron/scintillator sandwich and by adding instrumented End-Caps to the dipole,

we can build a hadron calorimeter with an almost complete solid angle coverage
for 5° < 6 < 175°, The use of wave—length shifters for light collection results

in a manageable number of photomultiplier tubes.
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The azimuthal symmetry of the calorimeter and its subdivision in & will
allow an unbiased trigger on energy transfer. Furthermore, an unaccompani=d
muon can be identified by its deposition of minimum ionization in the two

gampling depths of the calorimeter.

. . . O(r.m.s.
TABLE 7.1. Esgtimation of energy resolution C—L*iijilﬂ

mean
5 = 90 5 = 45° 8 = 30° o = 15°
AR AE AR AR
: 7
Eh ET F (%) ET E (%) ET - (%) ET F (7}
15 15 26 11 31 7.5 35 4 25
30 30 21 21 ' 22 15 25 8 21
50 50 16 35.5 17 25 20 13 16
75 75 13 53 13 35.5 15 19.5 13
where Eh = incident hadron energy (GeV)
and ET = incident hadreon transverse energy (GeV)

The estimation is based on the energy resolution of Helder et al.?"

AE 1.9 FWHM X y . AE ) _
| T JE(GeV) mean)1 and Sciulli's presentation of T as a function of

shower containment®’).
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TABLE 7.2. Calorimeter Parameters

I. CENTRAL PART (300 < g < 1500)

Total No. of 'C' modules 16

Weight of 'C’' module 52 tons

No. of calorimeter elements for 'C! 10

Subdivision of 'C" in ¢ 10 parts

Subdivision of 'C' in 8 ' none

Size of each calorimeter element 88 x 80 x 96 cm

Depth of iron in calorimeter 80 cm

Shower sampling 5 ecm iron/7 em scintillator
Surface of scintillator gverall 2000 02

No. of PM tubes overall 640

II. END-CAPS (5° < 8 < 30° and 150° < 6 < 175%)

Inner radius of end-cap 0.35m

Outer radius of end-cap 3.0 0m

Weight of end-cap 135 tons

No. of calorimeter elements per end-cap 180

Subdivision of end-cap in 36 parts (ﬂ¢= 10%)
Subdivision of end-cap in 6 5 parts (A8= 5°)

Depth of iron in calorimeter 125 em

Shower sampling 5 cm iron/0.7 cm scintillator
Scintillator surface (2 Fnd-Caps) 1000 m?

No. of PM tubes (2 End-Caps) 360
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8. DETECTION OF THE MUONS

INTRODUCTION. The physics aims are outlined in Chapter 2. The two main

reasons for identifying muons and measuring their momenta are:

(i) to detect W° and W through their decays to pty~ and u*v
respectively

(ii) to complement the electron identification over as large a solid
angle as possible., Given the exploratory nature of our experiment,
and the anomalies indicated by cosmic rays, it is important to be
able to measure the lepton content in two different chammels and
by two essentially separate pieces of apparatus.
In this chapter we discuss the problem of identifying and

measuring single muons from wt decay (detection of the W° is easier as

two muons must be identified making backgrounds much less important).

8.1. TDENTIFICATION OF THE MUONS. Muons will be identified through their

non~hadronic nature. This fixes a minimum momentum of the identified

muons, and we assume
> 3 GeV/ce
Pu__

(an high energy muon has 1.2 GeV/m ionisation loss in Iron). The two
elements of a muon signature are:
— a track traversing all the material of our apparatus (electromagnetic
calorimeter, coil, iron yoke, end-caps etc) without interacting.
- a collinearity (taking multiple scattering and measurement errors
into account) between the track position and momentum as measured
in the Central Detector and the position and direction of the track
emerging from the hadron calorimeter. The trajectory of a typical
muon is shown in Figure 8.1.
Possible ambiguities in muon identification are:
}( a) a primary hadron which traverses both calorimeters without interacting;
b)) a secondary hadron from the hadronic shower emerges from the iron
- c) the observed muon is from pion or kaon decay.

We discuss these three sources of background below.
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lines represent the deacy probability of pions at
fixed Prp-
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a) Let us assume 17 cm of iron for the absorption length AFe of a
hadron of very high momentum. The probability w(A) of a hadron

going through our material without interacting
rh)= e Mrre 5 n = Ae) = Agoofsine cm of irom,

A .o being the thickness indicated in Figure 8.2. As we see these

20
rejection factors (A} stay between 107% and < 107%, A
rejection factor m(A) is therefore not enough to measure the R = 7/

ratio at 8 > 459, if R stays close to the values measured at lower
energies v 107", This means that a further study of this ratio
could require in the future the addition of more material (e.g. 1 m
iron) in a chosen angular region,

b) As shown in Figure 8.3, on average one particle remains after the
shower produced by a 30 GeV hadron has propagated through one metre

88,09) This punchthrough contamination can be reduced by

of iron
demanding a pulse height corresponding to minimum lomnization in

each calorimeter and also by requiring the trajectory of the secondary
hadron to match the extrapolation of the track measured in the

Central Detector, The former requirement is of no help when the

muon is concealed within the development of a jet or accompanied by

a hadron at small angles to it ' .

We define therefore a rejection functien, O,

Q(A,p) = N(A,p)F(p)

as a product of N(A,p), the number of emerging secondary hadrons from
a showver initiated by a hadron of momentum p, and the probability F
that a hadron emerging after the hadronic cascade from the iron goes
just through the QSUQQU region where one could expect a muon of the
same momentum, which only undergoes Coulomb scattering. The situation is
sketched in Figure 8.4. The rejection probability F is given by:

AS A2

U

F = re—— —————

&SH &QH
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Figure 8.4 Schematic layout for study of the rejection function F(p).
A muon traverses drift chambers D.L, D With_an indetermination
Ax Ay due to errors reconstructing %rack OM and Coulomb
di§plaCement, and Coulomb scattering <0, One pion emerging
from a hadronic shower in iron has a much larger <aH> and AXH.
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In this expression AQ ¥ AR = <q > =
u c c

2

-0 =2
1.4 x_10 ‘I?S/sin@ - L2 x 00 i gevie),
p(GEV/C) ]325]...'[1.8I

&SU is the area due to the central detector AxAZ uncertainty and to
Coulomb scattering. A detailed study of AQU, &Su has been made.
ASH, &QH are the area uncertainty (ﬂSH n T2 , T being the average
distance between hadronic particles of the shower) and the angular
dispersion (angle respect to primary direction) for an hadronic shower
in irongu} The evaluation of F has given the encouraging results
reported in Figure 8.5.

The Figure clearly shows that for pU > 10 GeV the rejection factor
N(MAYF allows a good separation between real muons and secondary hadrons.

Tn order to obtain this high rejection O we must have external to
the dipole a good localization of the muon track, with a AS, Ax
resolution better than the Coulomb uncertainty. This will be discussed
in Section 8.2,
¢) The 7 - 1 + v decay probability is caleculated to be P(; > u,v

decay in 1 m length) = .018/p(GeV); e.g. P ¥ 2 x107? for

p = 10 GeV. This decay probability depends only on pp as long as

T > uv decays within the angular range ¢ > 30° are considered

(Figure 8.2). We did not consider explicitly the contribution from

K = uv decay. Its contribution is as important as that of pion decay.

In Figure 8.6, the decay probabilities in our apparatus are

showm . The prohability of 7 -+ uv decay (Figure 8.6) and the
probability of the punching through of an intact hadron (Figure 8.2)
are therefore our most important rejection functions for good muon
identification. As expected the T - Uv decay is more dangerous at

the lower £ angles, just where the rejection against nunchtrough is
more effective (i.e. w(A) is lower).

EXPERIMENTAL LAYOUT. As discussed above, the muon detector should allow

a localization not worse than the Coulomb uncertainty of the most
energetic muons coming out from the iron. Considering that this

uncertainty for the u's of 100 GeV is v 1 mm and 10 ° radian, we have
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Probability of having in our aparatus one decay 7 +> uv at
various angles for a given momentum of the initial pion,
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chosen as detectors two layers of drift tubes, as indicated in Figures
£.1 and 8.2. This seems at present a better solution than using
extended planes of drift chambers.

The probability to have two tracks instead of one at a relative
distance closer than 10 cm may be estimated to be 3 107!, even in the
case of jets. We therefore propose drift tubes of v 5 x 5 em?, 3 -5
m long. We also consider a similar structure at small angles, where the
end-caps are present., At angles 6 < 20° the contribution of the
magnetized iron to the measurement of the momentum of the particle
could be more important than at 90%. This is not considered at present;
but in case notice that a coil around the iron,; as indicated in
Figure 8.1scould give the convenient field direction inside the end
caps.

The drift tubes we are considering are of the type already used
in other experiments at CERﬂgtz In Figure 8,7 we have given the
structure of one of the two layers D,, D, , and we have considered four
planes for each layer. In this case the precision in position could

be L better than in one single drift tube, that is at least L mm,
y /3

This resclution could improve if using Argon Ethan mixture to
optimize drift saturaticn.
It is not excluded that less than 4 planes of drift tubes, for
instance 2, may be sufficient in at least one of the two layers,
The total area to be covered around the dipole and the end-
caps is ~ 350 m%. Considering two layers and four planes (Figure 8.7)

per layer, this gives a total of:
2 x 4 x 350 m® of drift tubes

With an average length of 4 m per drift tube, we estimate a total of
A 14,000 drift tubes, in the case of 2 x 4 planes, As we said, the
number of drift tubes could decrease by a factor 4. Notice

that with the arrangement of the drift tubes as shown in Figure 8.7 we
can get a timing on the track of 10 ns. This for instance will enable
us to remove background of externally produced muons,

In case of an evoluting development of our project, the parts to
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Figure 8.7 The structure of one layer of drift tubes (Fig. 8.1), if the
solution of four planes of drift tubes is chosen.
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be covered first with drift tubes are the top and the bottom of our

dipole

. PRECISION TN MOMENTUM MEASUREMENT. The resolution Ap/p for a track

inside the Central Detector is given in Figure 5.6. TIn order to fix
the limits on the average resolution of the P momentum, we recall the
following values: for a U of 50 (100) GeV/c the best resolution is
()Ap/p ~ 10 (20)%7 at B = 90°, improving down to

()Ap/p v 2 (4)7 at 6 = 20° (see the caption of Figure 5.6).

Further and complementary information on the momentum of a u may
come in principle from the magnetized iron (see Figure 8.1). This
information will be poorer than from the Central Detector, as long as
we use only the return iron of the dipole,due to the following facts:

- The Coulomb scattering of the particle in the e.m. calorimeter and in
the coils (i 32 r.2.), and in the iron (> 78 r.1.)

- The curvature inside the e.m. calorimeter, which is in the opposite
direction to the curvature in the iron.

We shall probably make use of the information from the magnetic field
in the iron, from which alone we could get Ap/p v 15-207 in the 50-100
GeV range But in the following we assume that the momentum of the muons
has been measured only in the Central Detector. With the resolutions
indicated in Figure 5.6, we can therefore expect to get for the
experimental mass of the Woa resolution of:

57 < A0 o oq9g,
m

Better accuracy shall he obtained in some favourable angular regions
(GﬁF% Bﬁ-% 30%) . It is interesting to note that for W_ - ete” the
best resolution will be instead at 6 A 90°. This means that electron
and muon detection is complementary in the detection of the weak
bosons. The rejection factors m(A), Q(Ap), P (r + uv) must be compared
at all angles and momenta with the expected cross—sections

for hadron production and for muon emission in the decay of W i

This point is discussed in chapter 13.
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ANALYSIS OF FCRWARD RFEGTIONS.

PHYSTCS MOTIVATION ,

This chapter deals with the analysis of the regions which are either badlv or
not at all covered by the central dipole magnet.

This corresponds to the angular regions:

0% < 8 <5° and 175°< 6 < 180°
where particles can escape the central detector through the holes left in
between the coils of the dipole.

This region covers the rapidity range

3.2 < {v] < 6.5
which is not the range of particles produced by Wior %f)decay, but rather the
one of spectstor jets produced in association with central jets., It is then worth-
wnile te cover as much as possibie of that region,in order to get a full un-

derstanding of rhese events, and also of possible cosmic ray type events.

Ta fact due to the shape of the beam pipe currently under consideration
{(a corrugated central part, of 15 cm diasmeter, possibly elongated on both
. , . e e . 2, .. . . ;
sldes by a pipe of elliptical cross section 7 x 15 em”) it is nearly impossible

to measure below 0.7° and for safety we shall adwit a 1° cut off,
The rapidity gap covered by the forward detector will then reduce to:
3.2 <{y| < 4.5
The remaining gap (4.5 < IY;< 6.5) can only be covered with the help of

highlv specialized instrumentation inside the beam pipe, which is not discussed

Actually, for jet-type events, a Monte Carlo simulation gives the following
numbers for the rotal energy and transverse energy appearing in the regions

a,b and ¢, corresponding respsctively to the main detector ¢ 1y[< 3.2), the

c
forward detec=or (3,2 <Jv|< 4.5) and the extreme forward region (4.5%fy]< 6.5)

[ i
<E > W 130 eV <E> v 55 GeV

<E > v 130 GeV <K > u 3.6 GeV
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Corresponding numbers, for "ordinary" events are<§E>a = 530 GeV and
(E)b = 150 GeV, showing that, while a missing emergy trigger 1S not appropriate
for jets, the amount of energy going into the forward detector warrants its

interest, both for jet~type events and ordinarv events,.
Consequently, the forward detector should provide, like the central detec-

tor, a good measurement of charged particles, m°'s and also u(n) which represent

a non negligible fraction of energy in forwvard jets.

DESIGN OF TFE TORWARD DETECTOR

9.3.

The charged particles should normally be analvsed by the central detector - in
the forward direction the analyzing power of the dipole is maximum (BolggjﬁTmz).
But due to lateral dimension of the bear pips and the unavoidable dead space
before a particle reaches an active part of the chamber, between 2.2%and 5%,
only part of the trajectory is detected leading to reduced accuracy and between

1 and 2,2° a particle leaves the central detector completely undetected.

In order to detect charged particles and measure their momentum with good
precision, we Implement the detector outside the end caps with planes of cham-
bers able to give a high accuracy measurement of the directien of the forward
particles which leave the central detector. Knowing their direction and the
vertex position obtained from internal beam parameters and other associated

tracks, one can deduce the momenta of the forward particles.
The detection of neutrals is done behind the chambers using calorimeters,

combining photon and hadron detection and givine hoth enevgv and direction infor-

mation.

LAYOODT

Falleowing tre nrecading scheme the proposed lav out is shown in fig. 9.1.

The charged particle detector is composed of two sets of drift chambers,

I m apart, located respactively at 5.5 and 6.5 m from the interaction region.
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FIG. 9.1. : Horizontal view in the beam plane of the main magnet
and the forward detector showing the extension along

the beam direction of the main components of the detector.

The chambers will be of type already in use at the I,5.R., i.e half hexagons of
1.6 m external diameter made of 12 planes. of wires . The wires are | cm apart
and grouped in three cells of 4 wires each, along the horizontal direction and
the two directions at * 60° from it. With a lever arm of ! m between chambers

the angular accuracy is very good (v lf)-.4 rad).
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The forward calorimeter is of the type lead and iron-scintillator sand-

wich with the possibility of introducing two layers of oroportional chambers

(Fig.

9.2.).

Aogy

/
/ /
. /

R

Cut away diagram of the forward detector showing

FIG. 9.2,

the drift planes and the different calorimeter slices.
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The first slice, in front of the proporticnal chambers is 8 radiation
length thick and is made of 2 mm thick lead plates and 2 mm thick plexipop
layvers. The fellowing slice up to 30 X,, is made of 5 mm thick iron plates
and 2 mm thick plexipop, the last part is made of iron (or aluminium) plates
5 em thick and 8 mm plexipop layers, up to 6 * (absorbtion length) for the

full calorimeter,

The first plane of chambers after 8 X,, will give hoth information on the
centroid of the shower, (5 mm expected) and on the amount of energy deposited
in each shower. The space information and the determination of energy sharing
between two close showers allows then the evaluation of 7° direction, the total

energy being obtained by the calorimeter.

The seccnd plane of chambers, after 3C ¥ and 2,81 , collects only hadro-
nic showers and allows eviluation of position of centroid although with only
fair accuracy (cthis could be improved by using a material of lower Z than iron,

such as aluminium).

The calorimeter is moreover separated in six sectors in ¢ (60° opening
anglie) and 2 sectors in 9 : the central part covers 17< € < 2,29 the external
2.2 <89 <5° Each sector has a separate read out. This is intended to
dacrease the probability of multiple hits inside the same cell., With this ser
up the mean numder of hits is about 0.5 / sector giving a probability less than

(.09 for recording more than | hit in a given sector.

he diameter of calorimeter increases from 1.40 to 1.90 m along a total
length of 1.40 = (if in iron) thus the forward detector ends at about 8 m from

the intersecticn region.

The forward charzed particle dets Lo wielss o oodo i- couracy of about 3 on
. | !

“rielperacss o rs 1n che region wheve tracks conld be messured 1o bein hof
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Typical error values based on numbers and precision given in the text are

listed in table 1,

( : : : )
( 8° : ] 1 3 : 5 )
{ : : : )
( : : : )
( Y : 4.7 : 3.6 : 3.2 )
( . . . )
( Ap ! : : )
E ey (%) : 12,6 P (GeV) i 4.2 P, {GeV) ; 2.5 P (GeV) ;
( 1 : : : )
( Ad (10 7 rag) : 2 : 0.6 : 0.4 )
( : ; : D,
( -3 : : : )
( 86 (10 7 rad) ;2,0 P (GeV) ¢ 2.1 F (GeV) : 2.1 P (GeV) )
( : t . t . t )
( : : : )
( Ay : 0,28 P (GeV) : 0,08 P (CeV) : ©.06 P_ (GeV) )
( . t ' t . t )
TABLE 9.1.

The electromagnetic calorimeter should have the same accurar~y as that

foreseen in the central detector (chanter &),

Ly
——= = with high energy limit Jéi_=(3,03
g
“GeV E

[gal

for aT° at 3° typical errors should be
Ad = 15 mrad A = 0,75 mrad AY = 0,15

The precision of the hadronic calorimetry benefits from the fine sampling in
the first part of the calorimeter ; it could be improved if necessary by playing
with the back part of the calorimeter {(finer sampling and/or lighter material)

with the present design, typical errors around 3° should be

rr hh

0.7
UEGeV
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1.

A¢ = 50 mrad A8 = 5 mrad AY = 0.3

The combination of the three detectors shoul< trzn give an adequate cove-

rage of the forward region,
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10. LUMINOSITY MEASUREMENT

5 )
The well known method originally proposed by Van der Meer®”’of

displacing vertically the TSR beams in order to determine the luminosity

can be easily extended to the case of the Ep collidersS).

We recall that at the TSR where two coasting beams intersect in
the horizontal plane at an angle o, the luminosity is given by the

expression:
c

L = N, N
172
ISR (2mR)}? h tanl%-

(1)

where ¢ is the speed of the particles, NI.NZ are the number of particles
in each of the two beams and R is the average radius. The only parameter
which cannot be measured trivially is h, the 'effective height.'

In the case of the pp collider, the beams are bunched and they collide

head-on. The luminosity is there given by the formula 638)
c
L. = ——— N, N
PP mRA (2)

where the important quantity is now A, which is the 'effective area' of
the collision. We remark that the length of the bunch does not enter
directly in Eq (2) and this is due to the simple fact that two particles
heading against each other always meet, no matter how long the collision
volume is chosen., A similar argument ensures that in Eq (1) the
luminesity does not depend on the width of the two beams.

Let us indicate with il(x,y) and iz(x,y) the normalized ecurrent
density profile of the two beams. The effective area A is then given

by the expression:

JTi(x,y) is{x,y) dx dy
Jrip(x,y) dx dy . JJi,(x,y) dx dy (3)

L.
A

where the integrals extend from - to +», The event rate T in a counter
telescope looking at the (whole) interacticn diamond is given hy the
simple expression:

= c Jrfiw (XSY) ip (X;Y) dx dy

iy
LoR T I G ax dy IO, ,9) a4 35 (4
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where ¢ is the geometry dependent constant and A is the effective area.
Following Van der Meer, we displace one of the two beams by amounts
Ax, Ay in the x,y directions, respectively. The event rate becomes
then I(Ax,Ay). It 1s easy to show that the effective area is given by

the integration:

JIT(Ax,Ay) dAx dAy

A= 1(0,0)

68)

This is the so called generalized Van der Meer metho 4
An additional simplification is possible provided beam profiles
are factorizable in their x, v components, as in the case of absence

of appreciable couplings between the two modes. Then i  (x,y) = 1 (x)
132 192

il (y) and the effective area A is given by:

Z .

b

where w, h are the effective width and height given by:

Siy(x)iz(x)dx
fi, (x)dx fi, (x)dx

[i] (y)yij) (yidy
fil{y)dy Jij(y)dy

They can be determined separately with two Van der Meer scans in the
vertical and horizontal planes.

In order to achi®vye a physical separation of the beams electrostatic
fields must be employed. The procedure requires the use of a pair of
electrostatic deflectors. 1In our case, at Eo = 270 GeV and Ey/ﬁ = 10 x
10 ®/Ry rad-m

points and B

3.47 x 10 ® rad.-m, the angular divergence for 2 s.d.
g g

40 m is given by:

E
8 = ( y)/ By = 2,95 x 10”°% rad

m
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The electric deflection angle eed produced by a field E over a
length £ is given by:

l-g EE-’ »
eed = 10 58T (units GeV, Volt)

o

Setting eed =53y for a confortable 4 s.d. separation between the
two beams, we get E-% = 2 x IOBEOBy = 1.59 x 107 Volt, equivalent to
about 10 m of an electrostatic field at 16 kV/ecm (1.6 x 10° V/m).

The small telescopes of counters subtending angles of about 10 3
rad at the end of each side of the straight section are used to count
elastically scattered protons. The total cross section is determined

by extrapolation to the forward direction and the Optical Theorem.
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11. TRIGGER

11.1 Experimental signatures

The various detector components we have described will give us the
possibility of requiring very specific experimental signatures for the

recorded events.

(a) High transverse energy. Our calorimeters (electromagnetic

and hadronic) cover the angular region from 5 to 175°. Very little
transverse energy could escape at low angle and a trigger above a transverse
energy cut, if set high enough, can reduce the trigger rate to any preset
number. Rates are estimated in section 13 below (table 13.5). It may

be seen that with a trigger on a transverse energy greater than 40 GeV

(i.e. two 20 GeV/c PT jets), the rate will not exceed one in every five
seccnds, even if we take into account the effect of the resclution of

the hadronic calorimeter (a factor &4 in trigger rate in this regionga).)

More refined characterization can be made. For instance, checks can
be done on transverse momentum imbalance between the two halves of the
detector, numbers of elements recording more than a preset energy, dis-

proportion between electromagnetic and hadronic charges etc.

(b) Electrom. A high energy electron could be characterized by a
signal in the first layer of scintillator of a "gondola", a sizeable
electromagnetic energy and ne energy release in the associated hadron
calorimeter. The modest rejection factor obtained in that way (5 tc 10)
may be sufficient at trigger level if combined with transverse energy cut.

Taking into account the ratios between successive layers of the shower

counter c¢an increase, if necessary, the rejection to about 50.

(¢) Muon. A muon of more than 1 GeV/c transverse momentum could
be identified by the requirement of a minimum ionizing particle in most
layers of the electromagnetic and hadron calorimeters, and a local co-
incidence with the muon chambers. In addition, we could impose that
hits in the two separate planes of muon chambers project an approximate
road to the interaction region, at least in the projection along the

beams.
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(d) Quarks or abnormal ionization particles will be identified by
the pulse height of the sense wires of the central detector. A large
number of low pulse heights can form a rough trigger which could, in

connection with another requirement, give reasonable rates.

When combined together, these triggers can be very powerful. For
instance, the leptonic decay of W's or ordinary vector mesons can be
selected efficiently with a two—electron or two-muon trigger. e-u co-
incidence could be a signature of heavy leptons or flavoured objects. A
high transverse energy electron or a single muon with no trarsverse

. i .
energy seen in the detector, would signal W candidates.

Requiring a large global transverse energy is an unbiased way to

trigger on multi jet hadronic interactions.

Triggering on very large multiplicities (e.g. most of the "gondola"
scintillators hit) will enrich our sample in abnormal events, such as

the "Centauro's" hinted at by cosmic rays.

Quarks may be looked for in pairs ot in association with some

dramatic characteristics of the event.

These examples show the selectivity and the versatility of the
triggers we can implement with our detector. In addition we will run
part of the time with an interaction trigger where we will record "mini-
mum bias" events which will be very useful, both for the understanding of

the apparatus and for having a clear view in the new energy regime.

11.2 Background

In addition to the normal hadronic events, we will have to reject the

following obvious types of background.

(a) Cosmic_ray. The rate in the detector is of the order of
4000 per second. This is easily cut down to a negligible amount by the
combination of timing (5 ns beam gate giving a rejection 10%), requirement
that the particles come from the interaction region, presence of particles

in the forward cone, etc.
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(b) Machine background and beam gas_interactions. We would
request a vacuum of 10719 torr close to the interaction reglon. Beam
gas rate over 50 m is then 1.4 x 1073 per beam crossing. Limiting apertures

far from the interaction region will scrape particles on the verge of
being lost. In addition, we will install two shielding walls on each
side of the apparatus which should complement the natural shielding
provided by the hadron calorimeter. It will help in keeping neutron
background small. Some muons will presumably also be trapped in the

lattice. Note that all these backgrounds are in time with the beam crossing.

Most of these sources will give a relatively low amount of energy, which
will net trigger the apparatus. The additional requirement that tracks

come from the interaction region will help rejecting them.

(e) Multiple interactions. At full luminesity, there is a 27

chance of having more than one interaction per beam crossing. This

type of event will be favoured by the trigger described above, especially
multiplicity and total large angle energy triggers. However, transverse
energy triggers are not very much affected: for instance, if we require
a 20 GeV transverse energy jet, a double interaction event can pass the
cut if both interactions have produced 10 GeV transverse energy jets.
However, the probability of having a 10 GeV jet is 0.5 x 107° per beam
cressing and the combined probability is very small. It is easy to
reject these events off-line, since particles emerge from two different

vertices.

11.3 Triggering scheme

The main triggering task of our apparatus can be characterized as
follows, We would like at the same time, tc record "extraordinary"
events with minimum dead time in order to make full use of luminosity
and also record as many nearly normal events as possible in order to make
full use of the machine time. On the other hand, a typical event may
have 13 000 16-bit words and with present techniques,_it seems difficult to
store such an event intc a buffer in less than 2 ms. The recording
speed will be limited to 40 events a second. A reasonable use of the
luminesity would require a selection factor of one in 10° which is

relatively high.
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In order to deal with these problems, we propose to use two concepts

for the organization of the trigger logic:

(a) Multilevel trigger. In order to be able to get sufficiently

high rejection, we will take full advantage of the bunched structure of

the machine and organize our trigger in 3 levels. .

- Level 0 will be simply a beam gate which will strobe the pulse height
from the phototubes and eliminate most cosmic rays.

- A level 1 decision could take up to 4 us using analog information
from the phototubes. and some chamber information. The decision
will be to accept or reject the beam crossing. In the latter case,
relevant memories will be cleared in the remaining 0.6 ys before the
next beam crossing.

- A level 2 decision would then be made in, say, 100 us, using more
sophisticated logical devices. If at level 1,997 of events are
rejected, the remaining 500 Hz rate will introduce a dead time of
5%. If the decision is positive, the information will be retained

and transferred into a "first in first out"™ buffer in about 2 ms.

(b) Parallel processors. In crder not to miss "extraordinary"

events such a W's because of excessive dead time, we propose to have two

parallel chains of decision. One chain will be devoted to "extraordinary"

events that we could call the "high priority" chain, and another one the
"low priority"” chain which handles “ordinary events (and possibly "extra-
ordinary" events when available). This concept is close to the one of
parallel processors in computers, with one processor dedicated only to high

priority requests.

The implementation of this scheme is possible because 4 cut on
transverse energy is very powerful in restricting the flow in the "high
priority" channel to any predetermined level. This concept offers
considerable safety since attempts to decrease trigger threshold that we will
make for low priority events, will not spoil the trigger efficiency for

high priority ones.

A possible way to implement these two principles could be the

following:



122

- To each digitizer we attach two memories instead of one through a
"toggle switch" (Fig. 11.1). At a given time, one memory is used for
low and high priority events and when it is busy, the other memory is used

for high priority events.

Memory A

Digitizer —p—imm—

L Memory R

Figure 11.1 . Schematics of two memory scheme,

- The time sequence that could be used is schematized in Fig. 11.2,
The two parallel chains of decision are shown in the centre of the figure.
Let us distinguish two cases:
(a) The level 2 low priority chain is available. Immediately
after beam crossing acceptance and digitization of the current
event digitizers are switched to the other memories. In this
way search for extraordinary events can go on during level 2
processing. Note that in this particular scheme, digitizing will

have to be done in less than 4.0 us.

(b) Level 2 low priority processor 1s busy. In this case events
which are classified as "low priority" at the end of level 1 are
rejected. Only "high priority" events are accepted. Since
there is no more memory available the clock and beam gate are
stopped, and the information is held in the memory. Only after
processing and, if applicable, transfer to the buffer (or after
the low priority level 2 processor has finished) the clock is re-—

started, memories are cleared, and a new beam crossing can be

analvyzed.
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11.4 Level one processor

Let us sketch what could be the level one processor. We wvisualize
it mainly as an analog processor treating pulse height data from the

phototubes. Figure 11,3 gives the schematics of a possible scheme.

We have about 2000 phototubes for which the information is sampled
and held. They are processed in two different ways:

- A rough muon trigger is generated by grouping layers which

are aligned to the interaction region. We will require a minimum

ionizing particle in most layers and a local coincidence with the

muon chambers.

- We will also be able to trigger on quantities of the type:

. W. E,
1L 11

where i is the index of the phototube, Ei the energy seen by it,
and Wi a programmable weight (which could be negative). This

operation is performed by an analog multiplier (see Fig. 11.3)

Such an operation is quite powerful since it allows triggering,
for instance, on total energy, transverse energy, transverse energy im-
balance between left and right, etc. Other possibilities would be to
trigger on the greatest of all WiEi (using a linear amplifier with a
diode in the feedback loop) or on a minimum number of WiEi. We will
have several (say 5) parallel processors of this type, in order to be

able to run simultaneously with many triggers, or to combine them,

Some information can also be obtained from the central detector
chambers at the end of level 1 processing time. We plan to have at
least the following two outputs from each of the channels:

- An analog output which could be summed by regions in the detector
and integrated. In this way we will have information on the
"activity" in various parts of the detector and in particular know
whether tracks are present cleose to the interaction region.

- A latch or counter recording the pulses significantly below minimum
ionizing. Although in most cases there would be spurious pulses
due, for instance, to cross talk or large pulse tails, requiring a

large number of them (100 or more of the 200 expected for a track)
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on successive wires may be a sufficient level one quark trigger, if
combined with abnormal pulse height in one of the scintillators of

the first layer.

11.5 Level two processors

At this level, we will have access to the digital information and
we could have more sophisticated checks. Let us, however, emphasize
that this is probably not necessary for "extraordinary" events which have
obvious signatures such as 30 GeV transverse energy. Refined triggers
will only help us to reduce thresholds for our "bread and butter”
events or tighten difficult triggers such as muon and quark triggers.

Let us list a few ideas which could be implemented.

Phototube information can be reprocessed in order to combine succes—
sive lavers. In this way an e, 7Y, or hadron signal can be generated

and threshold for an electron transverse energy reduced.

Chamber information can also be treated in more detail.  We have
in particular investigated the possibility of using a few wires of the
central chambers for recognizing the vertex. The simplest way may be
to look along the beam, in which projection the tracks are straight and
the vertex position known. Ratio of pulse heights with look up tables
provides the current division coordinates which could then be scanned for
straight tracks pointing to the vertex. Other potential triggers
could be association of quark candidate points into tracks, check that

muon track candidate points to vertex, etc.
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DATA ACQUISITION SYSTEM

INTRODUCTION. The large amount of information generated at each event

by the central detector, and the potentially high trigger rate of the
potentially high trigger rate of the physical reaction, demand
unconventional data acquisition system solutionms,

A high data-rate and high capacity mass-storage device has to be
used, while suitable computing power has to assure the first step of

the data processing for the production of data summary tape of selected

In Figure 12.1 the block diagram of the data acquisition system is
presented, The type of computers and the technique adopted for the mass-—
storage device are only indicative, the discussion on their definitive
choice will centinue.

Three distinct processor share the main functions of the data
acquisition system. During the data taking a standard minicomputer
(e.g. HP2IMXE) transfers the data from the CAMAC system to the mass-—
storage, while data samples are sent to the analysis processor
(e.g. NORD10/50) and to a second minicomputer (e.g.HP2IMEX) used for
the control of the apparatus. During the off-line session, data flow
from the mass storage to the processing computer where data summary-
tape are produced, while the test and calibration of the apparatus can

be continued by the control computer.

12,

12.1.
events.

12.2.

DATA READOUT, The information content of a single detection can be

represented by 48 bits (Table 12.1, organized in 6 bytes of 8 bits each,
giving the hit wire number, the drift times (first and last), the wire-
end pulse heights and an additiomnal byte to keep account of the wire
multiplicity and the data structure. Assuming that a typical event has
18 charged tracks (3 tracks * & units of rapidity) and that the average
number of detections per track is 200, then the total data coming
from the central detector are about 1.7 x 10° bits. Including the
calorimeters data, a full event will be represented by 2 x 10° bits
{(~ 13000 16 bits words).

At a CAMAC transfer rate of 1 word in 2 us, an average of 30

events/sec can be collected by the acquisition computer.To reduce
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the effcetive readout dead time and in view of implementation of higher
data transfer rates, all the CAMAC crates are read in parallel by
autonomous intelligent controllers an data are temporarily stored in
memory modules. This local crate processing power can also be used to
structure the data in a suitable way to minimize the time of sorting

operations during the analysls phase in the off-line session.

12.3. MASS STORAGE. The mass storage device has to deal with a data-rate

of the order of 1 Megabyte/sec. Although 6250 Bpi magnetic tape units
will soun be available for the minicomputer system, the expected data
volume makes their use unpractical (tape can be filled at the rate of
1 tape in 130 seconds).

Video tape or optical holographic techniques are thus necessary
to cope with the high data-rate while maintaining reasonable data
compactness. In Table 12.2 some of the performance characteristics of
the mass-storage device are compared,

A detailed study has to follow for the choice and the impementation

of such a mass storage device.

12,4, APPARATUS CONTROL. A seccond standard minicomputer (e.g. HP2MXE),

running a real time executive system, assures continuous control of
the apparatus technical parameters, and interfaces the experimenter to
the rest of the acquisitien-storage system.

Periodic measurements of each detector element efficiency are made;
either on-line with the statistics of the data samples received from
the acquisition computer, or off-line by simulating physical processes
in the central detector and in the calorimeters.

Other tasks of this processors are the on-line event data display,
the log-booking of the data acquisition and machine conditions, hardware
parameter setting and calibration, module tests and software development.
'"Mini-experiments' based on a small subset of the data can have place

in this stage with independent production of data summary tapes.

12.5. DATA PROCESSING. The last level of the event trigger takes place in the

off-line phase, play-backing the data from the mass-storage to the

medium size computer (e.g. NORD10/50).
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Different 'experiments' can be runned on the antiproton-proton
data bank of the mass storage; events are selected on the basis of
energetical and geometrical conditions and the redundant information
ca be reduced in rpeducing the data summary tapes.

Hardware bixes and interactive praphic facilitiles are foreseen as
well to speed up the pattern recognition programs and for the wisual
search of unusual events.

Finally, during the data acquisition, sample events are analyzed
on-line by the data processing computer to monitor the experimental
apparatus behaviour with the evaluation of physical parameters

characteristics to the studied reaction and the machine conditions.



TABLE 12.1.

Events information.

Single deviation information:

Wire chamber
Drift times
Pulse heights
Data flag

Total information/detection

Central detector information:

No. Bits/detection
No. Detections/track
No. Tracks/event
Product

calorimeters

Total event size

TABLE 12.2. Mass storage

8 Bits
16 Bits (8+8)
16 Bits (8+8)
8 Bits
48 Bits

48
200

18

1.7 x 10° Bits

.2 x 10° Bits
Bits (1.3 x 10% 16 Bit word)

2 x 10°

Density Rate Byte/sec Capacity Filling
Bits/In2 (Ev/sec) Bvte/Reel Time
(Ev/BReel) per Reel
6250 BpI {1.1x10° 108 1.3x10° 130 sec
i MTU (40) {5.2x10%)
VT 10° .72x10° 9,3x10° 3430 m
(29) (3.7x10°)
OB optical 2x107 .6x10° 10* 46420 m
tholographic (24) (4x10°%)
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RATES, RESOLUTION AND BACKGROUND

13.1 Assumptions

It is obviously difficult to estimate rates and backgrounds for an
experiment which will run in a new energy domain. The assumptions made
for this section are our best guesses from indications of cosmic ray, and ISR
experiments and present theoretical expectations. It is not unlikely
that what we consider today as a background for our physics programme will
turn out to be much bigger than expected and be one of the fascinating

outcomes of the experiment.

In this section, we will focus on our two main physics objectives,
namely the search for intermediate bosons and the study of the dynamics
of hadron constituents through large pT scattering. In order to estimate

an)

rates, we have followed the present theoretical "orthodoxy".

Partons are identified to quarks and for theirdistributions inside
the nucleon, we have taken the parametrization of Donnachie~Landshoff.
We have supposed the existence of only four quarks and of three colours

No asymptotic freedom effects have been included, since they are small.

For the production of W's, we have taken matrix elements from the
. . . 2 *
Weinberg-Salam model with sin ew = 0.3. The mass of W and Wo are then

69 GeV/c2 and 82.5 GeV/c.

For the production of hadronic jets, we have taken for comsistency,

the vector gluoﬁ model which is expected to dominate at high pr.

The decay of the jet into hadrons, has been parametrised in a
Monte-Carlo program °*) in the usual fashion (limited transverse momentum,

(1—2)2 distribution for quark fragmentation).

For single particle production, the coupling constant of the jet
model is fixed to reproduce the Py = 8 GeV/c measurement of inclusive T
production by the CCRS collaboration ") at the ISR. This is five times
as big as the estimate of Peierls et al.'®) who chose a different quark
fragmentation function (1-Z). According to cur present understanding this
represents an upper limit for hadron production and is therefore appropriate

for background calculation. When computing jet rates 19) en the other hand,

we have .taken the more conservative normalisation of Peierls et al,
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. . . . . 2
The integrated luminosity has been chosen arbitrarily to 1036 cm

For instance, this could correspond to 1000 hours of running at a peak

. . o . . . .
luminosity of 103 with a ratio 0.6 between peak and average luminosity,
and a 507 global efficiency factor (e.g. down time of the apparatus,

deadtime, inefficiency in analysis etec.)}.

13.2 Leptonic decay of charged ¥

Fig. 13.1 gives the P distribution of the charged lepton for either

one of the two reactions

1_)p—>w-+X or [_)p+W-+X

u

<k
<l

=2

at /s = 540 GeV. We have distinguished between leptons going along the
p beam ("forward" leptons) and those going in the opposite way and between

three angular regions:

40° < 8 < 90° and 25° < 8 < 40° corresponding to the "barrel" part of

our detector, and
O c : T n "
5 < 8 <« 25 which is covered by our "end-caps™.

The "Jacobian" peak is clearly seen, at least for the first two angular
ranges. Our experimental resolution will degrade these peaks very little.
For electrons, it will be completely dominated by systematic errors and
be at the level ﬂijpT v 2+ 3% rom.s (sect. 6.3.1), For muons, it will
vary over the angular region. Assuming that the accuracy of the central
detector is dominated by systematics at the level of 100 y r.m.s. on the

sagitta, the resolutions are (sect. 5.4.3):

o o &pl
407 < 8 < 90 -7;— v 167 r.m.s. (for a muon of more
1
than 30° with respect to the magnetic field)
Ap
2°< § < 40° — A 87 rom.s
Py
] &P
%< 8 < 25° —= % 57 r.m.s .

P)
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Another cause of the smearing out of the peak, would be preduction
of the W with large momentum. Experiments '® at Fermilab indicate a
stabilization of the mean transverse momentum at 1.5 GeV/c at large dimuon
mass. If this remains the case for the W, the jacobian peaks will not
be degradedsubstantially. Even with a transverse momentum of 6.5 GeV/c
(coming from a scaling aS\fﬁ;;) the peaks will still be seen LY We are
therefore confident that the P distribution will allow us to determine the

magss of charged W.
Fig. 13.1 also shows the estimated background for muoms. TIn sect. 8,

we have seen that two effects are dominant. At Py v 35 GeV, 7T-1t and K-u
decays will contribute at the level of 2 10_3 and punch through will
contribute another 10_3 giving a proportion of hadroms wrongly identified
as u's of 3 10_3. For electrons, we expect a hadron rejectionm three times
as good (sect.6.3.2). Dalitz pairs and conversion in the beam pipe,
contribute at the few 107" level because of the parent - daughter P
relation. To reduce the contamination of hadrons we may be obliged to
make a cut Py v 20 GeV/c.
Another possible technique for reducing the background may also be

used. With the vombination of the charged particle detector,

shower counter and hadron transverse calorimeter, we measure the energy
flow over the range 5% < 6 < 175°. A W will be characterised by a large
transverse energy imbalance. For an hadronic event to simulate such a
configuration, it should be such that a high transverse momentum jet is
produced and decays in only one energetic particle (e.g. Py ?, 10 GeV) which
fakes a direct lepton. The other jet gives most of its energy in the
forward or backward direction (|y| > 3). The first condition already
decreases the hadronic cross section to the level of the W - lenton V cross
section. The second conditiom is very stringent as shown in fig. 13.2, a
scatter plot of the transverse energy in one hemisphere versus the
transverse energy in the other hemisphere for jets and W's (see caption

for details). Although this plot assumes 1007 acceptance over our detector,
and the rejection is model dependent, we can, however, conclude that this
transverse energy imbalance condition is a very powerful tool. It may
allow to decrease the P cut to 10 GeV/c and get significantly higher
efficiency for the study of forward backward asymmetry which is more
pronounced for low P, (fig. 13.1). Note that it is absolutely essential

for this selection to be fully operative to have complete coverage down

to an angle of .
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Fig. 13.2 Monte-Carlo simulation of events in our detector, assuming 100%
acceptance for 5° <8 < 175°, 4 lepton with Do > 10 GeV/c has
been found. One computes ET==Zf%, sum of the transverse energies
of all the particles with 5° < 8 < 175° in the lepton hemisphere
(i.e. |¢i - ¢1ept 2 ‘
quantities called E_ and ET which are plotted one versus the other

. 1
cn the figure (ET > Eé). The bottom cluster corresponds to

o . .
[ < 90 ) and in the opposite one, hence two

Wi - in production (high P neutrine missing). The points close
to the diagonal correspond to high Pr jets where a fast m,K

(pT > 10) gives rise to a lepton. The two cluster widths include
a gaussian error distribution: o = &ET/ET = 100%Z/vE on each ET

determination.
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In order to estimate the rates, we finally need the detection
efficiency for leptons in our apparatus. The muons are identified with
an efficiency close to 1007 (say 957) over the solid angle covered by the
muon chambers. Since we have eight layers of muon chambers, dead space
is negligible. However, the muon is not measured accurately if its angle
ﬁith respect to the magnetic field is too small. We do not know the exact
dependence of our accuracy with this angle (sect. 5.4.3). However, we
can safely assume that there is no problem above an angle of 30° and

the efficiency are computed cutting out events below this angle,

A similar cut should be applied to electrons since it is the momenctum
resolution which reduces hadron feed through from a few percent to 10
For simplicity we take the same angular criterion, 1In addition, the
many cuts involved in this electron analysis will decrease the electron
efficiency to 80%. All these considerations result in the efficiencies

shown in table 13.1 and rates given in table 13.2.

Therefore if the charged W exists at a mass around 70 GeV/c and is
produced according to expectation, our detector will be able to detect
. + + o+ 36 .
more than 700 unambiguous decays (W > 1, & ) per 10 integrated

luminosity. At a mass of 200 GeV/c this rate would be divided by 5.

13.3 Leptonic decay of neutral W

The leptonic decays of the neutral W are much easier to detect since
two charged leptons are produced. The only experimental difficulty comes
from the fact that the two leptons are coplanar with the beam but
uncorrelated in polar angle {(for WO mass below 120 GeV/c). In order to
detect both of them with good efficiency, it is important to have a large
solid angle apparatus such as ours. Table 13.3 gives raw rates for detecting
two leptons in the "barrel" of our detector and in the whole detector.

Fig. 13.3 shows that our acceptance as function of the mass is fairly flat.

The W will appear very strikingly in the invariant mass spectrum of
the two leptens. Its natural width is expected to be 1.2 GeV/c. When
detected in electrons, our mass resolution will be 1.5% r.m.s., that is
1.2 GeV at 80 GeV. With muons, it will depend on the muon configuration

and will be 7¢ on average.
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13.1

encies

40° < 8 < 90°

25° < 6 < 40°

5° < g < 25°

Forward Backward| Forward Backward| Forward Backward
Cut in Py > 20 GeV | 97Z 847 977% 697 817 477
(pT > 10 GeV) § (1007) (997) (997> (95%) (947%) (827)
Cut in angle with
respect to 837 837 1007 1007 1007 100%
magnetic field
Efficiency of 95% 95% 95% 95% 957 95%

detection for U

.. (%
Total efficiency

W~ U_U

1762 (79%)

667 (78%)

927 (947)

66Z (907)

777 (89%)

457 (787)

Efficiency of
detection for e

%
Total efficienc;

W »eV

807

b4Z (667)

807

56Z (657)

807

787 (807)

807

55Z (767%)

807

65% (757)

807

387 (667)

(*)

transverse energy imbalance cut.

Numbers in brackets for pp > 10 GeV cut which appears feasible with
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Rates for pg > W + W
L— eV

o o 5 0 0 0
40 < B < 90 25 < 8 < 40 5 <8 < 25 Total
Forward : Backward | Forward; Backward | Forward | Backward
Raw rates 62 110 9 46 2 60 289
- - *
pp W+ x*)
L+ U-v 47 (49) | 72 (86} 8 (8) 30 (41) 2 (2) 27 (47) 186 (233)
measured in detector
*k)
M background 20 20 4.5 4.5 1.5 1.5 52
P 7 20 Gev :
- - *
pp > W + X( )
> euﬁ 40 (41) | 62 (71) 6 {6) 25 (35) 2 (2) 23 (40) 1158 (195)
measured 1n detector
k)
e background 6.5 6.5 2 2 ) ] 18
Dy > 20 GeV
Integrated luminosity 1036 cm2

Vs = 540 GeV/c

. . 2
Weinberg-Salam model sin Gw = 0.3

(%) pp > 20 GeV/c cut - numbers in brackets: p, > 10 GeV/c cut,

(**)

No transverse momentum ijmbalance cut!
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Table 13.3

wo N A

End cap + barrel

[ Q
Barrel 25°< 8 < 135 50 < 9 < 155

2 leptons|l lepton only{2 leptons|l lepton only

pp+W0+X
250"
raw rates

49 (627) 26 (337%) 77 (977) 2 (3%)

Rates with 907 efficiency 44 (567) 23 (2973 69 (877) 2 (3%)

1036 integral luminosity

Figures in bracketsare global efficiency
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There is obviously no problem of background from hadronic origin since
two leptons are required. Drell Yan background is completely negligible
(fig. 2.2). Only three events above 40 GeV/c2 will be produced for
1036 cm2 integrated luminosity. Massive vector mesons will also have the
same experimental signature. Their cross section may be significantly
smaller than that of the W if we believe the M—B scaling law of Gaisser
et alka) (fig. 2.18 and table 13.4). The way to distinguish
a W froman ordinary vector meson will be to observe a charge asymmetry.
Unfortunately in the Welnberg—Salam model with sin28w close to (.25, the
W coupling to electron is nearly axial and there is no asymmetry in the
peak (fig. 2.5), Stroﬁg asymmetries will exist on the lower side of the
resonance through interference with the Drell Yan amplitude. The rate

may not permit detecting such an asymmetry.

Efficiencies will be similar or higher than those obtained for single
leptons. Cuts on each individual lepton may be wider and the hole in the
magnetic detection at 90° is unimportant. Only a few percent of W will
have the two leptons in this "hole" and when only one is in the bad region,
the mass can still be reconstructed {(neglecting the transverse momentum
of the ¥W”). An efficiency of 90% is probably within teach. This leads

to the rates shown in table 13.3.

We see that our detector has 87% efficiency for detection of a W of
80 GeV/c2 giving 140 events total (WO > e+e_ and p+u_) for 1036 cm2
integrated luminosity. A W’ of ISOCeV/cz‘will have a rate roughly two
times smaller. These rates show that even if we are wrong in our
theoretical expectations by a factor 10 or if the collider misses its
design luminosity by the same factor 10, we have a good chance to detect
the W if it exists below 150 GeV/c  because of our good resolution and

the very low background.

13.4 Hadronic decays of W's

The hadronic .decay rates of u® are roughly twenty times larger than
those quoted in table 13,3. With these channels we are operating of a

36 2
total of 4500 events for 10 cm integrated luminosity.

. 2 .
We expect a resolution on the W mass of 3.2 GeV/c™ r.m.s. It is
completely dominated by confusion between slow particles in the jet and

ordinary beam fragmentslg e
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Table 13.4

Masgive vector meson rates

+ —
A )
6
Mv Bv Ev f£= 103
9.5 6 10 2 5400
15 1.5 10732 | 1350
30 1.9 107 |11
70 1.5 107 | 13
Assumptions:
L3

- scaling according

- cross section flat over 6 units of rapidity,

ﬁa

- 90% dilepton efficiency.

Table 13.5

Jet cross section and rate above given P

O.

- jet Probab%lity Rates for
RI pJet - 'both jets 1036 em?2
T T in anpnaratus
5 1.2 10727 877 10
10 10720 97% 10°
15 1.9 10 100% 8 10°
20 4.7 1072 100% 5 10°
30 5.4 10703 1007 5 10°
40 g 10 % 100% 8 10°
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However, as shown in fig. 2.7. the signal to background may be of
the order of 1 and we will have to rely on the large number of events,
on the presence of charmed and strange particles or on parity violation

to single cut the signal.

FEven if this does not allow a proof of the existence of the W's, which

will probably come from their leptonic decays, it can give their branching
ratio into leptons. This counts the number of quarks and heavy leptons

of mass smaller than the W.

13.5 Hadronic jets

Fig. 13.4 and table 13.5 give the estimate obtained with a vector gluon
[ A _4 N
model '?) for rates above a glven p_. If such a n =~ component exists, our
detector will be able to explore jet production up to 40 GeV/c with still

several hundred events.

13.6 Conclusion

We have shown that our detector is well suited to the study of large
P jets and to the search for W mesons. Its large solid angle gives a very
high efficiency of detection. Moreover, its excellent lepton rejection,
and its measurement of energy on more than six units of rapidity allows us to
suppress background in lepton decays of the W and study very efficiently

asymmetries which are biggest at relatively low Pre

We would like to stress finally that we have designed our detector not
only to have excellent efficiency for large angle nhvsics. The choice of
a dipele allows us to cover mare than six units of rapidity (9 with
forward detectors). Its good pattern recognition features and the
complete measurement of energy flow over all this energy region will
allow us to study very rapidly any surprise which may show up at the pp

collider energy,
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Figure 13.4. TIntegral cross-section for hadronic jets above given Pr-
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14, Interaction with the SPS

14,1 Running time

We are fully aware that the Bp collider programme represents a
burden for other SPS users. On the other hand, its fundamental physics
interest deserves a reasonable but significant amount of machine time.
We propose that 207 of the available machine time i1s allocated to the B
physics programme, that is about 1 000 hours per year, starting mid 1980

(500 hours in 1980 mainly for setting-up).

The distribution of this time is still an open question. Clearly
one would like to match, if at all possible, the production time of E
and the luminosity lifetime in order to be able to run continucusly with
5 during complete periods. This will minimize setting-up times and

maximize our physics output.

14.2 Assembly and maintenance

When designing our apparatus, we tried to minimize disturbances to
SPS normal or collider operation. In particular we have attempted to
simplify the assembly and the maintenance of the detector as much as

possible.

(a) Assembly and major repairs

It is clear that the assembly and debugging of the detector is a
major operation which, if done in the SPS tunnel, will require painful
shutdowns. We propose, therefore, to be able to roll the experimental
apparatus in and out of the SPS tumnel within a few days (Ref. 1, 2).
This would require an assembly hall to be dug close to the experimental
area and at the level of the tunnel. One could then visualize the
operations as follows.

- When the detector is out of the SPS tunnel, proper shielding
would allow work to be carried out in the assembly area. This would
be extremely useful for the assembly and the initial debugging of our
equipment. The detector could alsc be stored there during normal SPS
cycles, allowing additions and major repairs to be done, and subtracting

it from heavy irradiation.
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- During the E periods, the detector could be rolled in. Only
4 minimal amount of shielding is necessary and this may allow us to locate
our electronics racks fairly close to the detector and 5t1ill have con~-

tinuous access to them.

We are discussing the technical problems involved with Mr G. Brianti
and his collzborators. If this scheme is adopted the apparatus will
.have to carry its own section of beam pipe with the necessary valwes. We
are studying problems related to connections of signal cables.

In particular we are investigating ways of minimizing their

number {multiplexing), making them very flexible or easy to disconnect.

If this solution of rolling the detector in and out cannot be adopted
for technical or financial reasons, our detector is modular enough to be
assembled in place relatively quickly (presumably after an initial assembly
outside). FEssentially C's will be completely equipped with scintillators
and thoroughly tested before being lowered down into the SPS tunnel

and installed.

{b) Maintenance

When the detector is in the SPS tumnel, we will have to maintain our
equipment within very limited controlled access periods. In order to
minimize the complexity of our interventions we have decided to follow
the following principles.

- Maximum use of passive elements. Note that the C's and the

"gondolas" are essentially passive and we do not see what could break
down in their mechanical structure once they are installed. Sensitivity
to radiation of the scintillators is also very small.

- Easy access and standardized elements. Phototubes are easily

accessed because they are leocated outside the magnet. In order to

reach the central detéctor, the two halves of the magnet will have to be

moved apart. This could be done with proper design within, say, less
than one hour. Preamplifiers or capacitors which will sit on the central
detector can then be exchanged. We will attempt to minimize sense wire

breaking through proper design (e.g. 40u diameter) and electrical pro-

tection (tripping circuits). In the event of this happening, we could
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take out the broken wire by its two extremities and go on running. 1In
case of more severe damage, the relevant section of the detector could be
exchanged with a spare section already flushed with the proper gas and
running can be resumed immediately after the intervention.

- Redundancy. We have a large number of separate cells in our
detector and, if necessary, we can go on running even if one '"gondola"

is dead or a few wires are not working.

14.3 Civil engineering requests

It is obviously much too early to put forward detailed requests in
terms of experimental area and assembly hall, and particularly before
the feasibility of assembly hall at tumnel level is fully studied.
However, in order to fix ideas, we could quote the following numbers.

(a} Experimental area

Minimum length 12.5 m
Minimum helght . 9 m
Minimum width 12 m in order to be able to open

the magnet and not to block the passage.
A > 4 m diameter tunnel at 90° on one side would be very useful for

the full instrumentation of one 90° window,

The total weight of the detector is 1500 t. Only limited lifting

capability (a few tons) is necessary if there is an adjacent assembly area.

(b) Assembly area

Whether or not this is combined with the experimental area, its
horizontal dimensions should be significantly bigger (by at least 3 m)

than the dimensions quoted above, in corder to have rcom to dismantle the

apparatus.

We would need a crane of 60 tons since individual C's weigh v 55 tonms.

End caps (270 tons per side)} will also be segmented appropriately.

14.4 Compensation and low beta section

As discussed in section 4, we will build compensating magnets for
our detector. They will turn on synchronously with the main magnet at
the running energy. Effect on betatron functions and tunes will be

admissible.
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Our experiment requires as low B as feasible at the interaction point
in order to maximize the lumincsity. Note that at least initially, we
will not occupy the 28 m presently planned between the guadrupoles and it may
be advantageous to bring them closer, to be able to reach lower values

of B.

Finally our detector is not very sensitive to the exact length of

the interaction region if it is below 1 m.

14,5 Vacuum and background

In order to keep the beam gas interactions at a reasonable level,
we estimate that the local vacuum in the beam tube should be kept at

10710 torr over + 25 m around the interaction region.

In addition, the limiting aperture of the machine should be located
far from the interaction tregion and special care should be taken {(even

during normal SPS running) not to irradiate the interaction area too much.
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